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   Preface  

 With the greater awareness of food safety and quality, consumers are increasingly 
demanding reassurance regarding the origin and content of their foods, while manu-
facturers need to be able to confi rm the authenticity of components of their prod-
ucts and comply with government legislation. Therefore, protection of the rights of 
consumers and genuine food processors, and prevention of fraudulent or deceptive 
practices and the adulteration of food is an important and challenging issue fac-
ing the food industry. As a result, rapid scientifi c and technological advances have 
taken place in recent years regarding the determination of food authenticity.  Modern
Techniques for Food Authentication  focuses on novel techniques developed and their 
recent applications in authenticating food products. The techniques covered in this 
book include various spectroscopic technologies, methods based on isotopic analysis 
and chromatography, and other techniques based on DNA, enzymatic analysis, elec-
trophoresis and thermal methods. 

Modern Techniques for Food Authentication  is written by international peers who 
have both academic and professional credentials, highlighting the truly international 
nature of the work. Each chapter examines one type of technique, providing a com-
prehensive overview of the food authentication technology.  Modern Techniques 
for Food Authentication  aims to provide the engineer and technologist working in 
research, development and operations in the food industry with critical and readily 
accessible information on the art and science of food authentication technology. The 
book will also serve as an essential reference source to undergraduate and postgradu-
ate students and researchers in universities and research institutions. 
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  Introduction 

 Profi t margins in food production are usually relatively narrow compared with other 
industrial sectors such as the pharmaceutical industry. Therefore, it is not surprising 
that attempts by some unscrupulous suppliers to maximize revenues by counterfeit-
ing and adulterating practices are a concomitant phenomenon of the food trade, as 
evidenced by, for example, the use of the banned dyes Sudan I ( Figure 1.1a   ) and Para 
Red ( Figure 1.1b ) in Worcestershire Sauce in the United Kingdom ( Rayner, 2006 ),
or the fraudulent use of slaughterhouse waste in meat products recently detected 

 1 

Figure 1.1     Structure of the banned azo dyes (a) Sudan I and (b) Para Red.      
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2 Introduction to Food Authentication

in Germany, which entailed extensive media coverage (see, for example,  Friedrich, 
2006 ). In his very recent treatise on adulteration of food and wine,  Winterhalter 
(2007a)  also mentions the  toxic oil syndrome  that occurred in Spain in 1981, and the 
addition of ethylene glycol  to wine by some Austrian winemakers in 1985. 

 However, the adulteration of foods is an age-old problem rather than a feature of our 
time, and has a long and inglorious history. In Ancient Rome, foods as well as medi-
cines and cosmetics were often subject to adulteration in various forms. As foods and 
other natural products were traded throughout the large Roman Empire, they were prone 
to spoilage during shipment and storage. Thus, common methods of adulteration were 
mixing of spoilt food with fresher food, substitution of expensive goods from abroad 
with inferior local products, or the fraudulent introduction of coloring or masking 
additives. Besides grains, which were a staple food at that time, spices and wine were 
affected mostly by adulterating practices. An excellent summary of the adulteration of 
food and other natural products in Ancient Rome has been published by  Bush (2002) .

 In the Middle Ages the food trade was controlled by so-called  guilds  (or  “ gilds ” ), 
which can be considered as organizations acting for the defense of trade interests. 
Punishment at that time was rigorous and cruel. In Nuremberg in the fi fteenth cen-
tury, an adulterator of saffron was burnt over his own produce; others were buried 
alive or their eyes were gouged out. Other forms of punishment comprised expul-
sion, whipping, cutting off ears, and drowning. In some cases offenders were forced 
to consume their adulterated food until they died ( Grüne, 2002 ). Later, French King 
Louis XIV, the  “ Sun King ” , imposed capital punishment for the adulteration of wine 
by the addition of pokeweed ( Phytolacca americana  L.). Today, such adulteration 
would be easily detected because pokeweed and grapes contain two different types 
of mutually exclusive pigments, betalains and anthocyanins. 

 While grains, bread, wine, milk and spices had been typical candidates for adul-
teration since antiquity, fraudulent practices were later extended to other luxurious 
food commodities imported from overseas, such as  tea ,  coffee  and  sugar . For exam-
ple, tea ( Camellia sinensis  L. O.  KUNTZE ) leaves were often mixed with spent leaves 
or leaves from plant species other than tea. Coffee, which was an extremely expen-
sive commodity at that time, was adulterated with chicory, roasted wheat or burnt 
sugar. Sugar might be blended with sand. While the adulteration of coffee and tea 
was fraudulent, it did not necessarily pose a risk to human health – unlike the addi-
tion of poisonous coloring substances to confectionery, which frequently contained 
lead, copper or mercury salts to make them more attractive to children. A review 
on dyes and pigments as food additives and adulterants is given by  Davies (2005) . 
Brewers often added mixtures of bitter compounds, some containing preparations 
of poison nut-tree ( Strychnos nux-vomica  L.) ( Coley, 2005 ). Compared with today, 
food adulteration was relatively easy in former times for at least two reasons: fi rst, 
knowledge of the composition of food was then barely developed, and secondly, ana-
lytical chemistry was still in its infancy even in the nineteenth century. As a con-
sequence, customers were largely unaware of fraudulent practices.  Frederick Accum
(1769–1838), a German chemist who had come to London in 1793, was the fi rst to 
make the public conscious of the extent of food adulteration. In 1820 he published 
his book A Treatise on Adulterations of Food and Culinary Poisons . Thus he can be 



considered one of the pioneers of food authentication. Arthur Hill Hassall  (1817–
1894), a British physician, applied  microscopy  to detect the presence of chicory in 
coffee. Neglected as an analytical tool until then, the microscope became increas-
ingly important for the identifi cation even of traces of adulterants, living or dead 
insects, and foreign organic matter. Other adulterants for bulk and weight as well as 
for color, taste and smell that were identifi ed by Hassall, also using chemical meth-
ods, included sawdust and vermillion in Cayenne pepper, or in wheat, potato and 
rice fl our, as well as lead chromate and turmeric in custard powder ( Coley, 2005 ).
In view of the ample evidence of food adulteration, the fi rst Food Adulteration Act 
was passed in 1860 and revised in 1872. Two years later, Hassall became the fi rst 
President of the newly founded Society of Public Analysts. Further milestones in 
British food legislation are given by  Sumar and Ismail (1995)  and  Coley (2005) .

 Both Accum ’ s and Hassall ’ s work had revealed the tremendous extent of food adul-
teration. The problem was drastically aggravated with the advent of the industrial 
revolution. The availability of jobs in the big towns led to a rural exodus, and people 
were no longer self-suffi cient but increasingly reliant on the food trade and extended 
supply chains. Despite improved methods of food processing, the increased demand 
for food caused by the rapidly growing urban population entailed shortages of materi-
als. Consequently, in an effort to keep costs as low as possible, food items were often 
bulked up with questionable fi llers. Common types of food adulteration included the 
addition of fl our to sausages to enhance their water-binding capacity, the addition of 
colorants to improve the visual appearance of foods, the extension of fl our with gyp-
sum and chalk, and the watering of milk. Counterfeiting of milk in particular posed 
a tremendous problem regarding public health, and contributed greatly to infant mor-
tality at that time ( Teuteberg, 1995 ). In Germany the fi rst Food Act was passed in 
1879; however, this was not without its problems, especially because of the lack of 
defi nitions, quality criteria and enforcement regulations. In 1881 the fi rst food inspec-
tion offi ce was founded in Münster, and in 1885 Bavarian chemists defi ned uniform 
methods of food analysis. In 1894 a new scientifi c discipline, the  “ food chemist ” , was 
established as a profession. For a comprehensive treatise of the beginnings of food 
inspection in Germany, the reader is referred to  Teuteberg (1995)  and Grüne (2002) .

 From colonial times until the mid- to late nineteenth century, food (and drug) regula-
tion in the United States was mainly enacted at state and local levels ( Law, 2004 ). As in 
the United Kingdom and Germany, the extent of food regulation by the state during the 
second half of the nineteenth century also increased in the United States, for a number 
of reasons – including the growing variety and complexity of available foods, the 
increased concern of consumers about the quality and safety of  “ new ”  food items, and 
the introduction of preservatives (which also allowed masking of food deterioration). 

 On one hand, signifi cant progress in natural sciences, especially in biology, micro-
biology and chemistry, led to increased crop yields through the use of fertilizers and 
pesticides as well as to improved food quality – for example, through the fortifi cation
of feed with vitamins and other micronutrients, development of antimicrobials and 
vaccines, and improved methods of food preservation ( Cuthbertson, 1991 ). On the 
other hand, advances in analytical chemistry provided new scientifi c knowledge 
about the composition and properties of food which could be (ab)used for fraudulent 
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purposes. In his treatise on food additives,  Fennema (1987)  discerns three phases 
of the history of the usage of food additives: phase I, from ancient times to about 
1820, when chemicals were added to foods primarily for respectable reasons; phase 
II, from the early 1800s to about 1820, when intentional food adulteration in the 
United States as well as several other countries increased greatly in frequency and 
seriousness; and phase III, from 1920 to 1950, when regulatory pressures and effec-
tive methods of analysis reduced the frequency and seriousness of this problem to 
acceptable levels. However, it can be argued that not even the smallest level of food 
adulteration can be considered acceptable. 

 The severe devastation and serious interruption of food production in many 
countries as a consequence of World War II caused politicians and economists to 
improve agricultural trade as an indispensable prerequisite for rapid reconstruction 
and assured food supplies. In this context, the creation of the  Food and Agricultural 
Organization  (FAO) in 1945 and the  World Health Organization  (WHO) in 1948 
marked important milestones. In the 1950s, the increasing and sometimes insuf-
fi ciently controlled use of food additives was a major concern. Therefore, the two 
organizations established joint expert meetings on nutrition and related areas, such as 
the Joint FAO/WHO Conference on Food Additives in 1955. Further activities con-
sisted of work on standards for food commodities such as cheese, fresh fruit and vege-
tables. In the early 1960s, the  Codex Alimentarius Commission  ( Codex ) was created 
as an intergovernmental commission to establish internationally recommended food 
standards; codes of hygienic practice; limits for food additives, pesticide and veteri-
nary drug residues in foods, and for contaminants; food labeling; and others. Thus, 
the work of the  Codex  over the past 45 years has led to far more than 200 standards 
for different food products, a general standard for food labeling, and guidelines on 
food sampling and analysis, to mention just a few ( Lupien, 2002 ). 

 In 1992, the European Union introduced the terms  Protected Designation of Origin
(PDO), Protected Geographical Indication  (PGI) and  Traditional Specialty Guaranteed
(TSG) to encourage diverse agricultural production on one hand and to protect product 
names from misuse and imitation on the other (Council Regulation (EEC) No 2081/92 
of 14 July 1992). This regulation was recently replaced by Council Regulation (EC) 
No 510/2006 of 20 March 2006 on the protection of geographical indications and des-
ignations of origin for agricultural products and foodstuffs. According to article 2 of 
the latter regulation,  “ designation of origin ”  means the name of a region, a specifi c 
place or, in exceptional cases, a country, used to describe an agricultural product or a 
foodstuff originating in that region, specifi c place or country, the quality or characteris-
tics of which are essential or exclusively due to a particular geographical environment 
with its inherent natural and human factors, and the production, processing and prepa-
ration of which take place in the defi ned geographical area. The term  “ geographical 
indication ”  is used to describe an agricultural product or a foodstuff originating in that 
region, specifi c place or country and which possesses a specifi c quality, reputation or 
other characteristics attributable to that geographical origin, and the production and/or 
processing and/or preparation of which take place in the defi ned geographical area. In 
other words, a PDO covers the term used to describe foodstuffs which are produced, 
processed and prepared in a given geographical and using recognized know-how. In the 



case of the PGI, the geographical link must occur in at least one of the stages of pro-
duction, processing or preparation. Allgäuer Emmentaler cheese (Germany), Prosciutto 
di Parma ham (Italy), Camembert de Normandie (France) and Feta cheese (Greece) are 
examples of PDOs, whereas Styrian pumpkin seed oil (Austria) and Newcastle brown 
ale (United Kingdom) are PGIs. “ Traditional Specialties Guaranteed ”  are subject to 
Council Regulation (EC) No 509/2006 of March 2006, which defi nes such products as 
traditional agricultural products or foodstuffs recognized by the Community for their 
specifi c character through their registration under this regulation. Thus a TSG does 
not refer to the origin, but highlights traditional character, either in the composition 
or means of production. Typical TSGs are Mozzarella cheese from Italy and Jamón 
Serrano (Serrano ham) from Spain. In view of these regulations, it becomes quite 
evident that not only control of the quality and authenticity with respect to the com-
position of a given product but also the determination of its geographical origin has 
become a matter of increasing attention. 

 The heightened interest of consumers in the provenance of the food they purchase 
and ingest is also a consequence of food scandals and scares. It is unlikely that the 
less draconic punishments compared with previous times has led to food adulteration 
still being a common feature today. Too often bad publicity is the most severe pun-
ishment for a producer or seller, and at the same time is that feared most by perpetra-
tors. Fraud occurs in very diverse ways, and often the methods applied in adulteration 
are at least as sophisticated as those needed to detect it. Extension of fruit juices with 
water, blending of honey with high-fructose corn syrup, fraudulent claims about the 
origin, composition and treatment of products, and admixture of spoilt produce with 
fresh foods are only some examples. Selected cases of food adulteration and food 
scandals from 1981 to 2006 are listed in  Table 1.1   . Sophisticated analytical methods 
represent the most appropriate solution to food adulteration. 

Table 1.1    Selected cases of food adulteration and food scandals  *   1981–2006 

 1981   “ Toxic oil syndrome ” : Consumption of rapeseed oil denatured with aniline caused 
the death of hundreds of people 

 1985  Ethylene glycol, a frost protection agent with a sweet taste, was added to wine to 
upgrade it to table-wine quality 

 1985  Usage of spoilt eggs in pasta products 
 Since 1980s  Mad cow disease 
 1994  Lead tetroxide in chilli powder 
 1996  Synthetic  “ apple juice ”  concentrate 
 1999  Dioxin in feed 
 2001  Hormones, vaccines and antibiotics in pork 
 2002  Antibiotics in honey from China 
 2003  Adulterated wine (extended with water; added alcohol, coloring, and sugar) from 

Eastern Europe 
 2004  Banned dyes used in spices 
 2005  Slaughterhouse waste misbranded as meat 
 2006  Traces of genetically modifi ed rice detected in conventional rice in Europe 

  *  In this context it should be noted that the presence of acrylamide in heated food, which was fi rst 
detected in 2002, cannot be considered a food scandal. Acrylamide is mainly formed during the 
Maillard reaction or by pyrolysis of proteins (for a review, see  Claus  et al. , 2008 ).  
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  Modern techniques in food authentication 

 Here, a brief survey of the most important analytical techniques used in food authen-
tication is given. In the past two decades a large number of contributions, includ-
ing numerous review articles dealing with quality and authenticity control, has been 
published, taking a technique-based (e.g.  Cordella  et al ., 2002 ;  Martinez  et al ., 2003 ; 
 Reid  et al ., 2006 ), a compound-based (e.g.  Prodolliet and Hischenhuber, 1998 ) or a 
commodity-based (e.g.  Ashurst and Dennis, 1996 ;  Dennis, 1998 ;  Fügel  et al ., 2005a ; 
 García-González and Aparicio, 2006 ) approach, or combinations thereof ( Lees,
2003 ). In view of the title and structure of this book, a technique-oriented presen-
tation is given preference in this introductory chapter. Since each method will be 
discussed in much more detail in the following chapters, only selected aspects can 
be discussed in this treatise. Particular attention will be paid to chromatographic and 
spectroscopic techniques, stable isotope analysis, enzymatic and immunological as 
well as DNA methods. Where appropriate, recent applications will be presented to 
demonstrate the scientifi c progress that has been made – without, however, claiming 
full coverage of a particular area. 

  Chromatographic techniques 

Chromatographic techniques  in their various forms are amongst the most important 
methods used in food analysis. The term  ‘  ‘ chromatography ’  ’  encompasses techniques 
based on adsorption and/or partition of analytes between a mobile and a stationary 
phase. They are usually classifi ed according to the character of the stationary and 
the mobile phases, the form of the stationary phase and the driving forces of separa-
tion ( Forgács and Cserháti, 2003 ). Thus,  gas chromatography  (GC), either performed 
as gas-liquid chromatography (GLC) or gas-solid chromatography (GSC), represents 
a method where the mobile phase is gaseous. In liquid chromatography (LC), usu-
ally referred to as  high-performance liquid chromatography  (HPLC), the solid sta-
tionary phase is applied in a column and the mobile phase is pumped through the 
column. Thin-layer chromatography  (TLC) systems consist of a planar solid phase 
and a liquid mobile phase. Owing to the superior capability of GC and HPLC, the 
latter technique has only rarely been used for authentication purposes – for exam-
ple, in differentiating between authentic and adulterated Noni ( Morinda citrifolia  L.) 
juices ( Lachenmeier  et al ., 2006 ) and fi ngerprinting of fl avonoids and saponins from 
Passifl ora  species ( Birk  et al ., 2005 ). 

  Gas chromotography 
 For analytes to be determined by  gas chromatography , they need to be easily vapor-
ized without being decomposed. Therefore, volatile food constituents such as aroma 
compounds are particularly suitable candidates for GC analysis, mostly in combina-
tion with mass spectrometric detection. According to a review published by  Cordella 
et al . (2002) , GC-MS coupling is the most widely used technique ( � 50%), followed 
by GC coupled to other types of detectors. Mass spectrometers are highly useful 
detectors, since in many instances they provide structural information which cannot 



be obtained with most other detectors. Standardization of the energy impact in elec-
tron ionization (EI) mass spectrometry has resulted in powerful databases which can 
be used for comparison of fragments and identifi cation of analytes. Sample prepa-
ration for gas chromatography includes extraction and purifi cation, which may be 
very tedious in some instances because of the complex food matrices. Non-volatile 
compounds need to be derivatized prior to separation by GC. In this context, the con-
version of fatty acids to their methyl esters or transesterifi cation of triacylglycerides 
using sodium methylate, the reduction and acylation of sugars, and esterifi cation and 
acylation of amino acids are well-known examples. 

Gas chromatography  represents an analytical technique particularly suitable for 
the separation and characterization of food fl avor and essential oil analysis, espe-
cially since the authentication of genuine fl avors has become an important issue in 
food analysis. Owing to the pronounced complexity of natural fl avors, which may 
exist as enantiomers, highly sophisticated techniques such as enantio-capillary GC 
and GC-IRMS have been demonstrated to be extremely helpful for stereospecifi c 
analysis and the determination of fl avor authenticity ( Mosandl, 2004 ). Other chi-
ral food constituents such as hydroxy acids, amino acids and catechins may also be 
determined using capillary GC as quality markers of cocoa beans ( Caligiani et al ., 
2007 ) and beer ( Erbe and Brückner, 2000 ;  Junge  et al ., 2007 ). Reviews of applica-
tions of enantiomeric gas chromatography have been published by  Schurig (2002) 
and  He and Beesley (2005) .

 The advantages of gas chromatography consist mainly of its high separation capac-
ity, velocity, reproducibility, sensitivity and versatility, as evidenced by numerous 
applications – for example, in food ( Lehotay and Hajšlova, 2002 ) and environmental 
analysis ( Santos and Galceran, 2003 ), forensic science ( Jaiswal  et al ., 2006 ) and bio-
medical analysis ( Leis  et al ., 2004 ). However, in many instances derivatization of the 
compounds to be determined is required, which is tedious and a potential source of 
error ( Forgács and Cserháti, 2003 ).

  High-performance liquid chromatography 
High-performance liquid chromatography  (HPLC) is one of the most versatile ana-
lytical techniques and is extremely widely used in food authentication, as both polar 
and non-polar compounds can be analyzed. In normal-phase HPLC polar stationary 
phases are used and the analytes separated using non-polar mobile phases, whereas 
reversed-phase (RP) HPLC is characterized by hydrophobic stationary phases, e.g. 
C18  or C 8 , and polar eluents. Sample constituents can be separated either isocrati-
cally (i.e. using a constant eluent composition over time) or by gradient elution. The 
pronounced versatility of HPLC is also due to the large number of different types of 
detectors available. Single- or multiple-wavelength UV-Vis detectors are widely used 
in routine analysis. Diode array detectors simultaneously measure absorbance across 
a broad spectrum of wavelengths and may provide valuable information for the ten-
tative identifi cation of analytes. Fluorescence detectors are particularly useful for 
the determination of very low analyte levels. Electrochemical detection may provide 
high sensitivity and selectivity, and can be applied to the analysis of redox-active 
compounds. Refractive-index (RI) detectors are usually employed when analytes
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do not show UV absorption, for example for the determination of sugars. Mass spec-
trometers, especially with electrospray ionization (ESI) and atmospheric pressure 
chemical ionization (APCI) interfaces, are increasingly used as detectors in food 
authenticity studies, owing to the information that can be obtained from LC-MS 
analyses. Sample preparation in HPLC analysis includes virtually the same steps as 
in gas chromatography, although, in contrast to GC, derivatization to make analytes 
volatile is not required. However, derivatization as part of sample preparation may 
be useful to increase retention of hydrophilic compounds in RP-HPLC and improve 
the sensitivity, for example by introducing UV-absorbing or fl uorescent groups. As a 
comprehensive treatise of all possible applications is beyond the scope of this chap-
ter, the determination of selected classes of compounds by HPLC for authentication 
purposes is given exemplarily in the following. 

  Amino acids 
 The profi le of  amino acids  has been used for the control of the authenticity of several 
food commodities, such as fruit juices ( Hammond, 1996 ), honey ( Molan, 1996 ) and 
wine ( Arvanitoyannis, 2003 ). Very recent HPLC applications include the characteri-
zation of amino acids in orange juice by LC/MS-MS ( Gómez-Ariza et al ., 2005 ), and 
discrimination of the botanical origin of honey ( Cotte  et al ., 2004 ). The HPLC deter-
mination of amino acid enantiomers  after derivatization with  o -phthaldialdehyde and 
chiral thiols ( Figure 1.2   ) has been fully automated and applied to a large number of 
foodstuffs ( Brückner  et al ., 1995 ).  

  Organic acids 
 Determination of the fi ngerprint, contents and stereochemistry of  organic acids  may 
be very helpful in authenticity control. For example, the presence of D-malic acid or an 
unusual ratio of citric acid and isocitric acid may be indicative of adulteration of fruit 

Figure 1.2     Derivatization of amino acids (a) with o-phthaldialdehyde (b) and chiral thiols such as 
N-isobutyryl-L-cystein (c). The diastereomeric isoindols (d) formed are analyzed by HPLC with fl uorescence 
detection.          
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juices. In many instances, enzymic assays are the method of choice for their determi-
nation; however, various HPLC methods for the separation of organic acids have also 
been described ( Pérez-Ruiz et al ., 2004 ;  Pundlik, 2004 ;  Chinnici  et al ., 2005 ;  Sáiz-
Abajo et al ., 2005 ). In some matrices, such as vinegar, HPLC may not be suffi cient 
for a complete separation and needs to be complemented by another method ( Cocchi 
et al ., 2002 ). A very interesting approach to the simultaneous determination of organic 
acids, alcohols and metals in foods using HPLC with inductively coupled plasma 
atomic emission spectrometry has recently been reported ( Paredes  et al ., 2006 ). 

  Polyphenolics, including anthocyanins 
 The term  polyphenolics  encompasses several subclasses of a group of secondary 
metabolites which occur virtually ubiquitously in plants. While at one time they were 
considered to be antinutritive compounds, polyphenolics are experiencing increased 
interest today, owing to their possible health benefi ts. From an analytical point of 
view, phenolic compounds have long been recognized as valuable tools in food 
authenticity studies ( Engelhardt and Galensa, 1997 ). However, the limited availabil-
ity of reference substances as well as the pronounced heterogeneity of this class of 
compounds represents a major problem in polyphenol analysis. Therefore, the pre-
ferred method used for their determination is reversed-phase HPLC, usually with 
diode array and mass spectrometric detection (LC-DAD-MS) ( Merken and Beecher, 
2000 ). Methods employing electrochemical detection have been summarized by 
 Milbury (2001) , and the application of RP-HPLC with Coularray ®  detection to the 
analysis of beverages and plant extracts has been reported by  Jandera et al . (2005) . 
Hyphenated techniques such as LC-DAD-MS provide useful structural information 
which is not obtained with most other methods of detection. Some recent applica-
tions in food authenticity control include the determination of polyphenolics in 
apple and pear fruits and products ( Schieber et al ., 2001, 2002a ), strawberries ( Hilt
et al ., 2003 ), honey ( Tomás-Barberán  et al ., 2001 ;  Dimitrova  et al ., 2007 ), apricot 
and pumpkin purées ( Dragovic-Uzelac  et al ., 2005 ), black carrots ( Kammerer et al ., 
2003 ) and barley and malt ( Zimmermann and Galensa, 2007 ).

  Triglycerides, carotenoids, tocopherols, and phytosterols 
 The predominant constituents of fatty oils are  triglycerides , which mainly consist of 
fatty acids . While the determination of the fatty-acid profi le, which is usually per-
formed by GC in routine analysis, may be suffi cient to detect comparatively simple 
cases of adulteration, a more comprehensive characterization of the triacylglycerides 
and the unsaponifi able matter  is required in more  “ sophisticated ”  issues.  Ulberth 
and Buchgraber (2000)  as well as  Kamm et al . (2001)  extensively reviewed analyti-
cal techniques for establishing the authenticity of fats and oils. Intact triglycerides 
can be determined either by high-temperature gas chromatography or by RP-HPLC, 
which results in a fi ngerprint of high diagnostic value. Because of the high economic 
value of  olive oil  ( Olea europaea  L.) this food commodity has always been a tar-
get for adulteration, and consequently tremendous research efforts have been made 
in order to detect such fraudulent practices (for a recent review, see  Arvanitoyannis 
and Vlachos, 2007 ). The admixture of  hazelnut oil  to olive oil represents a particular 
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problem, owing to the very similar profi le of both the triglycerides and the unsa-
ponifi able matter ( Benitez-Sánchez et al ., 2003 ). For the determination of the tri-
glyceride composition by HPLC, the offi cial IUPAC method 2324 has been used by 
the authors. For  phytosterol  analysis, HPLC is mainly used for purifi cation of the 
sterol fractions, whereas individual compounds are separated and identifi ed by GC-
MS (see, for example,  Zhang  et al ., 2006 ). The  tocopherol  profi le can be determined 
by either normal-phase or reversed-phase liquid chromatography, the latter being 
advantageous with respect to column stability, reproducibility of retention times, and 
time required for equilibration. With respect to  carotenoid  analysis, C 30  stationary 
phases are highly suitable for the separation even of geometrical isomers ( Sander
et al ., 2000 ), and have also been used for the simultaneous determination of carotenes 
and tocopherols ( Schieber  et al ., 2002b ) and tocopherols, carotenoids and chloro-
phylls ( Puspitasari-Nienaber  et al ., 2002 ). For a summary of chromatographic meth-
ods used in authenticity and traceability tests of vegetable oils and dairy products, 
the reader is referred to a review by  Cserháti  et al . (2005) .    

  Spectroscopic techniques 

Spectroscopic techniques , in particular infrared (IR) and nuclear magnetic resonance 
(NMR) spectroscopy as well as UV-Vis spectrophotometry, are widely used in food 
authentication. They are frequently combined with  chemometrics , which actually is a 
chemical discipline that uses mathematical and statistical methods to provide maxi-
mum chemical information by analyzing chemical data ( Leardi, 2003 ). The choice 
of methods depends mainly on the chemical nature and the physical state of the sam-
ple, prior knowledge, and the timescale required for results ( Belton, 2000 ). Other 
issues that need to be considered are the costs of obtaining and running the analytical 
equipment, and the specifi city of the measurements. 

  UV-Vis spectroscopy 
 In this context,  UV-Vis spectrophotometry  represents a cheap and simple technique 
which has found wide acceptance in analytical chemistry. Some well-known applica-
tions include the determination of the protein content (Coomassie dye-binding assay) 
according to Bradford, the evaluation of the progress of protein hydrolysis using nin-
hydrin, the photometric determination of pigments (e.g. carotenoids in margarine; 
 Luterotti  et al ., 2006 ), and the detection of adulteration of virgin olive oil with refi ned 
oils. Very recently, the classifi cation of Ligurian olive oils by multivariate analysis of 
data obtained from electronic nose and UV-Vis spectrophotometry measurements has 
been reported ( Casale  et al ., 2007 ). A portable spectrophotometer has been used for 
fi eld authenticity studies of Scotch whisky ( MacKenzie and Aylott, 2004 ). 

 In instances where HPLC methods are not available, spectrophotometry has 
been proven to be a useful tool for the determination of phenolic compounds by the 
so-called Folin-Ciocalteu assay . However, this assay actually comes down to quantifi -
cation of the antioxidant capacity of a given sample. Due to the lack of specifi city, 
the Folin-Ciocalteu assay tends to overestimate the total phenolic content, as shown 
by  Escarpa and González (2001) . Another interesting application of UV-visible 



spectrophotometry is the determination of the total contents of anthocyanin pig-
ments ( Figure 1.3   ), which show a typical absorption band in the 490–550       nm region. 
The shape of an anthocyanin spectrum may also provide information regarding the 
number and position of glycoside substitution and acylation of the sugar moiety with 
hydroxycinnamates ( Giusti and Wrolstad, 2005 ). Despite the undoubted advantages 
of UV-Vis spectrophotometry, this technique has not experienced a great deal of 
innovation compared with other methods used in food authentication. 

  Infrared spectroscopy 
 Infrared (IR) spectroscopy is a rapid and non-destructive technique, thus allowing the 
screening of a large number of samples ( Downey  et al ., 2006 ) that can be recovered 
after measurement and used later for further analyses. For this reason, IR spectros-
copy is used not only for authenticity studies but also, for example, for the determina-
tion of the degree of fruit maturity, as shown for mangoes ( Mahayothee  et al ., 2004 ). 
While mid-infrared spectroscopy operates between 4000 and 400   cm �     1 , near-infrared 
spectroscopy utilizes the spectral range from 14 000 to 4000   cm �     1  ( Reid  et al ., 2006 ). 
According to Meurens (2003) , IR is the most widely used spectrophotometric tech-
nique. A comprehensive review of NIR spectroscopy, also including instrumentation 
and future trends, has been provided by  Benson (2003) . Undoubtedly, the attractiveness 
of NIR for food authentication studies is given by the low running costs, the ease of 
use and the pronounced versatility. The latter is refl ected by the countless applications, 
which include (but are not limited to) fruit-derived products such as jams, fruit prepara-
tions and purées (for a review see  Fügel  et al ., 2005a ), fruit juices ( Kelly and Downey, 
2005 ), crabmeat ( Gayo and Hale, 2007 ), fatty oils in dietary supplements ( Ozen et al ., 
2003 ), chocolate and chocolate products ( Che Man et al ., 2005 ), olive and corn oils 
( Vlachos  et al ., 2006 ;  Özdemir and Öztürk, 2007 ), alcoholic drinks ( Lachenmeier, 
2007 ), honey ( Downey  et al ., 2006 ), coffee ( Pizarro  et al ., 2007 ) and muscle foods 
( Ellis  et al ., 2005 ).  Gangidi  et al . (2005)  reported the determination of the spinal-cord 
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Figure 1.3    Structure and substitution pattern of the six major anthocyanidins usually found in nature.    
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content in ground beef using NIR up to a limit of detection of 21   ppm. The use of che-
mometrics for quality and authenticity control of various food commodities such as 
meat and meat products (Arvanitoyannis and van Houwelingen-Koukaliaroglou, 2003), 
dairy products ( Karoui and De Baerdemaeker, 2007 ; Arvanitoyannis and Tzouros, 
2005 ) and honey ( Arvanitoyannis  et al ., 2005 ) has been extensively reviewed. 

  Nuclear magnetic resonance (NMR) spectroscopy 
NMR spectroscopy  is well known as a powerful tool for structure elucidation, and is 
increasingly used also for food authenticity purposes. Like IR, it is a fast and highly 
versatile technique, which allows the detection of all major food components (such 
as amino acids, fatty acids and sugars) in a single spectrum. Hyphenation to an LC 
instrument may be particularly useful when analytes are present in very low quanti-
ties. Furthermore, NMR measurements are frequently combined with chemometrics, 
which is another commonality with IR spectroscopy. Applications in the fi eld of food 
authentication include vegetable and fi sh oils, fruit juices, alcoholic drinks, coffee 
and tea, dairy products, fi sh and meat ( Le Gall and Colquhoun, 2003 ). More recently, 
 Le Gall  et al . (2004)  showed that metabolic profi ling by  1 H NMR could be used for 
quality assessment and authentication of green tea. 

  Stable isotope analysis 

 The principal elements relevant for food authenticity control, i.e. hydrogen, carbon, 
nitrogen, oxygen and sulphur, occur as  stable isotopes  with a known mean terres-
trial abundance ( Kelly, 2003 ). However, their natural abundance is not a fi xed value 
but shows a considerable degree of variation (or fractionation) caused by biochemi-
cal and physicochemical effects. The majority of plants use the  Calvin cycle  to fi x 
atmospheric CO 2  ( C3  plants ), which results in the formation of the C 3  intermediate 
3-phosphoglycerate. The enzyme ribulose-1,5-bisphosphate carboxylase (rubisco) 
involved in this process preferentially reacts with  12 CO 2  and discriminates the heavier 
isotope. In contrast, a number of specialized plants from warmer climates, such as sugar 
cane ( Saccharum offi cinarum  L.), maize ( Zea mays  L.), millet ( Panicum  sp.) and sor-
ghum ( Sorghum bicolor  L. Moench), so-called  C4  plants , make use of the  Hatch-Slack 
cycle  (or C 4 -dicarboxylic acid pathway), fi xing CO 2  in a C 4  intermediate. Since the 
enzyme phosphoenolpyruvate carboxylase is less discriminating compared with rubisco, 
C4  plants are less depleted in the heavy carbon isotope. A third class of plants growing 
in arid zones, the Crassulacean Acid Metabolism  (CAM) plants, is capable of employing 
both mechanisms of CO 2  fi xation. Pineapple ( Ananas comosus  L. Merr.), cactus sp. and 
vanilla ( Vanilla planifolia  Andr.) are well-known members of the CAM plants. Since the 
differences in isotope effects are very small, often occurring around the third or fourth 
signifi cant fi gure, they are expressed using the delta ( � ) notation in parts per thousand 
( ‰ ) and relative to the carbon isotope ratio in a standard limestone, Pee Dee Belemnite 
(PDB). Thus,  �13 C values of C 3  plants range from  � 24 to  � 32 ‰ , whereas C 4  plants 
show  �13 C values between  � 11 and  � 15 ‰ . In CAM plants, values ranging from  � 15 
to � 24 ‰  are observed. Typical physicochemical effects causing  isotope fractionation



include evaporation and condensation. Evaporation of water, for example, decreases the 
concentration of the heavy isotopomers of water. Therefore, the  �18 O value as well as 
the 2 H/ 1 H ratio ratio, relative to the Vienna Standard Mean Ocean Water (V-SMOW), 
can also be used for authentication purposes – for example, as a marker for the addi-
tion of groundwater to fruit juices or for the determination of the geographical origin 
of foods. The two analytical techniques applied to stable isotope analysis of foods, GC-
IR-MS and site-specifi c natural isotope fractionation NMR spectroscopy, will briefl y be 
introduced in the following, and very recent applications given. According to  Reid et al . 
(2006) , these techniques are perhaps the most specifi c and sophisticated methods for 
determining food authenticity. However, a more widespread application is impeded by 
the relatively high costs of purchase and running of the instruments. 

  Isotope ratio mass spectrometry (IR-MS) 
 For determination of the isotope ratio MS, the analytes need to be converted into a 
gas – typically H 2 , N 2 , CO, CO 2  and SO 2  – before they are ionized. For this purpose, 
carbon dioxide is generated from organic compounds by oxidation with copper oxide 
and cryogenically trapped in liquid nitrogen. Hydrogen is obtained from the reductive 
conversion of water using an appropriate metal such as zinc. For the determination 
of the 18 O content of water an equilibrium technique is employed using CO 2 , which 
serves as the analyte. For a more detailed description of the principles of IRMS and 
practical considerations, the reader is referred to excellent reviews by  Carle (1991) ,
 Meier-Augenstein (1999, 2002) ,  Kelly (2003) , and  Kelly  et al . (2005) . The application 
of IRMS to authenticity studies of various food commodities such as honey, fruit juices 
and wine was described by  Kelly (2003) , whereas  Kelly  et al . (2005)  summarized the 
most recent research results on meat, dairy products, beverages, cereal crops, wine, and 
other commodities. Pfammater  et al . (2004)  used IRMS to differentiate Swiss from 
foreign tomatoes. Multi-element isotope analysis was employed for authenticity stud-
ies on beef ( Boner and Förstel, 2004 ). A report on the geographical differentiation of 
asparagus from Beelitz (Germany) and Poland was based on a comparatively limited 
set of data, and needs to be confi rmed in further investigations ( Meylahn  et al ., 2006 ). 
Very recently,  Herbach  et al . (2006)  demonstrated that admixtures of red beet to purple 
pitaya-based products can be detected by the determination of the  �13 C V     �     PDB  value. 

  Site-specifi c natural isotope fractionation nuclear magnetic resonance
spectroscopy (SNIF-NMR) 
 While isotope ratio mass spectrometry is a highly sensitive technique to determine 
the overall deuterium content of a given compound, it is not readily capable of reveal-
ing the distribution of deuterium within the compound. SNIF-NMR  fi lls this analytical 
gap, and uses the deuterium distribution in a molecule as a chemical “ tracer ”  to obtain 
information about the chemical pathway of formation and the geographical origin of 
a sample ( Cross et al ., 1998 ). A well-known application of SNIF-NMR is the detec-
tion of added sugar in fruit juices and wines. For this purpose, the sugar is usually 
fermented under controlled conditions and the D/H ratios are determined at the methyl 
and the methylene groups of the ethanol molecule.  Zhang et al . (2002)  reported that 
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conversion of sugars from C 3 , C 4  and CAM plants into their di-isopropylidene deriva-
tives followed by recording of the isotopic fi ngerprint could serve as a complemen-
tary tool without the need for fermentation. Another interesting fi eld of application is 
the authenticity assessment of food fl avor – in particular, the differentiation of natural 
and synthetic compounds such as vanillin and benzaldehyde ( Schmidt  et al ., 2005 ). A 
review of the application of NMR and MS methods for the detection of adulteration of 
wine, fruit juices and olive oil was carried out by  Ogrinc  et al . (2003) . 

  Enzymes in food authentication 

Enzymes  are essential constituents of living organisms, and are also responsible for 
post-harvest and  post-mortem  changes in foods. They catalyze the conversion of a 
plethora of compounds by increasing the reaction rates under  in vivo  conditions with-
out being consumed themselves. Enzyme reactions are frequently associated with a 
deterioration of food quality – for example, by lipase-catalyzed release of free fatty 
acids, oxidation of fatty acids and co-oxidation of carotenoid pigments by lipoxygen-
ases, degradation of chlorophylls by chlorophyllases, or depolymerization of cell-wall 
constituents by the combined action of cellulases, hemicellulases, and pectinases, 
resulting in tissue softening and loss of texture. Other examples are browning reac-
tions caused by polyphenol oxidases, which lead to undesirable color changes, and 
the formation of bitter peptides by uncontrolled enzymatic hydrolysis of proteins. 

 In food analysis and authentication studies, enzymes are encountered in various 
respects. First, the specifi city of enzymes may be utilized during sample preparation – 
for example, to release a particular compound which is subsequently characterized and/
or quantifi ed using other analytical techniques. A typical example is the  stereospecifi c 
analysis of triglycerides  using pancreatic lipase to determine the positional distribution 
of fatty acids within the triglyceride, as recently shown for the identifi cation of cocoa-
butter equivalents added to cocoa butter ( Damiani et al ., 2006 ). Another well-known 
application of enzymes used in sample preparation is the determination of the dietary 
fi ber content of foods after enzymatic hydrolysis of starch and proteins. 

 Second,  enzyme activities  may be used as an indicator of the effi ciency of heat treat-
ment. For example, in the dairy industry the activities of alkaline phosphatase and per-
oxidase are determined to verify pasteurization and sterilization, respectively, of milk. In 
this context, it is interesting to note that there is an increasing demand by consumers for 
minimally processed fruit juices. In order to prevent consumers from fraudulent claims 
as to the “ freshness ”  of such products, enzyme residual activities could also be utilized 
as an indicator to detect non-declared thermal treatment ( Hirsch and Carle, 2005 ). 

 Third, enzymes are used as biocatalysts in the spectrophotometric determination 
of a large number of food constituents, such as organic acids like citrate, isocitrate, 
and malate ( Stój and Targoński, 2006 ), sugars (e.g. fructose, glucose, lactose, and 
galactose), amino acids like glutamate and aspartate, and others. Apart from being 
very specifi c and inexpensive, these assays usually require minimum sample prepara-
tion and have been standardized and even automatized. Therefore, it is not surprising 
that enzymatic methods have been included in a number of national and interna-
tional food regulations ( Henniger, 2003 ). However, despite the many advantages of 



this technique, enzymatic analysis does not allow the simultaneous determination of 
analytes, as opposed to chromatographic methods. Furthermore, due to the protein 
nature of enzymes, any compounds that interact with proteins (e.g. tannins) may also 
inhibit enzyme activities and thus impair measurements. 

 Finally, enzymes are involved in the determination of various analytes using  enzyme-
linked immunosorbent assays  ( ELISA ). The assays are based on the measurement of the 
binding of the antigen  (the analyte) with the corresponding specifi c  antibody . One of the 
two components, i.e. either the antibody or the antigen, is immobilized onto a solid sur-
face, such as a well plate. The action of the enzyme, which is labeled to the antibody (or, 
in some modifi cations of the assay, to the antigen) is utilized as an auxiliary reaction for 
quantifi cation. The various formats of ELISA tests have been summarized by  Bonwick 
and Smith (2004) . Initially these assays were developed mainly for the detection of infe-
rior meat species in meat bulk packages and for the detection of drug contamination – 
for example, antibiotics used in the treatment of mastitis. Later, they were extended 
to the determination of further analytes such as hormones, pesticides, mycotoxins and 
others. More recent reports deal with the detection of cow ’ s milk adulteration of sheep, 
goat and buffalo milk ( Hurley  et al ., 2004, 2006 ), species identifi cation of meat prod-
ucts ( Giovannacci  et al ., 2004 ;  Djurdjevic  et al ., 2005 ) and of gum Arabic ( Ireland 
et al ., 2004 ), and authentication of grouper ( Epinephelus guaza ) ( Asensio  et al ., 2003 ). 

  DNA-based methods in food authentication 

 DNA-based methods are of increasing importance not only in food analysis but also 
in medicine for the diagnosis of hereditary diseases, in forensic sciences to (for exam-
ple) convict murderers and rapists, or to establish or exclude paternity. In food authen-
tication, species identifi cation is a predominant fi eld of application. For example, 
cow ’ s milk is avoided by some consumers for several reasons, including intolerance 
or allergy, religious, ethical or cultural objections, or personal preference ( Hurley 
et al ., 2004 ). Food products containing pork and lard are of great concern, especially for 
Islamic religions ( Aida et al ., 2007 ). Apart from methods based on immunoassays, the 
so-called polymerase chain reaction  ( PCR ) is of greatest importance for the purpose of 
species authentication and has a number of advantages over immunoassays – such as 
the relatively high stability of DNA and its predictable behavior ( Lenstra, 2003 ). PCR 
allows the million-fold amplifi cation of a DNA fragment which is framed from two 
primers. In a fi rst step, the template DNA, which serves as a master copy, is denatured 
by application of heat (typically 95°C), which leads to the separation of the comple-
mentary DNA bases and the formation of two single strands. Subsequently the reaction 
temperature is lowered to 50–65°C, which allows hybridization of the primers (anneal-
ing). The fi nal step, the elongation of the primers, is accomplished by the action of a 
thermostable polymerase isolated from  Thermus aquaticus  (Taq polymerase) at 72°C. 
Manifold repetition of the cycle eventually leads to exponential amplifi cation of the 
template DNA, which is subsequently separated by gel electrophoresis and visualized 
using an intercalating agent such as ethidium bromide. 

 PCR has recently been employed for species identifi cation of meat samples ( Rastogi 
et al ., 2004 ) as well as seafood and fi sh ( Bossier, 1999 ;  Hubalkova  et al ., 2007 ), for halal 
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authentication ( Aida  et al ., 2007 ), and for the authentication of milk and Mozzarella 
cheese ( Bonizzi  et al ., 2006 ;  López-Calleja  et al ., 2007 ). In addition, it has been used 
for feed authentication ( Pinotti  et al ., 2005 ) and the identifi cation of contaminating 
animals in cereals and cereal products ( Eugster, 2004 ). The authentication of medici-
nal plants ( Techen  et al ., 2004 ;  Zhao  et al ., 2006 ) is of increasing interest in view of 
the rapidly growing market of dietary supplements. However, interactions of plant sec-
ondary metabolites (in particular polyphenolics) with DNA and polymerase represent a 
problem, and may require additional sample clean-up ( Novak  et al ., 2007 ). Apart from 
species identifi cation, the detection of  genetically modifi ed organisms , e.g. the  Flavr 
Savr tomato  ( Meyer, 1995 ), Roundup Ready soybean  ( Boydler Andersen  et al ., 2006 ), 
and Bt maize  ( Bordoni  et al ., 2004 ), in food represents another important application of 
PCR. Furthermore, there is increased interest in the fate of transgenic DNA in livestock, 
which may also be investigated using DNA-based methods ( Alexander  et al ., 2007 ). 

  Food authentication – still a challenging issue 

 Despite the advances made in food authentication so far, food adulteration will remain 
a serious issue in the future – not least because some problems which appear trivial 
have not yet been addressed in a satisfactory fashion. For example, the fruit content 
of fruit-derived products such as fruit preparations, jams and spreads represents an 
issue yet to be solved. Recent work based on the quantifi cation of the fruit hemicellu-
lose fraction ( Fügel  et al ., 2004, 2005b, 2006 ;  Schieber  et al ., 2005 ;  Kurz  et al ., 2008 ) 
might contribute to a solution. The authentication of nutraceuticals and functional 
foods, which represent a rapidly growing sector within the overall food market, needs 
to be addressed, especially in view of the health claims associated with these prod-
ucts. The importance of establishing comprehensive compositional databases cannot be 
overemphasized. Our own recent work on the presence of polyphenolics has revealed 
that even recognized markers of food authenticity, such as phloridzin ( Figure 1.4a   ) 
( Hilt  et al ., 2003 ) and isorhamnetin glucoside ( Figure 1.4b ) (Schieber  et al ., 2002), 
may not be valid in some instances. Therefore, not only the major components but also 
minor constituents need to be considered in such databases. In this context, an impor-
tant aspect concerning genetically modifi ed organisms needs to be addressed. While 
much is known about the effects of genetic modifi cation on the primary metabolites 
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of plants, our knowledge regarding the changes in secondary metabolites is limited 
( Hostettmann and Marston, 2002 ). For the elucidation of their structures, hyphenated 
techniques such as LC-MS n  and LC-NMR are the method of choice. Irrespective of the 
analytical method itself, the limited availability of reference compounds still represents 
a problem in food authentication, especially concerning the determination of plant sec-
ondary metabolites. High-speed countercurrent chromatography is a promising tech-
nique for the recovery of target compounds in gram quantities ( Ito, 2005 ;  Winterhalter, 
2007b ), the potential of which should be further exploited. New approaches in food 
authentication will almost inevitably raise new methods of adulteration, which in turn 
require even more refi ned analytical techniques for their detection. Hopefully, this 
development will fi nally lead to the requirement of such costly measures for the perpe-
trators that adulteration becomes completely uneconomic. 

  Conclusions 

 It is evident that tremendous progress has been made in food authentication, and this 
is inextricably linked with the advances in biology and chemistry and the availability 
of appropriate analytical methods. Chromatography and spectroscopy in their various 
formats, stable isotope analysis, and immunochemical as well as DNA-based methods 
represent the methods currently most widely used in food authentication, the range of 
applications being increasingly extended. Within this introductory chapter, not nearly all 
techniques and all aspects of food authentication could be considered. However, it is 
hoped that reading this introduction to food authentication and the analytical techniques 
employed for the detection of food adulteration will stimulate readers ’  interest in the fol-
lowing chapters, which deal with the individual techniques in far greater detail. 
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  Introduction 

 Mid-infrared, like the other vibrational spectroscopies, represents an attractive option 
for quality control and screening because it is rapid, inexpensive and non-invasive. It 
has shown tremendous growth as an analytical tool in quality control and process 
monitoring. This growth is mainly due to instrumental developments and advances 
in chemometrics ( Bertrand and Dufour, 2000 ).

 The  chemical bonds  in the molecules have specifi c frequencies at which they 
vibrate, corresponding to  energy levels . These vibrational frequencies are determined 
by the mass of the atoms, the shape (geometry) of the molecule, the stiffness of the 
bonds and the periods of the associated vibrational coupling. A specifi c vibrational 
mode has to be associated with changes in the permanent dipole in order to be active 
in the infrared area. Diatomic molecules have only one bond, which may stretch 
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(i.e. the distance between two atoms increases or decreases). More complex mole-
cules may have many bonds, and vibrations can be conjugated leading to two possi-
ble modes of vibration: stretching and bending (i.e. the position of the atom changes 
relative to the original bond axis). In such cases the vibrations lead to infrared 
absorptions at characteristic frequencies that may be related to chemical groups. 

 In practice, to measure a sample, a beam of infrared light passes through the sam-
ple and the absorbed energy at each wavelength is recorded. This can be done in 
two different ways; by scanning through the spectrum with a monochromatic beam, 
which changes in wavelength over time, or by using a Fourier transform system to 
measure all the wavelengths at the same time. As a result, taking into account the 
effects of all the different functional groups, an  absorbance  (or  transmittance ) spec-
trum is obtained showing at which wavelengths the sample absorbs the infrared light, 
thus allowing interpretation of the chemical bonds. A unique molecular fi ngerprint 
that can be used to confi rm the identity of the sample is obtained. 

 Three types of vibrational spectroscopy are generally distinguished: near-infrared 
(NIR), mid-infrared (MIR), and Raman spectroscopy.  

  Theory and principles 

 The  NIR  region lies between 12       500 and 4000       cm �     1  (0.8–2.5         �m), and NIR spectros-
copy operates with a light source from which the sample absorbs specifi c frequen-
cies corresponding to overtones and combination bands of vibrational transitions of 
the molecule primarily of OH, CH, NH and CO groups (for more information, see 
Chapters 3 and 4). The  MIR  region of the electromagnetic spectrum lies between 
4000 and 400       cm �     1  (2.5–50        � m) and is associated mainly with fundamental molecular 
stretching and bending vibrational frequency – i.e. the frequencies of the fundamental 
vibration modes of the molecules (from the stable vibrational state to the fi rst excited 
vibrational state in the electronic ground state).  Raman  also lies in a region similar to 
MIR; in contrast with the other two techniques, it involves a scattering process that 
arises when the incident light excites molecules in the sample, which subsequently 
scatter the light. Most of this scattered light is at the same wavelength as the inci-
dent light, but some is scattered at a different wavelength. The process leading to this  
“ inelastic ”  scatter is called the Raman effect (for more information, see Chapters 5 and 6). 

 MIR spectroscopy rapidly provides information on a very large number of ana-
lytes, and the absorption bands are sensitive to the physical and chemical states of 
individual constituents. MIR and NIR spectroscopy have a good signal intensity 
compared with Raman spectroscopy, but MIR has the advantage over NIR that trace 
elements can be identifi ed. It can be thought of as a molecular fi ngerprinting method 
( Hvozdara  et al ., 2002 ;  Steiner  et al ., 2003 ;  Mazarevica  et al. , 2004 ).  Table 2.1    illus-
trated some advantages and drawbacks of MIR. 

 The high spectral signal-to-noise ratio obtained from modern instrumental analy-
sis, as when using the Fourier transform infrared (FT-MIR) spectroscopy, allows the 
detection of constituents present in low concentrations, as well as subtle composi-
tional and structural differences between and among multi-constituent specimens. 



 MIR spectroscopic methods, and particularly FT-MIR spectroscopy, can be con-
sidered routine applications among standard laboratory techniques ( Baeten et al. , 
2000 ;  Baeten and Dardenne, 2002 ). Such methods have been shown to be useful for 
a range of identifi cation/authentication problems in different sectors. 

  Instrumentation 

 The fi rst MIR instruments used a high-resolution diffraction  monochromator , which 
has generally been replaced by  interferometry  technology, leading to the FT-MIR 
spectrometer. The main component in this spectrometer is the interferometer, the 
Michelson interferometer being most commonly used. An interferometer consists of 
two perpendicular mirrors, one moving at a constant velocity and the other being 
stationary ( Figure 2.1   ). Between the mirrors there is a beam-splitter, normally made 
up of KBr coated with germanium (for the MIR region). 

 The beam-splitter splits a beam of light that enters (incident beam) into two new 
beams, one refl ected onto the moving mirror and the other onto the fi xed (stationary) 
mirror. The two beams are then refl ected back and recombined at the beam-splitter. 
Owing to path differences between the mirrors, both beams undergo constructive and 
destructive interferences. The recombined beam is then passed on towards the sam-
pling area, where it interacts with the sample. The transmitted, diffused or refl ected 
light reaches the detector, where the energy is digitized, resulting in an output signal 
consisting of the sum of cosine waves. This is the interferogram. This interferogram 
consists of the intensity of energy measured versus the position of the moving mir-
ror (function of time domain), and contains basic information about frequencies and 
intensities, but is not directly interpretable. The interferogram is then converted into 
a conventional infrared spectrum (function of frequency domain) by the mathemati-
cal function known as the Fourier transform. 

  Sample presentation 

 The development of FT-MIR instruments has been followed by the development of 
adequate sampling presentation techniques. Initially, the sample presentation tech-
niques included fi xed path-length transmission cells, coated or smeared fi lms or 
windows, as well as hot pressed fi lms and alkali halide pellets (KBr). 

Table 2.1    Some advantages and drawbacks of MIR 

 Advantages  Drawbacks 

●       Relies on part of the spectrum that contains 
fundamental vibrations  

●       Useful for qualitative and quantitative 
identifi cation of functional groups  

●       Characteristic and well-defi ned bands for 
organic functional groups  

●      Unknown species can be identifi ed    

●      The available energy decreases with wavelength  
●      Expensive transmitting materials  
●       Cells need to have short effective path lengths 

because most of the materials absorb in this 
region    
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 Maybe one of the most interesting developments has been the introduction of sim-
ple refl ectance techniques as the  attenuated total refl ectance  ( ATR ) system ( Fahrenfort, 
1961 ;  Harrick, 1967 ) ( Figure 2.2   ). With the ATR, the sample is in contact with a crys-
tal of a high refraction index. This crystal is mainly made of ZnSe, Ge, ZnS, Si or 
diamond. The ATR system measures the changes that occur in a totally internally refl ected 
infrared beam when the beam comes into contact with the sample. For this, the radiation 
coming from the beam-splitter  refl ects off the inner surface of the crystal one or more 
times. A standing wave, called the  evanescence wave , is generated for each refl ection. 
Evanescence waves are penetrating electromagnetic fi elds that have decreasing intensity 
when moving away from their source. The evanescence waves penetrate the sample and 
interact with it, producing a spectrum. The penetration depth depends on the incident 
angle, the crystal and sample refraction indexes, and the infrared ray wavenumber. 

 ATR is a versatile and powerful technique for infrared sampling. It is useful for sam-
pling the surface of smooth materials that are either too thick or too opaque for trans-
mission IR measurement. The ATR is non-destructive, little or no sample preparation 
is needed, and it allows fast and simple sampling. However, the ATR crystal absorbs 
energy at lower energy levels, and most of the used crystals have pH limitations. 

Sample

Infrared incident beam Crystal To the detector

Figure 2.2     Horizontal attenuated total refl ection (ATR) sampling device.    
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Figure 2.1     Schematic confi guration of an interferometer.    



There must also be good contact between the sample and the crystal to be sure that the 
data obtained is accurate. ATR is a good technique for measuring solids such as paper, 
glass, cheese, meat, soft powders and dark-colored materials, as well as liquids includ-
ing non-aqueous solutions such as oils, dyes and pastes, polymers and many other 
organic materials. 

 New ATR systems are based on a diamond interface for the analysis of liquids. In 
most cases, this is technically realized by a diamond substrate or a sandwich layer on 
a common ATR-substrate (ZnSe, Ge, BaF2,  … ). 

 Other sampling accessories include thermostatized fl ow cells and ATR cells cou-
pled with an appropriate pump as well as IR-cards in polyethylene that can be used 
successfully for the analysis of fats and oils. 

  New developments 

 More recent improvements in MIR instruments include the development of on-line 
spectrometers, already available for gas or exhaust monitoring. The main innovation in 
this area is the use of fi ber-optics for the connection between the spectrometer and the 
sensing device. However, there are several disadvantages, including losses in coupling 
and transmission, moisture sensitivity and mechanical sensitivity. Current applications 
include the monitoring and control of cultivations of  Gluconacetobacter xylinus  and 
production of gluconacetan, a food-grade exopolysaccharide ( Kornmann  et al ., 2004 ), 
and the evaluation of quality traits in apricot fruits ( Bureau  et al ., 2006 ). 

 These developments are also used in FT-MIR spectrometers attached to microscopes 
(FT-MIR microscopy) in order to measure infrared spectra from a tiny part of a sample. 
This combination has the dual advantages of clear chemical identifi cation of the sample 
components by MIR spectroscopy, and high lateral resolution as obtained by microscopy. 
It thus allows direct access to spatially resolved molecular and structural information 
regarding the analyzed area. MIR microscopy has a wide range of applications, includ-
ing, among others, in pharmaceuticals, forensic trace evidence, drug contamination, cata-
lysts, minerals, plant leaves, animal tissue, cells, and industrial products defects. 

 Recently MIR imaging has been of considerable interest, owing to a number of new 
developments – mainly in the area of astronomy, where MIR cameras enable a wide range 
of observations. Among these are studies of the temperature characteristics of the atmos-
pheres of different planets, as the MIR region is where the planets emit most of their 
radiation. Also, owing to the dust around them, still-forming stars glow brightly in the 
MIR, providing information about complex molecules which then leads to investigations 
of how stars and planetary systems form and evolve. MIR imaging has also been applied 
to several problematic areas in the agricultural and food industries ( Elmore et al ., 2005 ).   

  Applications of MIR and FT-MIR in foods, 
drinks, cotton and wood 

 The application of MIR spectroscopy in combination with multidimensional statisti-
cal techniques for the evaluation of  food quality  has increased. The development of 
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FT-MIR in recent years affords the possibility of obtaining unique information about 
protein yield, protein structure and protein–protein and protein–lipid interactions with-
out introducing perturbing probe molecules. Thus, most papers have used FT-MIR to 
determine the quality of food products. Analyses have focused on measurements in 
the 4000–900       cm �     1  spectral region, within which three spectral regions have been 
used; 3000–2800       cm �     1 ; 1700–1500       cm �     1  and 1500–900       cm �     1 . These were selected 
because they are rich in information, while the inclusion of the other spectral data (i.e. 
4000–3000       cm �     1  and 2800–1700       cm �     1 ) might interfere with the extraction of useful 
information. Water exhibits a strong absorption band in most of the considered food 
products, overlapping amide I and II protein bands. Owing to the high absorbance at 
about 1640       cm �     1  in the amide I and II regions, and in order to comply with the Beer-
Lambert law, the path length of the cuvette has to be in the 10        � m range. 

  Dairy products 

  Monitoring the quality of cheese throughout ripening 
 Rapid screening techniques to determine quality characteristics of  cheeses  through-
out ripening are of great interest for both industry and consumers. In common with 
the processed food industry at large, the dairy industry has come under increasing 
pressure to deliver products of high and constant quality to the marketplace. 

 The  ripening  process implies several complex modifi cations, which take place 
simultaneously or successively. Indeed, the biochemical transformations impart new 
characteristics: the paste of the cheese is modifi ed in its composition and structure, 
and consequently in its appearance, consistency and color. At the same time, fl avor 
and typical taste develop. Such processes ensure a constant excellent quality of the 
product, and control can be achieved by examining the phases of the production 
process and/or the fi nished products. 

Proteolysis  is the principal and most complex biochemical event occurring during 
the ripening of cheese. Indeed, during cheese ripening part of the casein is converted 
into water-soluble nitrogenous compounds, such as peptides and amino acids ( Fox, 
1989 ). These peptides have different solubilities in water and other solvents. Therefore, 
extractions with different solvents and subsequent quantifi cation of nitrogenous com-
pounds in the cheese extract are used to study the extent of proteolysis in cheese. 

 The determination of the chemical composition of cheese is a very important 
task which has classically been undertaken by different physicochemical methods 
to determine the pH-value, fat, nitrogen fractions, volatile fatty acids, organic acids 
contents, etc. However, such methods are cumbersome, require a great deal of time 
and are expensive, and in some cases the results are not very accurate. Taking this 
into account, the development of new methods for the determination of chemical 
parameters is of great importance. 

 Nowadays, there is a need in the cheese-processing industry for tools that can be 
used for real-time control of production lines to check whether in-process material, 
during a given processing step, meets the necessary compositional or functional speci-
fi cations to reach a predetermined quality standard in the fi nal product. In this con-
text, spectroscopic techniques such as MIR are fast, relatively low-cost, and provide 



a great deal of information with only one test. They are considered to be sensitive, 
non-destructive, rapid, environmentally friendly and non-invasive, making them suit-
able for on-line or at-line process control and appropriate for process control. 

 The potential of FT-MIR in monitoring the ripening time of 16 experimental semi-
hard cheeses at four different times of ripening (1, 21, 51 and 81 days) has been inves-
tigated by several researchers ( Dufour et al ., 2000 ;  Mazerolles  et al ., 2001, 2002 ). 

 In the fi rst step,  principal component analysis  (PCA) was applied to the 1700–
1500       cm �     1  spectral region recorded in the investigated cheeses at different ripening 
times, and the pattern of each component was examined. The authors clearly demon-
strated the potential of PCA to facilitate discrimination between cheeses as a func-
tion of their ripening times. In addition, the rational molecular basis for the observed 
discrimination of the spectral patterns and their relation to known absorptions due to 
amide I and II was indicated by the same researchers, who stated that one or several 
continuous phenomena that occurred during the ripening stage were detected at the 
level of amide I and II absorption bands. 

 In the second step, and in order to determine the link between FT-MIR and fl uo-
rescence spectra, Mazerolles et al . (2001)  applied canonical correlation analysis 
(CCA); on one hand to the 1700–1500       cm �     1  spectral region and tryptophan fl uo-
rescence spectra, and on the other hand to the 3000–2800       cm �     1  spectral region and 
vitamin A spectra. A relatively high correlation was found, since the fi rst two canoni-
cal varieties with squared canonical correlation coeffi cient were higher than 0.58. 
The researchers concluded that FT-MIR and fl uorescence spectra provide a common 
description of cheese samples throughout ripening. 

 In a similar approach,  Martín-del-Campo  et al . (2007a)  used FT-MIR to monitor 
the ripening stage of Camembert-type cheese produced at a pilot scale. Cheeses sam-
ples were analyzed at two different zones (core and under-rind) during the fi rst 10 days 
of ripening, as well as after 13, 15, 17, 20 and 27 days of ripening. From the results 
obtained, it was reported that throughout the ripening stage the under-rind spectra 
showed some modifi cation in the spectra, while only a weak difference was observed 
between the recorded core spectra. The authors attributed the bands observed on the FT-
MIR to molecules that are present in cheeses during ripening. Indeed, carbohydrate- and 
organic acid-associated bands were found in the 1490–950       cm �     1  spectral region. Other 
bands located around 1096       cm �     1  (secondary alcohol  �  C–O and  �  O–H), 1082       cm �     1

(�  O–H) and 1045       cm �     1  (primary alcohol  �  C–O) have been associated with lactose by 
the same research group, which corroborates with the fi ndings of others ( Lanher, 1991 ; 
 Picque  et al ., 1993 ;  Cadet  et al ., 2000 ;  Coates, 2000 ; Grappin et al ., 2000 ). For the 
under-rind cheese samples, an increase in the absorbance at 1160       cm �     1  during the fi rst 
6 days followed by a decrease until the end of the ripening stage was observed. This 
evolution has been ascribed to the presence of monosaccharides like glucose and galac-
tose, which come from the lactose degradation throughout the ripening stage. 

 Regarding the region located between 1700 and 1500       cm �     1 , two important peaks – 
amide I  at 1640       cm �     1  ( �  C     �     O,  �  C–N) and  amide II  at 1550       cm �     1  ( �  N–H and 
�  C–N) – characteristic of and associated with protein response were observed, in
agreement with previous fi ndings ( Dufour and Robert, 2000 ;  Grappin  et al ., 2000 ; 
 Robert and Dufour, 2000 ). Signifi cant changes were recorded for amide I and II bands 
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for the under-rind cheese samples, but only amide II bands for the core. In addition, 
the ratio of absorbance amide I to absorbance amide II showed a signifi cant change 
throughout the ripening stage for both cheese sections. Modifi cations in the inten-
sity and position of different bands in the amide I peak have been associated with 
changes in casein secondary structure, protein aggregation and protein–water interac-
tion, as reported by others ( Guerzoni  et al ., 1999 ;  Mazerolles  et al ., 2001 ;  Vannini 
et al ., 2001 ;  Kulmyrzaev  et al ., 2005 ). A continuous decrease in the band located at 
1652       cm �     1  and a continuous increase in that located at 1550       cm �     1  during the ripening 
of semi-hard cheeses and cheeses inoculated with different strains of  Y. lipolytica  was 
pointed out by  Mazerolles  et al . (2001)  and  Lanciotti et al . (2005) , and  Vannini  et al . 
(2001) , respectively. However,  Guerzoni  et al . (1999)  reported a continuous increase 
for both amide bands in goat cheeses produced by different processes. 

 Considering the 3000–2800       cm �     1  spectral region characteristic of fat, the authors 
noted that neither methylene (bands around 2920 and 2851       cm �     1 ) nor methyl (bands 
around 2954 and 2871       cm �     1 ) signal changes were signifi cant for the core, while 
they were signifi cant in the spectra recorded on the under-rind zone, confi rming the 
fi ndings of  Dufour  et al . (2000) , and  Kulmyrzaev  et al . (2005)  regarding semi-hard 
cheeses and soft cheeses, respectively. Regarding semi-hard cheeses,  Dufour  et al . 
(2000)  reported an increase in the A �as  CH 2 /A �as  CH 3  ratio throughout ripening. 

 Finally, and in order to extract information from the data sets,  Martín-del-Campo 
et al . (2007a)  applied PCA to the spectral data set and the similarity map showed good 
discrimination of cheese samples presenting a ripening time of 15 days or less from 
the others. In order to achieve interpretation at the molecular level, the researchers 
studied the eigenvectors corresponding to PC1 and PC2. The eigenvector 2 showed 
two important regions related to amide I and II, and another assigned to carbohydrates 
(1500–950       cm �     1 ). The former showed an opposition between a positive band located 
1632       cm �     1  (amide I) and a negative one observed around 1543       cm �     1  (amide II) peaks. 
The obtained results confi rmed those found previously by  Mazerolles  et al . (2001) 
with semi-hard cheeses and  Kulmyrzaev  et al . (2005)  with soft cheeses; while the lat-
ter have pointed out that changes in the 1700–1500       cm �     1  spectral region could clas-
sify cheeses according to their ripening times. The opposition between amide I and II 
was also observed. The lactate bands located at 1589       cm �     1  and 1743       cm �     1  have been 
observed in different varieties of cheeses ( Guerzoni  et al ., 1999 ;  Kulmyrzaev  et al ., 
2005 ;  Lanciotti  et al ., 2005 ).  Martín-del-Campo  et al . (2007a)  reported that the band 
at 1589       cm �     1  was found to correlate with the spectral evolution of cheese from day 1 
to day 8 – the period during which the concentration of lactic acid increases from days 
1–5 before decreasing after day 5 (Leclercq-Perlat  et al ., 2004). 

  Prediction of some chemical parameters in dairy products 
FT-MIR milk analyzers  are widely used in the dairy industry to determine major com-
ponents such as fat, protein, lactose, solid contents, etc.  Lynch and Barbano (1995)  used 
FT-MIR to determine how well the calibration equations generated by using reconsti-
tuted milk powders  could be used to predict the chemistry of raw milk samples. In their 
studies, 12 reconstituted powders and 7 raw milk samples were analyzed in 7 laborato-
ries using FT-MIR. For each laboratory, corrected and uncorrected data were recorded. 



The authors considered that corrected data refl ected current calibration. The reconsti-
tuted powders were found not to provide an accurate fat calibration for testing raw milk 
samples, as can be obtained with raw milk calibration samples. This has been attributed 
primarily to differences in the characteristics of the fat in the reconstituted powders and 
in raw milk. Regarding protein, the analytical precision for both types of calibration 
were found to be comparable. In another study, the accuracy of FT-MIR to determine 
casein content in dairy cows ’  milk was investigated ( Sørensen  et al ., 2003 ). By apply-
ing partial least squares (PLS)  regression to the FT-MIR spectra and casein amount 
determined by reference method,  standard errors of prediction (SEP)  of 0.033% and 
0.89% for casein concentrations in the range of 2.1–4.0% and 70.7–81.0% were found, 
respectively. The main conclusion of this study was that FT-MIR was found to be less 
sensitive to heat denaturation of whey proteins than was the reference method. The 
obtained results were recently confi rmed by the investigations of  Etzion  et al . (2004) , 
who succeeded in predicting protein concentrations of 26 milk standards produced 
at the laboratory scale for which the amount of proteins varied from 2.27 to 3.90 g 
100 g �     1 . However, in their study the authors observed signifi cant interference when 
the water subtraction procedure was applied, which they considered to be the primary 
obstacle to the determination of protein level. Another problem stated by the authors 
has been attributed to the fact that milk spectra were infl uenced by other constituents, 
such as fat and lactose, forming a potential buffer layer between the ATR crystal and 
the protein cells. Using the same approach, Iňón et al . (2003a)  utilized the same tech-
nique to predict the nutritional parameters of 83 commercially available bottles of milk 
covering the whole range of available brand names and types of milk in Spain – i.e. 
whole (25), semi-skilled (35), skimmed (23), and with (45) and without (38) additives, 
including nutritional modifi ed milks for babies (5) and a milkshake with tropical fruits 
(1). The researchers applied PLS regression for the determination of total fat, total 
protein, total carbohydrates, calories and calcium, and relative precisions of 0.062       g 
100       g �     1 , 0.04       g 100       g �     1 , 0.039       g 100       g �     1 , 0.66       kcal 100       ml �     1 , and 2.1       mg Ca.100       ml �     1

were obtained, respectively. One of the main conclusions of this study is that FT-MIR-
ATR could be used as a suitable technique for the classifi cation of milk samples. 

 Picque and colleagues ( Martín-del-Campo  et al ., 2007b ) used the FT-MIR to  pre-
dict  some chemical parameters (pH, acid-soluble nitrogen, non-protein nitrogen, 
ammonia (NH 4

� ), lactose and lactic acid) by applying PLS regression. The obtained 
results showed good prediction of these parameters, except for that of pH. Indeed, 
the accuracy obtained for dry matter and pH was in agreement with those of  Karoui
et al . (2006a)  for commercial soft cheese. The authors concluded that, although the 
physicochemical parameters were determined at different ripening time, they were 
comparable to previous fi ndings obtained on ripened cheeses. 

  Karoui  et al . (2006b–2000d)  have also used FT-MIR to determine chemical para-
meters in Emmental cheeses produced in the summer and winter seasons, and origi-
nating from different geographic origins. For Emmental cheeses produced during the 
summer period,  Karoui  et al . (2006c)  pointed out that the best results for water-soluble
nitrogen (WSN) (R 2       �      0.91; ratio of standard deviation to root mean square error 
of prediction (RPD)      �      3.34) ( Figure 2.3a   ), non-protein nitrogen (NPN) (R 2       �      0.77; 
RPD      �      2.08) ( Figure 2.3b ), pH (R 2       �      0.57; RPD      �      1.41), NaCl (R 2       �      0.45; 
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RPD      �      1.33) and total nitrogen (TN) (R 2       �      0.43; RPD      �      1.34) were obtained when 
the spectra were subjected to the fi rst derivation and smoothing after being subjected 
to maximum normalization. The researchers concluded that FT-MIR transmission 
spectroscopy could be considered as an alternative technique for the determination of 
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Figure 2.3     Linear regression plot of actual versus predicted (a) water soluble nitrogen (WSN) and 
(b) non-protein nitrogen (NPN) content of the validation data set for the Fourier transform infrared 
spectroscopy (FT-MIR) recorded on European Emmental cheeses produced during summer period.      
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NPN and WSN of Emmental cheeses produced during summer and originating from 
different European countries. The obtained results were in agreement with the fi nd-
ings of Martín-del-Campo (2007b), who found an R 2  of 0.92 and an RPD of 3.27 for 
NPN on soft cheese samples presenting different ripening time. In order to achieve 
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Figure 2.4    Correlation coeffi cient over the entire wavelength range of (a) non-protein nitrogen (NPN) 
and (b) water-soluble nitrogen (WSN) for the Fourier transform infrared spectroscopy (FT-MIR) recorded 
on European Emmental cheeses produced during the summer period.    
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interpretation at the molecular level, Karoui and colleagues (2006c) studied the  cor-
relation coeffi cient distribution  of WSN and NPN over the entire wavelength range. 
They observed that the 1620–979       cm �     1  spectral region was the most important spec-
tral region, owing to the presence of several correlation peaks ( Figures 2.4a, 2.4b   ). 
When the wavelength range of 1620–979       cm �     1  was considered only during the PLS 
cross-validation stage, the resultant model for NPN and WSN provided very similar 
results to the model developed for the entire wavelength range. 

 Unsuccessful measurement of TN was achieved for Emmental cheeses pro-
duced during the summer period using the FT-MIR-PLS measurement method. 
The researchers reported that the obtained results confi rmed their previous fi ndings 
reporting that the FT-MIR cannot be used with success to predict TN in Emmental 
cheeses produced during winter ( Karoui  et al ., 2006d ). The correlation coeffi cients 
and the root mean square error of prediction (RMSEP) values reported in their study 
were in the same range as reported in previous investigations ( Pierce and Wehling, 
1994 ;  Wittrup and Nørgaard, 1998 ). However, in the investigations by  Karoui  et al . 
(2006d)  the Emmental cheeses were from variable sources – they came from differ-
ent European countries, and were manufactured with raw or thermized milk, using 
different cheese-making procedures and ranging in age. 

  Karoui  et al . (2006c)  reported that quantitative measurement of pH indicates 
that FT-MIR can discriminate only between high and low values, while the results 
obtained for NaCl were not supported by the methodology since the R 2  values of 
the calibration and validation data sets were 0.47 and 0.45, respectively ( Tables 2.2, 
2.3     ). These values have been reported to be relatively smaller than those obtained 
by  Karoui  et al . (2006d)  on Emmental cheeses produced during the winter. The 
researchers attributed these differences to the fact that a smaller range in NaCl con-
tent was considered (0.24–0.97       g 100       g �     1 ) for the summer-produced cheeses than 
for the winter-produced cheeses (0.19 and 1.36       g 100       g �     1 ). However, they stated that 
further investigation was needed to confi rm this hypothesis. 

 In a similar approach, Karoui and colleagues (2006b) compared FT-MIR and NIR 
for predicting the same physicochemical parameters on Emmental cheeses produced 
during the winter season. The researchers suggested the use of NIR for the determi-
nation of fat and TN contents, and of FT-MIR for NaCl and NPN contents as well 
as for pH. Similar results were obtained for WSN using the two techniques together. 
The main conclusion of their study is that the combination of both NIR and FT-MIR 
spectra did not improve the results, since comparable results to those obtained from 
either the NIR or FT-MIR were obtained.  

  Determination of the quality and the geographic origin of 
dairy products at the retailed stage 
 Today, the European market is saturated with food products. The new challenge is not 
to produce a standard product which is only differentiated by price, but to produce 
products that have unique characteristics and meet consumer expectations. Two 
approaches can be used to reach these goals. On one hand, fulfi lling consumer 
demands can be achieved through the creation of commercial brand products 
with unique texture, fl avor or usage appeal characteristics; on the other,  Protected 



Designation of Origin (PDO)  indicates brands of a particular quality because they 
can be made only from raw milk possessing specifi c features, which also fulfi lls con-
sumer demands. A PDO cheese is defi ned according to its geographical area of pro-
duction, and also according to the description of the materials and of the technology 
used ( Bertoni  et al ., 2001 ). 

 Several techniques for assessing the  authenticity  of PDO food products have been 
used, and these can be classifi ed into two categories.  Traditional techniques , such 
as gas chromatography, capillary gas chromatography of lipid fractions and electro-
phoretic separation of proteins, focus on the existence or absence of certain chemical 
compounds in the authentic product ( Pillonel et al ., 2002 ). Although these methods 
provide valuable information regarding the composition and biochemistry of cheeses, 
they are time-consuming and expensive processes which require highly skilled opera-
tors and are not easily adapted to online monitoring. Hence, an urgent demand exists 
for rapid, inexpensive and effi cient techniques for quality control. A great number 
of non-invasive and non-destructive instrumental techniques, such as infrared and 
fl uorescence spectroscopic techniques, have been developed for the authentication 
of food products. These new analytical tools require limited sample preparation and 
appear promising. Recently, the potential of FT-MIR for determining the  geographic 

Table 2.3    Validation of PLS cross-validation regression on validation set of 
Emmental cheeses produced during summer period 

 Compositional parameter  R 2   RMSEP (g     100     g      �     1 )  RPD 

 NaCl  0.45  1.54  1.32 
 pH  *    0.57  0.07  1.41 
 NPN  0.77  0.99  2.08 
 TN  0.43  1.24  1.34 
 WSN  0.91  0.65  3.34 

  NPN, non-protein nitrogen; TN, total nitrogen; WSN, water-soluble nitrogen; LV, 
latent variables; R 2 , determination coeffi cient; RMSEP, root mean square error of 
prediction; RPD, ratio of prediction deviation (Standard deviation/RMSEP) 
  *  pH is expressed without unit. 

Table 2.2    Validation results of PLS cross-validation regression on calibration 
sample set of Emmental cheeses produced during summer period 

 Compositional parameter LV  R 2   RMSECV (g     100     g      �     1)  RPD 

 NaCl  11  0.47  0.127  1.37 
 pH  *    11  0.56  0.005  1.50 
 NPN  12  0.71  0.085  1.85 
 TN   8  0.33  0.112  1.11 
 WSN  12    0.80  0.068  2.22 

  NPN, non-protein nitrogen; TN, total nitrogen; WSN, water-soluble nitrogen; LV, 
latent variables; R 2 , determination coeffi cient; RMSECV, root mean square error of 
cross-validation; RPD, ratio of prediction deviation (Standard deviation/RMSECV)  
  *  pH is expressed without unit. 
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origin  of Emmental cheeses manufactured during the winter and summer seasons 
has also been investigated ( Karoui  et al ., 2004a, 2004b, 2005a, 2005b ). The applica-
tion of FT-MIR to determine the shelf-life of Pasta Filata and Crescenza cheeses was 
investigated by  Cattaneo  et al . (2005)  and  Giardina et al . (2003) , respectively. These 
authors reported that FT-MIR allowed the evaluation of the shelf-life period in which 
cheese was maintained and suggested the use of this technique for the classifi cation 
of cheeses in real time on the basis of their shelf-life. 

 In order to obtain a more detailed description regarding the variation in the spectra 
recorded for cheese,  Karoui  et al . (2005b)  applied the fi rst derivative to the spectra of 
Emmental collected from different European regions ( Figure 2.5   ). Contribution to the 
lipids can be observed in the 3000–2800       cm �     1  spectral region, which is dominated by 
two strong bands at 2915 and 2846       cm �     1  associated with methylene anti-symmetric 
and symmetric stretching ( Dufour  et al ., 2000 ), respectively. Two other bands resulting 
from the asymmetric and symmetric stretching modes of the terminal methyl groups 
were also present at 2954 and 2860       cm �     1 , respectively. Contributions to the amide I 
band can be observed around 1684 and 1622       cm �     1 . This part of FT-MIR was used 
by other researchers ( Mazerolles  et al ., 2001 ) to investigate the secondary structure 
of several proteins. The absorption bands at 1578, 1526 and 1512       cm �     1  are generally 
assigned to the amide II vibrations, while that around 1578       cm �     1  has been attributed 
to soluble carboxylic acids, such as lactate (which has a characteristic wavelength at 
1575       cm �     1 , as shown by  Picque  et al ., 1993 ). The region located between 1500 and 
900       cm �     1 , called the fi ngerprint region, refers to C–O and C–C stretching modes 
(1153–900       cm �     1 ) as well as other numerous bonds (amide III) and P–O. 
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Figure 2.5     Averaged fi rst derivative of the Fourier transform infrared spectroscopy (FT-MIR) spectra 
for Emmental cheeses from Austria (–—), Germany ( …  … .), Switzerland (------), France (- ·  · - ·  · -) and 
Finland (— —).    



 In order to extract information from the data set and to assess the potential of FT-MIR 
to authenticate cheeses according to their geographic origin, Karoui and colleagues 
(2005b) applied PCA to the three normalized data sets corresponding to the three spec-
tral regions (3000–2800       cm �     1 , 1700–1500       cm �     1  and 1500–900       cm �     1 ). For these three 
spectral regions, the plots of the scores for PC1 versus PC2 did not reveal any outlying 
samples or any obvious spatial pattern in the sample score distribution. 

 The authors then applied  factorial discriminant analysis (FDA)  to the fi rst 20 
principal components (PCs) of PCA performed on the three data sets correspond-
ing to 3000–2800       cm �     1 , 1700–1500       cm �     1  and 1500–900       cm �     1  spectral regions for 
the different cheeses. Before applying FDA, fi ve groups were created, for cheeses 
from Austria, Finland, Germany, Switzerland and France. Regarding the 3000–
2800       cm �     1  spectral region, the authors pointed out good discrimination of Finnish 
cheeses from the other cheeses. In addition, correct classifi cations of 84.1% and 
85.7% were observed for the calibration and validation data sets, respectively ( Table 
2.4   ). Analysis of this table illustrates that cheeses from Austria and Finland were 
well classifi ed, while some misclassifi cation occurred for cheeses from Switzerland, 
France and Germany. 

Table 2.4    Classifi cation table for Emmental cheeses produced during winter period and 
originating from different countries based on mid-infrared (MIR) (3000–2800    cm     �     1 , 
1700–1500    cm      �     1  and 1500–900     cm      �     1 ) validation data sets 

 Predicted a  Observed b

 Austria  Finland  Germany  France  Switzerland 

 MIR: 3000–2800       cm       �     1  spectral region 
 Austria   4   —  —  1  — 
 Finland  —   6   —  —  — 
 Germany  —  —   11   1  1 
 France  —  —  1   25   5 
 Switzerland  —  —  1  3   32
% Correct classifi cation    100    100    84.6    83.3    84.2

 MIR: 1700–1500       cm �     1  spectral region 
 Austria   2   —  —  —  — 
 Finland  —   6   —  —  — 
 Germany  1  —   12   —  — 
 France  1  —  1   28   2 
 Switzerland  —  —  —  2   36
% Correct classifi cation    50    100    92.3    93.3    94.7

 MIR: 1500–900       cm �     1  spectral region 
 Austria   2   —  —  —  — 
 Finland  —   6   —  —  — 
 Germany  2  —   13   —  — 
 France  —  —  —   30   1 
 Switzerland  —  —  —  —   37
  % Correct classifi cation   50   100   100   100   97.4 

a  The number of predicted cheese samples. 
b  The number of observed cheese samples.  
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 Considering the amide I and II regions, similar results to those obtained with the 
3000–2800       cm �     1  spectral region, i.e. 88.5 and 96.7% ( Table 2.4 ) of correct classi-
fi cations, were observed for the  calibration and validation  data sets, respectively. 
The researchers claimed that the best results were obtained with the 1500–900       cm �     1

region, since the map of the FDA defi ned by the discriminant factors 1 and 3 allowed 
good discrimination between Emmental cheeses from the different countries ( Figure 
2.6   ). Indeed, cheeses from Switzerland and Finland were located on the left accord-
ing to discriminant factor 1, whereas those from France, Austria and Germany 
were located on the right. Correct classifi cations amounting to 96.7% ( Table 2.4 ) 
were observed for the calibration and validation sets.  Table 2.4  shows that cheeses 
from Germany, France and Finland were totally discriminated. However, Swiss and 
Austrian cheeses showed less than 100% correct classifi cation (97.4% and 50%, 
respectively). One of the main conclusions of this study was that the 1500–900       cm �     1

spectral region is considered by the researchers to be a promising tool for reliable 
determination of the origin of Emmental cheeses. The obtained results confi rmed 
those obtained by the same research group on Emmental cheeses produced during 
the summer period, since the best results were obtained by using the 1500–900       cm �     1

spectral region ( Karoui  et al ., 2004b ). The obtained results were confi rmed recently 
by  Giardina et al. (2003)  on a typical Pasta Filata cheese. These latter authors ana-
lyzed 112 cheese samples coated with biodegradable wax or paraffi n at 90 and 120 
days of shelf-life and found that the 1100–1035       cm �     1  and 1720–1690       cm �     1  spectral 
regions could be used to classify cheese samples according to the days of shelf-life 
and the type of coating. 

 Finally, Karoui and colleagues (2004a) assessed the potential of FT-MIR to deter-
mine the region in which Emmental cheeses were produced independently of the 
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Figure 2.6     Discriminant analysis similarity map determined by discriminant factors 1 (F1) and 3 (F3) for 
1500–900       cm �     1  spectral region of Emmental cheeses produced during the winter period and originating 
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production season by using the concatenation technique, which was analyzed by 
FDA. Although, the results obtained did not allow 100% correct classifi cation of 
cheeses, the authors concluded that the obtained fi ndings could be considered prom-
ising considering the signifi cant effect of the season on the characteristics of investi-
gated cheeses. The fi ndings were later confi rmed by the investigation of  Karoui  et al . 
(2005a)  reporting that the FT-MIR provided relevant information on the geographical 
origin of both experimental Jura hard cheeses and Swiss Gruyère and l ’ Etivaz PDO 
cheeses. The researchers pointed out that the calibration stage and development of 
the calibration equations are the limiting steps for adopting FT-MIR as a technique 
for the authentication of dairy products, as these are time-consuming and costly. 
However, when the calibration stage is accomplished successfully, the determination 
of a chemical property or geographical origin can be carried out very rapidly with a 
single analysis for minimal cost. 

  Meat and meat products 

 The nature of some meat products (pies, sausages, burgers) offers many possibilities 
for adulteration. Cheaper cuts or offal may be substituted for expensive cuts, and 
water or vegetable matter may be added. The potential of FT-MIR to differentiate 
between three meats – turkey, chicken and pork – was shown by  Al-Jowder  et al . 
(1997) . Indeed, by applying PCA to the spectral data sets, good discrimination was 
observed between fresh and frozen-then-thawed turkey, chicken or pork samples. The 
same research group also showed that FT-MIR could discriminate fresh meat from 
that which had previously been frozen. In another study, Al-Jowder and colleagues 
(1999) indicated the potential of FT-MIR to detect adulteration of raw, ground beef 
with certain types of offal obtained from the same species – specifi cally, kidney and 
liver. Comparing the 1000–1200       cm �     1  spectral region, clear differentiation between 
the spectra of the investigated meat samples was observed. The researchers ascribed 
these variations to the high level of collagen in liver samples. PLS regression was then 
applied in order to quantify the amount of added offal. The prediction errors obtained 
in the calibration data sets were found to be 4.8% and 4%, respectively, for the kid-
ney and liver samples. The same research group ( Al-Jowder  et al ., 2002 ) has recently 
assessed the potential of FT-MIR to discriminate between pure beef and beef con-
taining 20% of a range of potential adulterants, such as heart, tripe, kidney and liver. 
FT-MIR spectra were recorded on raw samples as well as samples cooked using two 
different cooking regimes. By applying chemometric tools to the collection spectra, 
good discrimination of pure meat samples from adulterated samples irrespective of 
cooking regime was found, with a correct classifi cation of 97%. The authors pointed 
out the possibility of discriminating between pure beef and the other samples adul-
terated with heart, tripe, kidney and liver, but this became more diffi cult as the cook-
ing level increased. 

 Some proteolytic enzymes from plants or animals have been widely used as meat 
tenderizers for food processing in home cooking and industrial treatment. Lizuka
and Aishima (1999)  assessed the potential of FT-MIR to differentiate between refer-
ence beef and beef treated with pineapple juice. The obtained results showed good 
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discrimination between the two meat samples. In another study,  Adhikari  et al . 
(2003)  used FT-MIR for detecting the presence of hexanal and methyl sulfi de in a 
meal ready-to-eat (MRE) omelet with ham, as well as to monitor changes in the lev-
els of hexanal and methyl sulfi de in selected thermally-processed MRE products held 
under modifi ed-atmosphere packaging and at elevated storage temperatures. The 
researchers concluded that FT-MIR method could be used as a tool for routine qual-
ity analysis of stored MRE and other food products.  

  Cereals and cereal products 

 The potential of FT-MIR use in cereals and cereal products has increased over the 
past few years with the propagated application of chemometric tools.  Cocchi  et al . 
(2004)  used FT-MIR to discriminate among fl our samples of different cereals and 
pseudo-cereals, namely wheat, oats and buckwheat, subjected to different technolo-
gical treatments – dehulling, toasting and puffi ng. The use of oats and buckwheat is 
currently limited to the production of low-diffusion or niche foods. When compared 
with major cereals, such as wheat, maize and rice, these minor cereals are interest-
ing because of their content of natural nutrients and biologically active components. 
The obtained results highlighted the usefulness of FT-MIR to characterize and better 
understand the fl our matrices. One of the main conclusions of this study was that 
the obtained results were considered to be encouraging in view of studying mixtures 
of the fl ours, to predict their performances in dough- and bread-making processes. 
In another study,  Kim  et al . (2007)  used FT-MIR to determine trans fatty acids in 
ground cereal products without oil extraction. PLS models were developed for the 
prediction of trans fatty acids in ground samples using several wavelength selections 
on the basis of bands related to lipids. The models developed with a number of sam-
ples of 79 predicted trans fatty acids in ground samples with a  standard error of 
cross-validation  ( SECV ) of 1.10–1.25 (range 0–12.4%) and R 2  of 0.85–0.88, and in 
validation samples (n      �      26) with a SEP of 0.96–1.12 (range 0–12.2%) and R 2  of 
0.89–0.92, indicating suffi cient accuracy for screening. Sample trans fatty acid per-
centages were predicted as accurately within the fi ngerprint region (1500–900       cm �     1 ) 
as within the entire range (4000–650       cm �     1 ), indicating, in concert with the regres-
sion coeffi cients, the importance of the isolated trans double bonds at 966       cm �     1  in 
development of the model. 

  Lizuka and Aishima (1999)  investigated the ability of FT-MIR and NIR to differ-
entiate between 27 soy sauces produced from whole soybeans and 30 from defat-
ted soybeans. The researchers applied factor analysis separately to MIR and NIR, 
and indicated the existence of some difference between the two sauces. By apply-
ing linear discriminant analysis  ( LDA ), 94.7% and 100% correct classifi cation were 
obtained for MIR and NIR spectra, respectively. 

 In the food industry, starch is used to modulate product characteristics such as 
texture, appearance and stability in a wide range of applications. In the unmodi-
fi ed or native form starches have limited use in the food industry, and therefore 
starches undergo a process of modifi cation to modulate their properties to provide 
the expected thickening, water-binding, stabilizing, gelling effect or to improve the 



mouth feel and shininess of the product. Fernández Pierna  et al . (2005)  evaluated 
the potential of FT-MIR spectroscopy to identify modifi ed starches in a food indus-
try environment. To do this, MIR spectra were collected with a spectral resolution 
of 4       cm �     1  using a Perkin-Elmer Spectrum 2000 FTIR spectrometer (Perkin Elmer 
Corporation, Norwalk, CT, USA) equipped with an ATR system Specac MKII 
GoldenGate (Specac Inc., Smyrna, GA, USA) positioned to give an incident angle 
of 45°. This spectrophotometer is fi tted with a wire coil operated at 1350       K as an IR 
light source, a potassium bromide beam-splitter and a DTGS detector. Starch sam-
ples (232) were collected from various factories located in the USA and Europe of 
four different classes: one unmodifi ed and three modifi ed. The performance of dif-
ferent classifi cation methods was compared by the researchers, who applied methods 
such as LDA, quadratic discriminant analysis (QDA), k-nearest neighbors (k-NN), 
soft independent modeling of class analogies (SIMCA), PLS-DA, ANN and support 
vector machines (SVM). The results showed that the different discrimination meth-
ods based on FT-MIR data can be effective tools for the classifi cation of starches 
according to the type of chemical modifi cation undergone, but the best results were 
obtained using the SVM technique, with more than 85% of the samples correctly 
classifi ed when validating the model. 

  Edible oils 

Olive oil  is classifi ed according to purity, and can vary from  extra-virgin olive oil
(EVOO ) to lampante, which is not fi t for consumption. According to the International 
Olive Oil Council,  virgin olive oil  ( VOO ) is the oil obtained from the fruit of the 
olive tree solely by mechanical or other physical means under conditions (particu-
larly thermal) that do not lead to adulteration in the oil, and which has not under-
gone any treatment other than washing, decantation, centrifugation and fi ltration. 
The high-quality EVOO may thus be mislabeled or adulterated with cheaper oil. 
This is not only a commercial problem but also has health implication ( Kochhar and 
Rossell, 1984 ). Adulteration involves the addition of cheaper oils; the most com-
mon adulterants found in VOO are refi ned olive oil, residue oil, synthetic olive oil–
glycerol products, seed oils (such as sunfl ower, soy, maize and rapeseed) and nut oils 
(such as hazelnut and peanut oil) ( Baeten et al ., 1996, 2005 ;  Downey  et al ., 2002 ; 
 Sayago  et al ., 2004 ). The low price of olive–pomace oil means that it is sometimes 
used for adulterating EVOO. For this reason, a rapid method to detect such a practice 
is important for quality control and labeling purposes. 

 Several techniques can be used to detect olive oil adulteration. Among them 
there are colorimetric reactions, and determination of iodine and saponifi cation val-
ues, density, viscosity, refractive index, and ultraviolet absorbance ( Gracian, 1968 ).
However, these methods may be time-consuming and require sample manipulation. 
To overcome these handicaps, other techniques have been applied. The most note-
worthy are spectroscopic techniques such as NIR, FT-MIR, nuclear magnetic reso-
nance and fl uorescence spectroscopy. 

  Van de Voort  et al . (1994)  used FT-MIR for the quantitative determination of per-
oxide values (PV) of vegetable oils in transmission mode. Calibration standards were 
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prepared by the addition of  t -butyl hydroperoxide to a series of vegetable oils, along 
with random amounts of oleic acid and water. Additional standards were derived 
through the addition of mono- and diglyceride spectral contributions, as well as zero 
PV spectra obtained from deuterated oils. The researchers applied PLS regression to 
the 3750–3150       cm �     1  region and compared the obtained values with those determined 
by the reference method (AOCS – American Oil Chemists Society). The reproduci-
bility of the FT-MIR method (coeffi cient of variation CV      �      5%) was found to be bet-
ter than that of the chemical method (CV      �      9%), although its accuracy was limited 
by the reproducibility of the chemical method. Later, the same research group ( Van 
de Voort  et al ., 1995 ) used the FT-MIR to determine simultaneously the percentage 
cis  and  trans  content of edible fats and oils. The system was calibrated to predict the 
cis  and  trans  content of edible oils by using pure triglycerides as standards and the 
PLS regression method. The effi cacy of the calibration was assessed by triglycer-
ide standard addition, by mixing of oils with varying  cis/trans  contents, and by ana-
lyzing fats and oils of known iodine value. Each of the approaches verifi ed that the 
FT-MIR method measured the  cis  and  trans  content in a reproducible ( � 0.7%) man-
ner, with the measured accuracies being 1.5% for standard addition and 2.5% for the 
chemically analyzed samples. Comparisons also were made using the conventional 
AOCS method for the determination of  trans  isomers by FT-MIR spectroscopy, and 
the obtained results showed that the FT-MIR–PLS approach worked well for a wide 
range of trans  contents, including those between 0 and 15%. The researchers con-
cluded that FT-MIR could be implemented in place of a variety of AOCS wet chemi-
cal methods. 

  Marigheto  et al . (1998)  used FT-MIR and Raman spectroscopies to assess their 
ability to discriminate between oils originating from different botanical sources, and 
to detect added adulterants. In their studies, several oil samples were used – EVOO, 
refi ned oil, sunfl ower, rapeseed, soybean, sesame, hazelnut, swe et al mond, grape-
seed, saffl ower, peanut, walnut, mustard, corn, palm, coconut and palm kernel oils. 
In total, 140 spectra were collected to form a database called  “ pure oils ” , in which 
seven different groups were present: EVOO (n      �      36), refi ned oil (n      �      10), sunfl ower 
oil (n      �      28), rapeseed oil (n      �      18), soybean oil (n      �      21), peanut oil (n      �      9) and 
corn oil (n      �      18). These samples were further divided into a calibration set of 84 
spectra, a validation set of 27 spectra and a test set of 29 spectra. After that, 11 of 
the EVOO group were chosen to be adulterated with 5 seed oils and 5 EVOO were 
adulterated with 5 olive oils, at different levels of adulteration (5, 15, 25, 35 and 
45%). The researchers then applied LDA and an  artifi cial neural network  ( ANN ). For 
FT-MIR, 100% of the samples were correctly classifi ed by using 15 PC scores and 
by using an ANN with 12 PC scores. However, for Raman spectra, the best predic-
tion was only 93.1% for 10 PC scores with LDA, which did not improve with the use 
of more PC. The authors concluded that FT-MIR is better than Raman for classifying 
oil samples and detecting adulteration. The obtained results were confi rmed later by 
 Tay  et al . (2002) , who pointed out that FT-MIR was able to discriminate EVOO from 
those adulterated with sunfl ower oil at different concentrations. This could be due 
to the difference in the content of free fatty acids in olive oil, as has been demon-
strated by Iňón  et al . (2003b), who indicated the ability of FT-MIR to determine the 



content of free fatty acids with an R 2  of 0.996. Recently,  Baeten  et al . (2005)  used 
FT-Raman and FT-MIR spectroscopy for the detection of the presence of hazelnut 
oil in olive oil at low percentages. Their study was performed on the entire oil and 
on its unsaponifi able matter. Different mixtures were prepared using VOO and hazel-
nut oils from several geographical origins in different percentages. For the univariate 
analysis, the Fisher coeffi cient was used to detect MIR spectral zones that distinguish 
olive from hazelnut oils. The most important differences were found in the fi nger-
print region characteristic of the stretching and bending vibrations of C–C and C–O 
groups of the molecules. Regarding multivariate analysis, stepwise LDA was applied 
to extract, interpret and exploit the information from the spectra. Complete discrimi-
nation between olive and hazelnut oils was observed, and it was found that adultera-
tion can also be detected if the presence of hazelnut oil in olive oil is higher than 
8%. The limit of detection is higher when the blends are of edible oils from diverse 
geographical origins. 

 Recently,  Wang  et al . (2006)  examined two spectroscopic techniques, ATR-FT-
MIR and fi ber-optic diffuse refl ectance NIR spectroscopy, for the identifi cation of 
camellia oil adulteration. Camellia and soybean oil were mixed together in accurately 
weighed proportions to obtain calibration and validation sets of 50 adulterated sam-
ples. The amount of soybean oil as the adulterate in camellia oil ranged from 5% to 
25%. By examining the 1132–885       cm �     1  spectral region, minor differences between 
adulterated and pure camellia oil samples were observed, particularly at 912, 1097 
and 1120       cm �     1 , corresponding to C–H bending and C–H deformation of fatty acid. 
In order to extract information from the spectral data sets the authors applied PLS 
regression, and promising results were obtained. Indeed, the R-value of the model 
was around 0.99; while the values corresponding to RMSEP and the  root mean 
standard error of cross-validation  ( RMSECV  ) were 0.67 and 0.85, respectively. The 
authors concluded that FT-MIR spectroscopy could be considered a powerful tool for 
the identifi cation of pure camellia oil. 

 In another study,  Guillén and Cabo (1997)  reviewed the use of MIR in the study of 
fats and oils. Differences between dispersive and FT-MIR techniques were indicated 
by the researchers. The review stated the usefulness of FT-MIR for determining the 
degree of unsaturation or iodine value,  trans -double bonds content, free fatty acid 
content, average chain length or saponifi cation number, solid fat content, and perox-
ide and anisidine values. 

  Bellorini  et al . (2005)  assessed the abilities of various methods to differentiate the 
sources of fats used in feedstuff formulations. The main target was the identifi ca-
tion of tallow (ruminant fat) and its differentiation from non-ruminant fats. Four dif-
ferent techniques were compared in terms of their suitability for enforcing existing 
and upcoming legislation on animal by-products: (1) FT-MIR applied to fat samples, 
(2) gas chromatography coupled with mass spectrometry  ( GC-MS ) to determine fatty 
acid profi les, (3) immunoassays focusing on the protein fraction included in the fat, 
and (4) polymerase chain reaction  ( PCR ) for the detection of bovine-specifi c DNA. 
Samples of the different fats and oils, as well as mixtures of these, were probed using 
these analytical methods. The obtained results showed that FT-MIR and GC-MS 
differentiated pure fat samples quite well but showed limited ability to identify the 
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animal species or even the animal class the fat(s) belonged to; there was no single 
compound or spectral signal that permitted species identifi cation. However, immu-
noassays and PCR were both able to identify the species or groups of species that the 
fats originated from, and they were the only techniques able to identify low concen-
trations of tallow in a mixture of fats prepared by the rendering industry, even when 
the samples had been sterilized at temperatures above 133°C. The authors concluded 
that the combination of FT-MIR and multivariate techniques allows classifi cation of 
pure samples according to their origin, but that it is not possible to use any single 
compound for reliable species identifi cation. 

 In a similar approach,  Gasperini  et al . (2007)  used FT-MIR for the classifi cation 
of different food oil co- and by-products of potential use for feed preparation. Using 
this technique, a sure classifi cation of fatty acid calcium soaps, fully hydrogenated 
fatty acids, lecithins, acid oils from chemical refi ning, acid oils from physical refi n-
ing, and fi sh oils was observed. The remaining categories of animal fats, fried oils 
and oils recovered from exhausted bleaching earth could be differentiated by using 
one or two additional chemical tests.  

  Wine 

 Wine is routinely transported to bottling and packaging facilities, and between win-
eries for blending purposes. At present, there is no recognized method available to 
monitor easily the wine authenticity before and after transportation. The refractive 
index is commonly used as an indicator of wine dilution; however, it is not rec-
ognized as a technique to authenticate wine samples ( Somers and Evans, 1974 ). 
Analytical control methods in an industrial environment, whether qualitative or 
quantitative, are essential in order to assess raw materials, products and by-products, 
as well as to optimize the manufacturing process itself. Conventional chemical 
methods of wine analysis involve time-consuming, laborious and costly procedures 
( Francis  et al ., 2005 ;  Munck  et al ., 1998 ;  Otto, 1999 ). Therefore, a robust, rapid and 
inexpensive method for quality assurance purposes is needed in the wine industry to 
ensure that wine parameters conform to specifi cation, in order to guarantee the qual-
ity of the fi nal product delivered to the consumer. FT-MIR could be an alternative 
technique to authenticate wine products. Visual examination of the infrared spectra is 
subjective, and often cannot discriminate between authentic and adulterated product, 
but the application of multivariate data analysis techniques presents the possibility of 
unraveling and interpreting the spectral properties of the sample and allowing clas-
sifi cation without the use of direct chemical compositional information. One of the 
advantages of spectroscopic technology is that it allows the assessment of chemi-
cal structures through analysis of the molecular bonds in FT-MIR and also builds a 
characteristic spectrum that represents a  “ fi ngerprint ”  of the sample. This leads to 
the possibility of using spectra to determine complex attributes of organic structures 
in the sample, which are related to molecular chromophores, organoleptic scores and 
sensory characteristics. 

 Bevin and colleagues (2006) assessed the potential of FT-MIR to discriminate 
between 161 Australian wine samples originating from three grape varieties, namely 



Shiraz, Cabernet Sauvignon and Merlot, and which were collected from six com-
mercial wineries. When a wine was being dispatched for transportation to another 
processing site, a sample was taken and a FT-MIR spectrum obtained; when the wine 
arrived at its fi nal destination, a second sample from the same wine was taken and 
a new spectrum acquired using an instrument of spectral similarity to the fi rst. The 
two obtained spectra recorded with the same sample were then compared to con-
fi rm the authenticity of wine, or to observe changes that may have occurred during 
transportation. 

 From the FT-MIR spectra produced by the wine samples using the two instru-
ments, the authors noticed that water and ethanol absorption peaks dominated the 
spectra, with the C–O stretch for primary alcohols at 1050       cm �     1 , while the C–H 
stretch was observed in the 2850–2960       cm �     1  spectral region. Regarding the 1690–
1760       cm �     1  region, it contained information relating to C �     O stretching for alde-
hydes, carboxylic acids and esters. In order to extract information from the data sets, 
and to assess the variation in the wine spectra of the same wine measured using the 
two instruments, the authors applied chemometric tools. PCA confi rmed that differ-
ences between wine samples were small. The authors concluded that discrimination 
between wine samples by a rapid analytical technique such as FT-MIR would be dif-
fi cult ( Bevin  et al ., 2006 ). The authors suggested the elimination of bands relating to 
water, since these account for approximately 85–90% of the wine sample matrix. By 
applying PLS regression, a good prediction of the similarity index from the FT-MIR 
was obtained. 

 In a similar approach,  Edelmann et al . (2001)  examined the potential of FT-MIR 
and UV-Vis for their ability to discriminate Austrian red wines of different cultivars 
(Cabernet Sauvignon, Merlot, Pinot Noir, Blaufränkisch (Lemberger), St Laurent 
and Zweiget). The authors used  cluster analysis , a descriptive technique, to classify 
samples. The results obtained from the UV-VIS (250–600       nm) showed that the Pinot 
Noir variety was clearly separated from the other cultivars. Five of seven St Laurents 
were classifi ed as belonging to the Zweiget cultivar. The Blaufränkisch, Cabernet 
Sauvignon and Merlot wines overlapped and could not be separated. The authors 
concluded that although UV-Vis spectroscopy appeared to be a promising tech-
nique, this technique was not capable of clearly separating all cultivars. Regarding 
the results obtained in the FT-MIR spectral region (1640–950       cm �     1 ), the best results 
in terms of separation of the different cultivars were achieved after applying the fi rst 
derivative, since all the wine cultivars were well separated. The authors concluded 
that UV-Vis spectroscopy is a limited technique for the authentication of wine sam-
ples, but with FT-MIR almost complete discrimination of the investigated cultivars 
was achieved. 

 Recently, the ability of FT-MIR to discriminate between Cognac and other dis-
tilled drinks such as whiskies, rums, brandies, Armagnacs, bourbons and counterfeit 
products has been investigated ( Picque  et al ., 2006 ). The spectra of raw products, 
dry extracts and phenolic extracts were recorded. The authors applied PCA to the 
151 spectra scanned from the distilled drinks. Cognac samples were found to form a 
homogenous group after examining the similarity map defi ned by the fi rst two PCs. 
Whiskies, bourbons and rums were completely separated from the Cognac group, 
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and displayed considerable dispersion in the factorial space. Subsequently, the 
authors applied PLS-DA to the three sets of spectra (dry extract spectra, phenolic 
dry extract spectra and concatenated spectra from the two previous sets). Whatever 
the spectral data, the models correctly predicted between 94 and 99% of the calibra-
tion samples. Regarding validation sets in comparison with the calibration set, the 
percentage of correct classifi cation remained similar for phenolic dry extract spectra 
and associated spectra, but decreased by 10% for dry extract spectra. The authors 
concluded that FT-MIR differentiates Cognac from other distilled drinks. The infra-
red spectra of dry extracts and polyphenolic dry extracts provided additional infor-
mation and allowed good discrimination between Cognac and non-Cognac drinks. 
 Picque  et al . (2006)  suggested that the combination of FT-MIR with other analytical 
determination, such as UV-Vis spectra and/or other data analysis such as neural net-
work, might also enhance the discrimination of counterfeit products from Cognac 
and other products. In a similar approach, the same research group ( Picque  et al ., 
2005 ) used FT-MIR to discriminate red wines according to their geographical origin 
and vintage. The dry extract of 338 wines of the same variety (Gamay), collected in 
three areas (Gaillac, Beaujolais and Touraine) over 4 years (1998, 1999, 2000 and 
2002) were analyzed at 1800–800       cm �     1 . The authors applied PCA to the spectral 
data sets, and good discrimination of wine samples according to their year of produc-
tion was achieved. However, no clear separation according to the geographical origin 
of wines was highlighted. The authors then applied PLS regression, and 92% of the 
samples were correctly classifi ed in the validation data sets (100% for the samples of 
2000 and 2002, 90% for those of 1999, and 55% for the group belonging to 1998). 
Regarding PLS regression applied to the wine samples to determine their geographi-
cal origin, 85% of the validation samples were correctly classifi ed. The main confu-
sion was reported to be the classifi cation of Gaillac and Beaujolais wines into the 
group of Touraine wines. The authors concluded that phenolic compounds are sig-
nifi cant in the discrimination of red wines according to the geographic origin and 
year of production. 

 Within the framework of the TYPIC project (QLK1-CT-2002-02225;  http://www.
typic.org/ ), the Walloon Agricultural Research Centre (CRA-W) in Belgium decided 
to study the potential of FT-MIR to authenticate wines, the primary aim of this work 
being to match consumers ’  buying behavior and perception of typical food products 
with the most relevant objective attributes that defi ne the typicality of those products. 
The project plans to develop suitable analytical methods to enable skilled producers 
of such products to characterize and guarantee taste qualities and assure the trace-
ability of these attributes in the EU. 

 The samples for the study were initially selected on the basis of their main 
attributes related to the typicality of the wines. The study concerned a collection 
of 120 red wines from Germany and France. For each wine, two different vintages 
were studied. The French wines consisted of 20 typical Beaujolais wines (from the 
Beaujolais region) and 10 wines from other regions. The typical wines were divided 
into two groups: Beaujolais Village and Beaujolais Crus wines (Brouilly, Chénas, 
Chiroubles, Côte-de-Brouilly, Fleurie, Juliénas, Morgon, Moulin à Vent, Régnié and 
Saint-Amour). The German wine group contained 24 typical Dornfelder wines from 



the Pfalz region and 6 from other regions (Dornfelder being the name of the grape 
variety and not a geographical designation like Beaujolais). The other wines were 
either Dornfelder wines cultivated in other regions (Rheinhessen, Wurtemberg) or 
other cultivars (Pinot Noir, Cabernet Sauvignon) harvested in the Pfalz region. 

 PCA was applied to the collection data sets in order to classify wines according 
to their origin; a certain tendency to separate them was observed. The researchers 
concluded that the combination of FT-MIR and chemometric methods have a great 
potential for the classifi cation of wines according to typical attributes of country of 
origin and vintage. 

  Sugar and honey 

 In combination with multivariate statistical analyses, FT-MIR has proved to be a 
promising screening method with respect to predict glucose, fructose and sucrose in 
aqueous mixtures ( Sivakesava and Irudayaraj, 2000 ). Spectra of different aqueous 
mixtures of 10, 20 and 40% total sugars with different combinations of glucose, fruc-
tose and sucrose were used for calibration and validation data sets. The best results 
for predicting each type of sugar content were obtained after applying the fi rst deriv-
ative to the FT-MIR spectra. The R 2  values for the calibration models for glucose, 
fructose and sucrose were 0.997, 0.998 and 0.997, respectively, between the pre-
dicted values and actual values. The authors concluded that the calibration set sam-
ples were accurate in predicting sugar contents in complex mixtures and commercial 
beverages. One of the main conclusions of this study was that FT-MIR could be used 
for rapid detection of sugars in complex mixtures. These results were in agreement 
with previous investigations reporting that FT-MIR could be utilized to detect adulter-
ation of maple syrup with additives such as cane and beet sugar solutions ( Paradkar 
et al ., 2003 ). The results obtained from this study showed that FT-MIR and also NIR 
could be used for detecting the type and level of adulterants such as pure beet and 
cane sugar solutions in maple syrup. However, the best results were obtained with 
FT-MIR rather than with NIR, since the R 2  values were more than 0.98 and 0.93 for 
FT-MIR and NIR, respectively. The authors suggested that the carbohydrate region 
(1200–800       cm �     1 ) which was assigned to C–O and C–C stretching vibration of sug-
ars ( Cocciardi et al ., 2006 ), as well as the organic and amino acid (1800–1200       cm �     1

and 3200–2800       cm �     1 ) regions, could be identifi ed in the FT-MIR spectra and used 
as markers for detecting adulterants in maple syrup with a high degree of accuracy. 
The obtained results were in agreement with the fi ndings of  Maalouly  et al . (2004) , 
who used NIR and MIR to determine sugar contents in beets. In another study,  Cadet 
and Offmann (1997)  used FT-MIR combined with PCA and  principal component 
regression  ( PCR ) and reported that FT-MIR could be used for analysis of sugar-cane 
juice. Indeed, this technique was found to be more accurate than the commonly used 
polarimetric technique, and more convenient than HPLC. The authors claimed that 
FT-MIR could be easily adopted for online measurement in industry. 

 Recently, FT-MIR was used to determine both the geographical and botanical ori-
gin of honeys.  Tewari and Irudayaraj (2005)  analyzed seven fl oral sources of honey. 
The calibration data set comprised 350 samples. Classifi cation accuracy of nearly 
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100% for the seven different fl oral honeys was obtained by using FT-MIR and 
z-nose methods. The main conclusion of this study was that FT-MIR technique is 
able to detect fl oral origin with 2–3 minutes based on the developed calibration. 
The obtained results were recently confi rmed by Ruoff and colleagues (2006), who 
analyzed 11 unifl oral and 411 polyfl oral samples. The honey samples originated 
from Switzerland, Germany, Italy, Spain, France and Denmark. The authors applied 
PCA and LDA and found that the error rates ranged from 0.1% to 8.3% in both 
Jackknife classifi cation and validation, depending on the honey type considered. The 
authors concluded that FT-MIR spectroscopy is a valuable tool for the authentica-
tion of the botanical origin and quality control of honey, and may also be useful for 
the determination of its geographic origin. Using a similar approach, the ability of 
FT-MIR to determine some chemical parameters of honey samples was investigated 
( Lichtenberg-Kraag  et al ., 2002 ). In their study more than 1600 honey samples were 
analyzed by FT-MIR and reference methods to develop a PLS regression-based cali-
bration model for the major contents and properties of honey (sugars, praline, mois-
ture, hydroxyproline, pH and electrical conductivity). For the calibration model, the 
R2  was found to vary from 0.84 to 0.98, indicating acceptable calibration for most of 
the parameters. The authors then tested the validation spectral collection and found 
high correlation, since the R 2  ranged from 0.81 to 0.99; good repeatability (0.84–
0.99); and no statistical difference in the reference methods. The authors concluded 
that not only the chemical composition but also the physical properties of honey can 
be determined by FT-MIR.  

  Fruits and vegetables 

 As mentioned previously, adulteration of food has occurred for a long time and has 
ranged from the simple addition of natural components to much more serious cases 
of contamination with harmful substances ( Collins, 1993 ). As fruit is the most costly 
ingredient in jam, adulteration with cheaper ingredients, such as sugar or vegetable 
matter, may take place. In order to protect consumers from adulteration, as well as to 
avoid unfair competition, it is important to use analytical techniques that can assess 
the composition of food with a high degree of accuracy. In this context, FT-MIR has 
been used to differentiate between strawberry- and non-strawberry-containing jams 
( Defernez and Wilson, 1995 ). The authors used two techniques, diffuse refl ectance 
infrared and ATR, and found that the former led to a classifi cation success rage of 
almost 100%, while the latter allowed only 91% correct classifi cation; they attributed 
this to the fact that ATR was strongly infl uenced by the spectral difference between 
normal and reduced total sugar content jams. Subsequently,  Holland  et al . (1998)  
used FT-MIR to detect adulteration of strawberry purées. In their study, 983 fruit 
purées (both strawberry and non-strawberry) were used for the establishment of the 
PLS model, and 94.3% correct classifi cation was obtained. The long-term potential 
of the model was established with the years 1993 and 1994, and illustrated by ana-
lyzing fruit which were harvested in 1995, and a correct classifi cation rate of 96.6% 
was observed. Finally, a blind test of the model was performed using a set of 23 
fruit purée samples produced by a company and a correct classifi cation rate of 96% 



was observed, with 22 of 23 samples correctly classifi ed. The authors concluded 
that the building model could be used for the analysis of fruit of subsequent years, 
which makes FT-MIR a potential technique for the routine screening of fruit over an 
extended period of time. 

 Recently, the ability of FT-MIR to predict nutritional parameters such as carbo-
hydrate content and energetic value in commercially available juice fruit has been 
investigated by  Moros  et al . (2005) . The authors analyzed 63 highly heterogeneous 
samples covering fruit juices and milk-added fruit juices, among others. By apply-
ing PLS regression, the authors found the RMSEP of 18.4       kJ 100       ml �     1  and 0.72       g 
100       ml �     1  for the energetic value and total carbohydrates, respectively.  

  Coffee 

 Coffee is a popular food product throughout the world. A huge amount of coffee is 
processed, and this has been going on for a very long time. However, the processing 
of coffee is empirically controlled based on information provided by cup tasters and 
manufacturing experts, and thus process control may generally be due to the exper-
tise accumulated in each coffee manufacturing company. Additionally, the prepared 
coffee is produced through many complicated operations such as roasting, grinding, 
blending and extraction. Furthermore, the coffee beans, as the basis of the prepared 
coffee, are miscellaneous, as is highly refl ected by the varieties and geographical ori-
gins. An objective and stable method of evaluating prepared coffee characteristics is 
therefore desirable for process control, because the prepared coffee is not only the 
fi nal product but also the liquid food tasted by consumers. In order to have a good 
grasp of the prepared coffee characteristics for process control, it is very important 
that not only the contents of the main components but also their molecular struc-
tures are non-destructively and simultaneously monitored in real time. Subsequently, 
application of spectroscopy, especially in the MIR region, to the above measurement 
is desirable as a high potential implement. In this context,  Suchánek  et al . (1996)  
pointed out that the green coffee could be quantitatively analyzed by FT-MIR. In 
other studies, Briandet et al . (1996a, 1996b)  and Kemsley  et al . (1995) investigated 
the potential of diffuse refl ection FT-MIR to discriminate between  Arabica  and 
Robusta  varieties.  Briandet et al . (1996b)  applied LDA on the principal scores, and 
the obtained results allowed 100% correct classifi cation for both calibration and vali-
dation samples. The researchers concluded that FT-MIR combined with chemometric 
tools could be used to identify and quantify Arabica  and  Robusta  contents of freeze-
dried instant coffees, and suggested the use of this technique for off-line quality 
control of freeze-dried coffees. In another study, the same research group ( Briandet 
et al ., 1996a ) examined FT-MIR as a rapid alternative to wet chemistry methods 
for the detection of adulteration of freeze-dried instant coffees. The spectra of pure 
coffees and of samples adulterated with glucose, starch or chicory in the range 20–
100       g kg �     1  were collected. Two different FT-MIR sampling methods were employed; 
diffuse refl ectance and ATR. The authors tested three different statistical treatments 
of the spectra. First, the spectra were compressed by PCA and LDA was then per-
formed. With this approach, a 98% successful classifi cation rate was achieved. 
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Second, a simultaneous PLS regression was carried out for the content of three 
added carbohydrates (xylose, glucose and fructose) in order to assess the potential 
of FT-MIR for determining the carbohydrate profi le of instant coffee, and promising 
results were obtained. Lastly, the discrimination of pure from adulterated coffee was 
performed using an ANN. A perfect rate of assignment was obtained, since the gen-
eralization ability of the ANN was tested on an independent validation data set, and 
again 100% correct classifi cation was achieved. The obtained results confi rmed pre-
viously investigations reporting that FT-MIR could be used to discriminate between 
Arabica  and  Robusta  lyophilized coffees ( Downey  et al ., 1997 ). The bands located in 
the 5700–6450       nm (1754–1550       cm �     1 ) were attributed to caffeine, while those located 
in the region 7700–8700       nm (1298–1149       cm �     1 ) were assigned to chlorogenic acid. 

 Recently, the usefulness of FT-MIR in identifying specifi c compounds in coffee, 
such as volatile and non-volatile compounds that constitute the fl avor of brewed 
coffee, was investigated by  Lyman  et al . (2003) . The 1800–1680       cm �     1  carbonyl 
region for vinyl esters/lactones, esters, aldehydes, ketones, and acids was found to 
provide a fl avor-print of the brewed coffee. The researchers stated that the heating 
rates of green coffee beans to the onset of the fi rst and second cracks are impor-
tant determinants of the basic taste and aroma of brewed coffee. In another study, 
the infl uences of the coffee varieties and the roasting degree on the FT-MIR spectral 
characteristics of brewed coffee, as well as the use of FT-MIR to determine the caf-
feine and chlorogenic acid contents in brewed coffee, were examined (unpublished 
results). Differences between the second derivatives of the FT-MIR spectra of the 
brewed  Arabica  and  Robusta  coffees were observed around several peaks. In addi-
tion, the brewed coffee from the Brazilian variety exhibited different spectral fea-
tures from those of the other Arabica  coffees. Moreover, the roasting conditions 
of the Indonesian beans were found to refl ect the spectral features of the brewed 
coffee. Furthermore, the caffeine and chlorogenic acid contents in brewed coffee 
would be determined by the spectroscopic method, as well as those in the aqueous 
solutions. The obtained results confi rmed those of  Singh  et al . (1998) , who pointed 
out the ability of FT-MIR to predict the amount of caffeine located around 1655       cm �     1

present in coffee, since the sensitivity of the technique was found to be less than 
5       ppm.  

  Identifi cation of bacteria of food interest 

 The identifi cation of  microorganisms  of interest in food and food products by tra-
ditional microbiological methods is time-consuming. In addition, these methods 
require skilled operators and, in some cases, are unable to discriminate microor-
ganisms at the strain level. In this context, the use of MIR to differentiate  bacte-
ria  has been studied since the 1950s. Unfortunately, owing to the weak performance 
of dispersive spectrometers, these kinds of studies did not allow good discrimina-
tion. Since Naumann and coworkers (1991) published their pioneering work in the 
fi eld of the identifi cation and differentiation of microorganisms by FT-MIR, vari-
ous research groups around the world have shown the validity of FT-MIR for giv-
ing suffi cient information to distinguish microorganisms both at species and strain 



levels. Indeed,  Amiel  et al . (2000, 2001)  reported that FT-MIR provided good dis-
crimination of bacteria between different genera, species and even strains. They fi rst 
assessed the ability of FT-MIR to identify lactic acid bacteria (LAB) used in the dairy 
industry. Different strains were used in their study:  Lactobacillus  (12 species, 3 sub-
species), Lactococcus  (4 species, 3 subspecies),  Leuconostoc  (3 species, 3 subspe-
cies), Weissella  (1 species) and  Streptococcus  (2 species). The authors applied DA to 
the FT-MIR spectra, and 100% correct classifi cation was obtained at the genus and 
species levels, while 86% was achieved at the subspecies level.  Amiel et al . (2000)  
then tested 48 wild isolates which had been previously identifi ed by biochemi-
cal testing and the RAPD method, and 100% and 69% correct classifi cations were 
obtained at the genus and species levels, respectively. The authors concluded that, 
although there was a relatively low number of isolates, FT-MIR could be considered 
as a useful technique for the discrimination and identifi cation of LAB. Subsequently, 
the same research group ( Amiel et al ., 2001 ) used FT-MIR to point out that this 
technique could be used for taxonomical purposes. They illustrated this with two 
examples: the distinction between  Streptococcus thermophilus  and  Streptococcus 
salivarius , and the taxonomic range of  Lactobacillus casei ,  paracasei ,  zeae  and 
rhamnosus . The authors reported that, concerning the taxonomic subject, their results 
partially confi rmed those found with the reference method ( Dellaglio et al ., 1991 ). 
However, FT-MIR allowed good separation of  Lactobacillus zeae  from  Lactobacillus
rhamnosus , while API50CHL failed to differentiate between them. One of the most 
important conclusions of this study was that the information contained in FT-MIR 
spectra could be complementary to that found with genomic information, and 
consequently this technique could be introduced in a polyphasic taxonomic 
approach. The obtained results were confi rmed recently by  Yu and Irudayaraj 
(2005) , who succeeded in differentiating between six microorganisms at the strain 
level. They reported that FT-MIR spectroscopy can provide not only molecular 
fi ngerprints of the cell envelope, but also compositional and metabolic information 
about the cytoplasm under different physiological conditions. This approach could 
be an effective alternative to traditional nutritional and biochemical methods of 
monitoring and assessing the effects of inhibitors and other environmental factors on 
microbial cell growth. 

 In the same fi eld of dairy products,  Lucia et al . (2001)  investigated the suitability 
of FT-MIR as a rapid technique to investigate the secondary structure of proteins in 
aqueous solutions and its changes as a consequence of microbial proteolytic activ-
ity, as well as to identify the contribution of different strains of  Yarrowia lipolytica
used in cheese ripening. The researchers observed that signifi cant differences in the 
amide I and II bands of both curds and cheeses obtained from milk inoculated with 
Lactococcus lactis  subsq.  Lactis  and different strains of  Yarrowia lipolytica  occurred 
during the ripening stage. They concluded that FT-MIR spectroscopy could be a 
promising tool to monitor changes that occurred during ripening in cheeses inocu-
lated with different strains. 

 The German Federal Health Offi ce has also developed a method based on 
FT-MIR for the rapid identifi cation of microorganisms. Indeed,  Fehrmann  et al . (1995)  
used this spectroscopic technique to classify microorganisms in the dairy industry, 
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especially for  clostridium  spp. The best information was found in the 1500–1000       cm �     1

region. However, no explanation regarding the chemical compounds involved in the 
identifi cation of microorganisms was given. In other studies,  Fayolle  et al . (2000)  
and  Picque  et al . (1993)  used FT-MIR and MIR, respectively, to monitor the fermen-
tation processes by measuring sugars, ethanol and organic acid concentrations during 
alcoholic and lactic fermentations. By applying PLS regression, the SEP were found 
to vary between 1.4       gl �     1  and 4.5       gl �     1  for galactose and fructose, respectively ( Fayolle 
et al ., 2000 ). 

 To date, several methods have been proposed to measure and to detect bacterial 
spoilage in meat and meat products. These include enumeration methods based on 
microscopy, ATP bioluminescence and the measurement of electrical phenomena, 
as well as detection methods based on either immunological or nucleic acid based 
procedures. The major drawbacks are that they are time-consuming and labor-
intensive, and give retrospective information. The ideal method for on-line micro-
biological analysis of meat would be rapid, non-invasive, reagentless and relatively 
inexpensive, and these requirements can be met via the application of a spectro-
scopic approach. Recently,  Ellis  et al . (2004)  used FT-MIR to measure biochemi-
cal changes within the meat substrate, enhancing and accelerating the detection of 
microbial spoilage. The authors pointed out that FT-MIR could be considered as a 
novel method for the quantitative detection of food spoilage. Indeed, by applying 
PLS regression to the FT-MIR spectra, an accurate estimation of the bacterial loads 
obtained by classical plating methods was observed. The authors concluded that 
FT-MIR is able to acquire a metabolic snapshot and quantify, non-invasively, the 
microbial loads of food samples accurately and rapidly in 60 seconds, directly from 
the sample surface. The authors also pointed out that it was evident that the FT-MIR 
spectra contained biochemical information that allowed correlation with the spoilage 
status of chicken, but they did not mention which biochemical species measured by 
the FT-MIR could be related to such spoilage.  

  Cotton and wood 

 Rapid identifi cation of the nature of the extraneous matter in cotton at each stage 
of cleaning and processing is necessary so that action can be taken to eliminate 
or reduce its presence and improve effi ciency and quality. To respond to this need, 
FT-MIR spectra of retrieved foreign matter were collected and subsequently rapidly 
matched to an authentic spectrum in a spectral database ( Himmelsbach  et al ., 2006 ). 
The database includes contaminants typically classifi ed as  “ trash ” , cotton plant parts, 
and grass plant parts. The researchers pointed out that the FT-MIR method was able 
to provide specifi c identifi cation of extraneous materials in cotton. In another study, 
 Nuopponen  et al . (2006)  have used FT-MIR to estimate wood density and chemi-
cal composition (lignin, cellulose and wood resin contents and densities). Using the 
spectral ranges 4000–2800       cm �     1  and 1800–700       cm �     1 , these parameters were found 
to present an R 2  varying from 0.6 to 0.9 after applying PLS regression. The same 
research group reduced the number of wavelengths to fi ve characteristic of lignin 
bands located at 1600, 1510, 1273, 1220 and 1077       cm �     1 , and similar results were 



obtained. They concluded that a hand-held device based on FT-MIR could be used to 
determine the quality of these parameters. 

 Recently, the effect of temperature on wood charcoal structure and chemical com-
position has been investigated ( Labbé  et al ., 2006 ). Wood charcoal carbonized at var-
ious temperatures was analyzed by FT-MIR coupled with multivariate analysis and 
by thermogravimetric analysis to characterize the chemical composition during the 
carbonization process. The multivariate models of charcoal were able to distinguish 
between species and between wood thermal treatments, revealing that the character-
istics of the wood charcoal depend not only on the wood species, but also on the car-
bonization temperature. One of the main conclusions of this study was that FT-MIR 
was able to classify wood species for the mellowing process. 

  Conclusions 

 Over the past 20 years, researchers and users of mid-infrared spectroscopy in the fi eld 
of food sciences have mainly studied the determination of the amount of the main 
components in food products. This knowledge is mandatory, but is not suffi cient to 
predict the technological and organoleptic properties of processed food. As described 
in this chapter, infrared spectra also provide information regarding the physical states 
and molecular structures of the main food components, such as lipids, proteins, carbo-
hydrates, etc. It is therefore expected that, in the coming years, infrared spectroscopy 
combined with chemometric tools will provide a reliable tool for the understanding of 
the bases of food molecular structure and, as a consequence, their qualities. 
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  Introduction 

 Near-infrared (NIR) spectroscopy dates back to the early 1800s, when Fredrick 
William Herschel, a professional musician and astronomer ( Herschel, 1800 ;  Davies, 
1991, 1998 ), discovered the fi rst non-visible region in the absorption spectrum 
( Stark  et al ., 1986 ). From 1800 to the 1950s was a dormant period for NIR spec-
troscopy, when it took a back seat to other analytical methods that could deliver 
more unambiguous results, especially regarding the explanation of molecular struc-
tures ( Williams and Stevenson, 1990 ). It was only with the work of Karl Norris and 
coworkers ( Butler, 1983 ) later in the 1950s that its potential was recognized ( Day 
and Fearn, 1982 ). Today, NIR spectroscopy has become the quality control method 
of choice in the food industry because of its advantages over other analytical 
techniques.

 Near-infrared spectroscopy was originally limited to quantitative grain analy-
sis, but today quantitative applications are widely used in many fi elds ( Table 3.1   ). 
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Spectroscopic methods with specifi c reference to NIR spectroscopy have also been 
shown to have potential for discriminatory studies to determine the authenticity of 
several foodstuffs and food ingredients ( Table 3.2   ). 

Food authenticity  issues, especially in terms of  adulteration  and incorrect labeling 
or description, have probably been around for as long as food has been offered for 
sale, with an authentic product being what it claims to be. In the recent past, however, 
food adulteration has become more sophisticated ( Karoui and De Baerdemaeker, 
2007 ). Foods or food ingredients that are of high value and undergo a number of 
processing steps are most likely to be targets for adulteration, owing to the opportu-
nities available to, for example, replace high-quality ingredients with less expensive 
substitutes.

 In European countries, several food products owe their reputation to traditional 
production techniques used in defi ned geographical areas. These artisan food prod-
ucts are therefore differentiated from other similar products ( Karoui  et al ., 2005a ) 

Table 3.1     Fields of NIR spectroscopy quantitative applications 

 Application  References 

 Animal feeds   Murray  and  Hall, 1983 ;  Murray  et al ., 2001  
 Cereals and cereal products   Osborne, 1991 ;  Wilson  et al ., 1991 ;  Windham  et al ., 1993 ;  Wesley 

et al ., 1999 ;  Cozzolino  et al ., 2000 ;  Bao et al., 2001; Manley et al ., 
2001a; Van Zyl and Manley, 2001; Manley  et al ., 2002 

 Coffee   Pizarro  et al ., 2004  
 Confectionary  Tarkošová and Čopíková, 2000 
 Cosmetics   Grunewald et al., 1998  
 Dairy   Rodriguez-Otero et al., 1997 ;  Wüst and Rudzik, 2003 ;  Blazquez  et al ., 

2004
 Distillation industry   Gómez-Cordovés  and  Bartolome, 1993 ;  Manley et al., 2003  
 Environment   Iwamoto  et al ., 1995 ;  Lister  et al ., 2000 
 Essential oils   Schulz  et al ., 1998 ;  Schulz  et al ., 2003a 
 Fats and oils   Schulz  et al ., 1998 ;  Moh  et al ., 1999  
 Fruit and vegetables   Kawano  et al ., 1992 ;  Schulz  et al ., 1998 ;  Goula  and  Adamopoulos, 

2003 ;  Xing  et al ., 2003 ;  Walsh  et al ., 2004 ;  Manley  et al ., 2007 
 Forage   Park  et al ., 1998 ;  Stuth  et al ., 2003  
 Grapes   Cope, 2000 ;  Esler  et al ., 2002  
 Herbal products   Schulz  et al ., 2002 ;  Laasonen, 2003 ;  Schulz  et al ., 2003b ;  Manley  et al ., 

2004, 2006 ;  Joubert  et al ., 2005, 2006  
 Honey   García-Alvarez  et al ., 2000 
 Manures   Reeves, 2001  
 Meat and fi sh   Downey, 1996b ;  Wold and Isaksson, 1997 ;  Pink  et al ., 1999 ; 

 Cozzolino and Murray, 2004 ;  Realini  et al ., 2004 
 Medicine   Hock  et al ., 1997 ;  Suto  et al ., 2004  
 Pharmaceuticals   Blanco et al., 1998  
 Plant species   Ren and Chen, 1997, 1999 ;  Sato  et al ., 1998 ;  Velasco  et al ., 1999 
 Spreads and condiments   Iizuka and Aishima, 1999  
 Tea   Grant  et al ., 1988 ;  Hall  et al ., 1988 ;  Osborne and Fearn, 1988 ;  Schulz 

et al ., 1999 ;  Luypaert  et al ., 2003 ;  Schulz, 2004 ;  Zhang  et al ., 2004  
 Textiles   Cleve  et al ., 2000  
 Tobacco   Hana  et al ., 1997  
 Wine and grapes   Baumgarten, 1987 ;  Chauchard  et al ., 2004 ;  Cozzolino  et al ., 2004  



and may be labeled according to the specifi c conditions which characterize their 
origin and the processing technology used ( Bosset et al ., 1997 ). These are referred to 
as products with Protected Designation of Origin  ( PDO ) or  Protected Geographical 
Indication  ( PGI ), and are often associated with high production costs; they may con-
sequently be highly priced. This makes these products prone to adulteration with 
cheaper alternatives, for economic reasons. 

 Identifying adulterated food products has generally been done in terms of 
their chemical composition and/or physical properties ( Downey, 1998a, 1998b ).
Monitoring these properties is, however, not always practical. Additionally, foods are 
chiefl y or exclusively comprised of naturally-occurring biological material, the com-
position of which varies depending on the variety, species, geographical origin, year 
of production and manufacturing process used. This complexity of the food matrix 
makes the task of identifying adulterated products even more complicated. 

 The basic idea behind the application of NIR spectroscopy to solve authenticity 
problems relies on the generation of a spectroscopic fi ngerprint of foods ( Downey, 
1996a ). A food product with a given chemical composition exposed to NIR radiation 
will have a characteristic spectrum which is essentially the result of the absorption by 

Table 3.2    Fields of NIR spectroscopy qualitative applications 

 Application  References 

 Adulteration of extra virgin olive oils with 
sunfl ower oil 

  Downey  et al ., 2002  

 Adulteration of honey   Downey  et al ., 2003  
 Adulteration of maple syrup   Paradkar  et al ., 2002  
 Adulteration of milk fat with foreign fat   Sato  et al. , 1990  
 Adulteration of milk with other fats   Sato  et al ., 1990 ;  Ulbert, 1994  
 Adulteration of milk with non-milk fat   Sato, 1994 
 Adulteration of milk with substances like water,
sodium chloride and skim milk powder 

  Pedretti  et al ., 1993  

 Adulteration of orange juice   Scotter  et al. , 1992 ;  Shilton  et al ., 1998 
 Basmati and other long-grain rice samples   Osborne  et al ., 1997  
 Black teas of differing qualities   Osborne and Fearn, 1988  
 Bread-baking quality of different wheat varieties   Downey  et al. , 1986 ;  Devaux  et al ., 1987 
 Classifi cation of plant species   Lister  et al ., 2000 ;  Laasonen  et al ., 2002 
 Classifi cation of cultivation area   Woo  et al. , 1999a, 1999b, 2002  
 Classifi cation of processing methods   Schulz  et al. , 2003b  
 Classifi cation of herbal plants   Wang  et al ., 2006, 2007 ;  Mao and Xu, 2006  
 Classifi cation of commercial teas   Osborne and Fearn, 1988 ;  Budínová  et al. , 1998  
 Classifi cation of milk powders   Downey  et al ., 1990  
 Classifi cation of wines   Cozzolino  et al ., 2003  
 Classifi cation between frozen and frozen-
then-thawed beef 

  Downey and Beauchêne, 1997a, 1997b  

 Classifi cation between Robusta and Arabica 
coffee 

  Downey  et al ., 1994, 1997 ;  Downey and Spengler, 
1996 ;  Pizarro  et al ., 2007 

 Vegetable oils   Sato, 1994 
 Virgin olive oils from different geographical 
origins

  Downey and Flynn, 2002  

 Volatile oils   Kiskó  and  Seregély, 2002  
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various chemical constituents, although physical properties may also have an impact 
on the near-infrared absorbance values. Because of the variation present in any natural 
material, the exact composition of any given batch or sample will vary somewhat, 
depending on the variety, season and location; therefore, a range of typical spec-
tra for this material will exist. For this reason, a library of representative spectra is 
needed to characterize any given food, and the spectrum of material under investiga-
tion may be compared to this library in order to establish its quality or authenticity. 
While simple in concept, this comparison is not trivial, and chemometric techniques 
are required for its realization.  

  Theory and principles 

 The basic principles of NIR spectroscopy involve the production, recording and 
interpretation of spectra arising from the interaction of electromagnetic radiation 
with matter ( Penner, 1994 ). The infrared (IR) region comprises that part of the elec-
tromagnetic spectrum in the wavelength range between 780 and 100 000       nm, and is 
divided into near-IR, mid-IR and far-IR sub-regions ( Penner, 1994 ;  Osborne, 2000 ); 
the NIR region covers the wavelength range from 780 to 2500       nm ( Osborne, 2000 ). 
When compared with spectra collected in the mid-infrared (MIR) region, a NIR 
spectrum normally exhibits few well-defi ned, sharp peaks ( Williams and Stevenson, 
1990 ). Near-infrared spectra of food constituents show broad bands which arise pri-
marily from overtones and combinations of fundamental vibrations occurring in the 
MIR spectrum and, as a result, are one to three orders of magnitude weaker than the 
fundamental absorptions ( Stark  et al ., 1986 ). Mid-infrared spectroscopy is typically 
used to determine the molecular composition of a sample. 

 If molecules in any given sample are illuminated by electromagnetic radiation 
in the NIR region, they will exhibit a large number of weak absorptions that will 
overlap, effectively creating broad absorption bands in the spectrum ( Wetzel, 1983 ;
 Williams and Stevenson, 1990 ). This implies that NIR spectra are generated by 
chemically simple molecular groupings that have strong inter-atomic bonds; these 
typically are groups containing carbon (C), nitrogen (N) and oxygen (O) bonded 
to hydrogen (H), i.e. the most common molecules found in food ( Norris, 1989 ;
 Ciurczak, 1992 ;  Downey, 1998a ). A foodstuff illuminated by electromagnetic radia-
tion will absorb radiation at certain frequencies through bonds formed between some 
of the atoms present in the product ( Downey, 1995 ). By detecting this absorption, 
it is possible to describe the chemical composition of an unknown mixture or food 
product without knowing the specifi c molecular structure that is responsible for the 
vibrational energy absorption. Therefore, despite their obvious lack of observable 
and discriminant details, NIR spectra are rich in chemical and physical information 
about organic molecules, and may therefore yield valuable information about the 
composition of a food product ( Katsumoto  et al ., 2001 ). Although the differences in 
NIR spectra may often be too small to be noticeable by the naked eye, the true value 
of NIR spectroscopy as an analytical tool rests on the statistical and mathematical 
manipulation of the spectral data.  



  Instrumentation 

 During the last decade of the twentieth century, great advances in instrumentation 
and data acquisition gave NIR spectroscopy a defi nite place among the other estab-
lished analytical methods ( Wetzel, 1998, 2001 ). When considering NIR instrumenta-
tion, a variety of possible confi gurations exist. These include discrete fi lter,  grating 
monochromator  and  acousto-optical tunable fi lter  (AOTF) instruments, as well as 
photodiode array  and  Fourier-transform interferometer  systems ( Osborne  et al ., 
1993 ;  Wetzel, 1998, 2001 ;  Barton, 2002 ). All NIR instruments possess the same 
essential building blocks ( Figure 3.1   ): radiation source, wavelength selectors, sample 
presentation facility and detector ( Blanco and Villarroya, 2002 ). 
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Figure 3.1    Principle features of NIR spectroscopy instrumentation (LEDs, light-emitting diode; AOTF, 
acousto-optical tunable fi lter; FT-NIR, Fourier transform near-infrared; PbS, lead sulfi de; InGaAs, indium 
gallium arsenide; CCDs, charge-coupled devices).   Reproduced with permission from  Blanco and Villarroya, 
(2002) ; ©Elsevier Ltd 2002.    
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  Radiation source 

 NIR radiation sources can be thermal or non-thermal. The thermal sources consist 
of a radiant fi lament producing thermal radiation – for example, the Nernst fi lament 
(a heated ceramic fi lament containing rare-earth oxides) or quartz-halogen lamps – 
and produces radiation which may span a narrow or wide range of frequencies in 
the NIR region ( Osborne  et al ., 1993 ). Tungsten-halogen lamps are usually employed 
as thermal radiation sources, while non-thermal sources consist of discharge lamps, 
light-emitting diodes, laser diodes or lasers, and emit much narrower bands of radia-
tion than the thermal sources ( McClure, 2001 ). Non-thermal sources are the more 
effi cient of the two types because most of the energy consumed appears as emitted 
radiation over a narrow range of wavelengths; they can be electronically adjusted, 
thus simplifying the design of the instrument and reducing its power consumption 
( Osborne  et al ., 1993 ).  

  Wavelength selectors 

 Near-infrared spectrophotometers can be distinguished on the basis of wavelength 
selection, i.e. discrete wavelength or continuous spectrum. A  discrete-wavelength 
spectrophotometer  irradiates a sample with only a few wavelengths selected using 
fi lters or light-emitting diodes (LEDs) ( McClure, 2001 ;  Blanco and Villarroya, 
2002 ).  Filter instruments  are designed for specifi c applications in specifi c spectral 
regions; usually between 6 and 20 interference fi lters are chosen to select wave-
lengths that will be absorbed by certain molecular species in a specifi c application 
( Penner, 1994 ). These are generally the easiest to use and least expensive instruments 
( Osborne, 2000 ).

Continuous spectrum NIR instruments  may include a diffraction grating or be of 
the diode array, AOTF or Fourier transform near-infrared (FT-NIR) type. Such instru-
ments are much more fl exible than discrete-wavelength instruments, and can be used 
in a wider variety of measurements ( McClure, 2001 ;  Blanco and Villarroya, 2002 ). 

 The purpose of a  grating monochromator  is to spread out radiation according to 
wavelength ( McClure, 2001 ). Instruments incorporating a monochromator can be used 
in either transmittance or refl ectance mode, depending on sample type; such equip-
ment is normally used in a research environment when a wide range of different appli-
cations is required or when spectral information from a wide range of wavelengths is 
necessary for the development of an accurate and stable calibration ( Osborne, 2000 ). 

 In diode array technology, all wavelengths are measured simultaneously, as each 
wavelength has a dedicated detector ( McClure, 2001 ). This allows analysis of mov-
ing samples, such as a rotating sample cell or on-line applications. Diode-array NIR 
instruments do not use any moving optical parts, which greatly improves instrument 
stability. 

Acousto-optical tunable fi lters  generate discrete wavelengths across an extended 
range by using radio-frequency signals to change the refractive index of a crystal, 
usually tellurium dioxide (TeO 2 ) ( McClure, 2001 ;  Blanco and Villarroya, 2002 ). 
The crystal behaves as a longitudinal diffraction grating with a periodicity equal to 



the wavelength of sound across the material ( Osborne, 2000 ). The main advantage 
of AOTF instruments over grating instruments is their mechanical simplicity – i.e., 
no moving parts – thereby ensuring more reliable, reproducible wavelength scans 
( Osborne, 2000 ;  Blanco and Villarroya, 2002 ). This makes AOTF instruments espe-
cially suitable for applications involving hazardous or harsh conditions, such as in 
production plants. 

 The  Michelson interferometer  (FT-NIR type) splits light into two beams and then 
recombines them after a path difference has been introduced to create the conditions 
for optical interference ( Osborne  et al ., 1993 ;  Wetzel, 2001 ). Simultaneous measure-
ment of all wavelengths allows the light to be imaged onto one detector, making it a 
multiplexing instrument. The  polarization interferometer , unlike most instruments, 
works with polarized light ( Ciurczak, 2005 ). The actual interferometer consists of a 
moving crystalline wedge which acts as the wavelength selector and, because only a 
single beam passes through the instrument, the precision alignment required for the 
Michelson interferometer is avoided. Fourier-transform NIR instruments, with spe-
cial reference to their application in authentication of agro-food products, are dis-
cussed in more detail in Chapter 4. 

  Sample presentation modes 

 One of the practical strengths of NIR spectroscopy is the wide variety of different 
sample presentation options which are readily available, making it possible to apply 
NIR spectroscopy to a wide range of sample types (liquids, slurries, powdered or 
solid samples, gases, etc.). These sample presentation options normally involve the 
use of separate, detachable accessories, and include the option of using fi ber-optic 
probes for spectral acquisition from remote sites within a large industrial complex – 
such as a petrol refi nery or pharmaceutical production facility ( Osborne, 2000 ).

 If the Lambert-Beer law equation ( Osborne  et al ., 1993 ) is used to describe the 
contributing factors of the absorbance values of a spectrum at any wavelength, it will 
be a function of the path-length through which the light travels and the concentration 
of the constituent being measured ( Wetzel, 1998 ). For  transmittance  measurements 
of liquids, the path-length is a constant determined by the thickness of the sample 
cuvette. This is, however, not the case for  diffuse refl ectance , with changes in both 
path-length due to light scatter and concentration. 

 The scattering of light as it passes into a granular sample is caused by interac-
tion with a variety of angular surfaces from which the light is refl ected specularly. 
Specularly-refl ected light contains no information about the composition of a sam-
ple, and may be redirected back along the path of incidence to the detector; scat-
tering increases the intensity of light returning to the detector but also increases the 
variability of the baseline due to the variable path-length of individual photons of 
light ( Wetzel, 1998 ). This effect describes the detection, by diffuse refl ectance, of 
light that is a combination of both absorbed (interaction with the sample) and scat-
tered light (no interaction with the sample) ( Wetzel, 1983 ). It can have a large infl u-
ence on the spectrum generated, since the ratio between refl ected light (absorbed and 
scattered) and incident light determines the absorption profi le. Sample presentation 
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is therefore extremely important in order to minimize light scatter and, as far as pos-
sible, keep the level of scattering constant for each sample ( Wetzel, 1983 ;  Williams 
and Stevenson, 1990 ). 

 The infl uence of the particle size of granular samples on acquired spectra may 
be attributed to Rayleigh (elastic) scattering ( Wetzel, 1983 ). The coarser the sample 
matrix, the lower the refl ectance and greater the difference between the spectrum and 
the baseline will be. Although this effect may be of great practical value to discrimi-
nate between coarse and fi ne samples, it is generally a measurement complication that 
may be compensated for by baseline corrections which may also increase the relative 
size of small peaks and enlarge minor differences in large peaks ( Wetzel, 1983, 1998 ). 

  Transmittance and diffuse transmittance modes 
 In  transmittance  measurements, refl ection is generally signifi cantly reduced so that 
the proportion of radiation attenuated by the sample may be measured as transmit-
tance ( Osborne, 2000 ). Proportionality between transmittance, the concentration of 
the absorbing component and the sample path-length is described by the Lambert-
Beer law. Since the path-length for the specifi c sample may be fi xed by means of a 
static or fl ow-through sample cell or a set of fi ber-optic probes, the absorbance is 
linearly related to the concentration of absorbing component and a calibration may 
be developed using standard samples. The Lambert-Beer law may only be used for 
clear, transparent liquid samples when there is no light scattering, because scatter-
ing changes the path-length through which the radiation passes and the amount of 
scattering varies from sample to sample. When a sample like liquid whole milk is 
used, fat globules in the milk will signifi cantly scatter incident light (which is what 
makes milk appear white and opaque) and thereby cause the Lambert-Beer law to be 
invalid. Measurements made under these conditions are described as  diffuse trans-
mittance  ( Coventry, 1988 ;  Osborne, 2000 ); the wavelength region normally used 
for diffuse transmittance measurements is 700–1100       nm on the basis of the greater 
energy (and therefore penetrating power) of NIR radiation in this wavelength range. 
Diffuse transmittance measurements are normally used in the analysis of liquid sam-
ples, but may also be used to measure solid samples such as meat, cheese and whole 
grains ( Penner, 1994 ).

  Diffuse refl ectance mode 
Diffuse refl ectance  measurements are used in the analysis of solid or granular sam-
ples ( Penner, 1994 ;  Osborne, 2000 ). A major complication in the analysis and inter-
pretation of diffuse refl ectance measurements, which are arguably numerically the 
most important NIR measurements collected, is light scatter. Scattered light contains 
little or no information about the chemical composition of any given particulate 
sample (although it can facilitate the description of physical properties), and inter-
feres, through baseline and intensity effects, with the spectral information collected. 
Attempts have been made to develop a mathematical basis to describe light scatter 
and to accommodate its effects on NIR spectra, but no completely successful strat-
egy has been forthcoming – this has resulted in the study of spectral pre-treatment 



methods such as multiplicative scatter correction  ( Geladi  et al ., 1985 ), derivatization 
( Osborne, 2000 ) and the  standard normal variate  transform ( Barnes  et al ., 1989 ), 
among others, to address this problem. 

  Transfl ectance mode 
 Refl ectance and transmittance modes can be combined to form a  transfl ectance
mode ( Osborne, 2000 ) which can be used to analyze liquids (turbid or clear) by plac-
ing the sample between a quartz window in a sample cell and a diffusely refl ecting 
(e.g. gold-plated) metal plate. Incident radiation is transmitted through the sample, 
refl ected from the diffusely refl ecting plate and then transmitted back through the 
sample. In the case of a turbid sample some radiation will be scattered as it travels 
through the sample, and this scattered light will then also travel back with the light 
refl ected from the transfl ectance cover ( Stark  et al ., 1986 ). Minimization of spectral 
interferences thus arising can be achieved through good instrument design as regards 
detector placement. 

  Interactance mode 
 Transmittance and refl ectance can also be combined to form an  interactance  mode 
that will illuminate and detect radiation at laterally-separated points on the surface of 
a sample; fi ber-optic probes are often used for such applications, which fi nd impor-
tant applications in, for example, the analysis of large samples such as whole fruit. 

  Detectors

 Infrared detectors can be differentiated according to their spectral response, their 
speed of response and the minimum amount of radiant power that they can detect 
( McClure, 2001 ). There are two broad categories of IR detectors which differ in their 
operating principles, namely thermal detectors and photon detectors; the latter are 
used in NIR applications ( Osborne  et al ., 1993 ). For photon detectors, it is necessary 
for the incident radiation to be strong enough to liberate charge carriers either from 
the crystal lattice (intrinsic detectors) or from impurities intentionally added to the 
host crystal during the manufacturing process (extrinsic detectors) ( McClure, 2001 ).

 The detection devices most widely-used for NIR analysis can be divided into 
single-  and  multi-channel  detectors. Single-channel detectors comprise lead-salt 
semiconductors. Lead sulfi de (PbS) is used over the range 1100–2500       nm, epitaxially 
grown indium gallium arsenide (InGaAs) over 800–1700       nm, and silicon detectors 
over 400–1100       nm ( Osborne  et al ., 1993 ;  Blanco and Villarroya, 2002 ). Multichannel 
detectors comprise diode arrays, in which several detection elements are arranged 
in rows, or charge-coupled devices (CCDs), in which several detection elements are 
arranged in planes ( Stchur et al ., 2002 ). Multichannel detectors can, for this rea-
son, record many wavelengths at once, and this type of detector has given rise to 
NIR imaging spectroscopy – a technique in which spectra are recorded using cam-
eras that can determine composition at different points in space and record the shape 
and size of the object. Making measurements at different wavelengths provides a 
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three-dimensional image that is a function of the spatial composition of the sam-
ple and the irradiation wavelength used ( Blanco and Villarroya, 2002 ;  Baeten and 
Dardenne, 2005 ).

  Chemometrics 

  Chemometrics is the chemical discipline that uses mathematics and statistics 
to design or select optimal experimental procedures, to provide maximum rel-
evant chemical information by analysing chemical data, and to obtain knowl-
edge about chemical systems.

    Massart et al. (1988) 

 Overlapping of the many individual absorbance bands in the NIR region results in 
broad bands characteristic of NIR spectra; a NIR spectrum cannot, therefore, be 
interpreted in a straightforward manner. Often, large amounts of spectral data are 
obtained from NIR instruments; these data contain considerable amounts of informa-
tion about the physical and chemical properties of molecules that yield useful ana-
lytical information ( Osborne  et al ., 1993 ;  Downey, 1998a ;  Katsumoto  et al ., 2001 ; 
 Blanco and Villarroya, 2002 ), but they also contain noise, uncertainties, variabilities, 
interactions, non-linearities and unrecognized features. One of the biggest challenges 
faced when analyzing spectral data is to eliminate or reduce the noise from the spec-
tra. This not only eases visualization of the information contained in the spectra, but 
also maximizes the exploitation of the useful data ( Wetzel, 1998 ;  Katsumoto  et al ., 
2001 ). Chemometrics is required to extract as much relevant information from the 
spectral data as possible ( Wold, 1995 ). 

 Chemometrics has a fundamental role in NIR-based calibration, and method per-
formance in deriving calibration models is an important aspect to take into account 
(Centner, 2000;  Geladi, 2002 ). A variety of multivariate analysis techniques can be 
used to (i) extract analytical information contained in NIR spectra to develop models, 
and (ii) predict relevant properties of unknown samples. There are two main groups 
of multivariate methods which may be distinguished by the type of analysis required; 
qualitative and quantitative analysis. 

 Since the early introduction of  multivariate regression techniques  by Norris ( Ben-
Gera and Norris, 1968a, 1968b ), the development of various mathematical proce-
dures and the increasingly widespread availability of commercial software have 
contributed tremendously to the expansion and current popularity of NIR spec-
troscopy. Development of  calibration models  for  quantifi cation  of constituents in 
samples is possible by relating physical or chemical properties of the investigated 
samples to the absorption of radiation in the NIR wavelength range.  Qualitative
calibration models  depend on comparing spectra of the sample to be identifi ed with 
spectra of known samples. 

 Due to the vast amount of spectral information, the large number of samples 
required to build classifi cation and calibration models, and the high inter-correlation 



within spectra, there is a need for variable-reduction methods that allow the dimen-
sions of the original data to be reduced to a few uncorrelated variables containing 
only relevant information from the samples ( Blanco and Villarroya, 2002 ). Principal
component analysis  ( PCA ) is such a method which searches for directions of maxi-
mum variability in spectral data sets and calculates them as new axes called principal 
components. The calculated principal components contain the spectral information 
in a reduced number of variables – for example, less than 20 – and these new vari-
ables can substitute the original data in subsequent calculations ( Cowe and McNicol, 
1985 ). The fact that these new variables are linear combinations of the original vari-
ables (absorbances at the different wavelengths) means that individual principal 
components may be examined graphically to reveal previously-undetectable informa-
tion about the role of molecular or chemical species in any given calibration model 
( Cowe  et al ., 1990 ). By looking at the shapes of the components, it is possible to see 
in which parts of the spectra the contributing absorbance bands are detected ( Cowe 
and McNicol, 1985 ). Principal component analysis is an  unsupervised method  (i.e. 
no reference to any set of analytical values is necessary to examine spectral varia-
tion), and therefore provides a simple procedure for data description and compres-
sion ( Devaux  et al ., 1988 ). 

  Pre-processing of spectral data 

 Maximizing the signifi cance of any spectral differences is the main aim of using pre-
processing algorithms ( Osborne  et al ., 1993 ;  Hopkins, 2001 ). Achieving this maxi-
mization becomes very diffi cult if the  signal-to-noise  ( S/N )  ratio  of a given spectrum 
is very small. As NIR spectroscopy utilizes light of low intensity, it will necessarily 
produce less sensitive responses in the excited molecules ( Wetzel, 1998 ). To com-
pensate for this lower sensitivity, the noise levels detected by the instrument have 
to be kept to a minimum to create a high S/N ratio. Noise can be caused by instru-
ment drift during scanning, sample preparation and presentation, and by the environ-
mental conditions within which the spectra are generated ( Wetzel, 1983 ;  Katsumoto 
et al ., 2001 ). Environmental conditions are especially important, as they will affect 
the weakly absorbing bands of NIR spectroscopy much more signifi cantly than those 
regions that produce strong absorptions. One way of removing noise is to collect 
multiple scans and average them ( Katsumoto et al ., 2001 ); although the achievement 
of signifi cant noise-reduction levels may necessitate large numbers of repeat scans – 
64 or more. If this does not reduce the noise level adequately, smoothing techniques, 
of which the moving average method ( Savitzky and Golay, 1964 ) is the most com-
mon, may be used. Other common pre-processing methods include normalization 
( Massart  et al ., 1988 ;  Næs  et al ., 2002 ), derivatives ( Massart  et al ., 1988 ;  Næs  et al ., 
2002 ), multiplicative scatter correction (MSC) ( Geladi et al ., 1985 ) and standard 
normal variate (SNV) and de-trending ( Barnes  et al ., 1989 ). Pre-processing tech-
niques more recently developed include  orthogonal signal correction  ( OSC ) ( Wold 
et al ., 1998 ;  Sjöblom  et al ., 1998 ),  direct orthogonal signal correction  ( DOSC ) 
( Luypaert  et al ., 2002 ) and  orthogonal wavelet correction  ( OWAVEC ) ( Esteban-Díez 
et al ., 2004a, 2005 ).
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  Smoothing 
 The  Savitzky-Golay moving average  ( Savitzky and Golay, 1964 ) and other algorithms, 
i.e. wavelets ( Katsumoto  et al ., 2001 ), can reduce the effect of noise on a spectrum 
by removing small variations in absorbance which are not expected to be meaningful. 

  Derivatives 
 One of the most common pre-processing algorithms used calculates the fi rst or sec-
ond derivatives of each spectrum ( Wetzel, 1998 ;  Næs  et al ., 2002 ).  Derivatives  are 
used to enhance slight spectral differences between samples and compensate for 
baseline shifts that have been caused by light scattering ( Beebe  et al ., 1998 ). Second 
derivatives in particular can accentuate sharp spectral features and help resolve over-
lapping bands. Derivatization can minimize the effects of scattering by removing 
additive offsets that are independent of wavelength (fi rst derivatives) or by removing 
offsets that change linearly with wavelength (second derivatives).  

  Normalization 
Normalization  is another method of removing bias from a spectrum without using 
derivatives ( Wetzel, 1998 ;  Næs  et al ., 2002 ). It is achieved by mean-centering the 
spectra (subtracting the average absorbance from each spectrum) and then estab-
lishing unit variances at each wavelength by dividing the absorbance at each by 
the relevant standard deviation. Such normalization may, however, remove valuable 
information from the spectral data set.  

  Multiplicative scatter correction 
 Another normalization procedure is  multiplicative scatter correction  ( MSC ) ( Geladi  et
al ., 1985 ). This approach also mean-centers the data, after which the target spectrum is 
curve-fi tted to the average and then divided by the curve-fi t value. Multiplicative scat-
ter correction is a very useful and powerful pre-processing method for removing addi-
tive and multiplicative differences in a spectral data set; such differences are mainly 
caused by samples with inconsistent particle sizes (e.g. powders). Multiplicative scat-
ter correction separates the chemical light absorption from the physical light scatter 
( Geladi  et al ., 1985 ).

  Standard normal variate and de-trending 
Standard normal variate  (SNV) transforms spectral data by subtracting the mean of 
the spectra from the spectral values of each spectrum ( Barnes  et al ., 1989 ). These 
centered spectra are then scaled by the standard deviation of the spectrum. Standard 
normal variate effectively removes the multiplicative interferences of scatter and par-
ticle size, and is applicable to individual NIR spectra.  De-trending  accounts for the 
variation in baseline shift and curvilinearity ( Barnes  et al ., 1989 ).   

  Quantitative chemometric techniques 

 Quantitative NIR calibration development involves collecting a set of calibration 
samples with known reference values (chemical constituents, physical characteristics 



or other properties) covering as much as possible the range of variation expected in 
future or unknown samples. Calibration development then entails the establishment 
of a mathematical relationship between the NIR spectrum and the reference param-
eters previously determined by an independent reference analytical method. The aim 
is therefore to fi t the NIR and reference values to a straight line and compare this 
statistically to a theoretically perfect line through the origin at 45 °  to both axes. This 
calibration model, after being adequately validated on an independent validation set, 
can then be used to predict the properties or constituents in unknown samples on the 
basis of their NIR spectra. Regression methods commonly used are multiple linear 
regression (MLR), which utilizes only selected wavelengths, and principal compo-
nent regression (PCR) and partial least squares (PLS) regression, both of which use 
the whole spectrum. More detail on these methods can be found in  Næs et al . (2002) .

  Qualitative chemometric techniques 

 Qualitative multivariate analysis methods are being used to recognize similarities in NIR 
spectral data. Qualitative analyses are directed at extracting information about one or 
more important functional properties of a sample which can be used to screen samples 
on the basis of desired functional properties; these methods also fi nd extensive applica-
tion in the confi rmation of authenticity or the detection of adulteration of food samples. 

 Qualitative multivariate data analysis techniques are known as  pattern recogni-
tion  methods ( Osborne, 2000 ), since their application generally involves a compari-
son of spectra and a search for similarities or differences ( Wüst and Rudzik, 2003 ).
In terms of classifi cation, the aim is to get as many correct classifi cations as possi-
ble. A decisive design parameter that has to be set prior to any classifi cation model 
development is the number of classes to be considered and the particular require-
ments that a sample has to fulfi ll in order to be assigned to a certain class ( Esteban-
Díez et al ., 2007 ). Conventionally, a spectral library of known substances is built 
and a model developed which describes the mean spectrum and the associated vari-
ability of each sample type in multidimensional space; the spectrum of an unknown 
sample is then compared to the spectral library and decision rules applied to deter-
mine the likelihood of it belonging to the library or not ( Wüst and Rudzik, 2003 ).
Qualitative applications of NIR spectroscopy may be achieved by two different 
broad approaches, namely unsupervised and supervised methods ( Beebe et al ., 1998 ; 
 Blanco and Villarroya, 2002 ;  Pasquini, 2003 ). In the former, the classes of samples 
used for model development are known at the outset, whereas in unsupervised meth-
ods there is no information about the class structure of the training sample set. 

  Unsupervised methods 
 Unsupervised methods, e.g. PCA and  hierarchical cluster analysis  ( HCA ), are often 
deployed as investigative tools in the early stages of data analysis to give indications 
of possible relationships between samples. 

  Principal component analysis 
Principal component scores  for similar materials tend to cluster in multidimen-
sional space in a similar fashion to the way the data points representing individual 
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wavelength measurements may cluster ( Mark, 1992 ;  Downey, 1996a ). Principal com-
ponent analysis models are constructed using the entire data set obtained from all the 
measurements of the different samples to be distinguished ( Mark, 1992 ).

  Hierarchical cluster analysis 
Clustering  can be defi ned as the process of organizing objects into groups, the mem-
bers of which are similar in some way. A cluster is therefore a collection of objects, 
which are similar to each other and dissimilar to other objects. Hierarchical cluster 
analysis (HCA) is a method often used for preliminary data analysis – the process 
is iterative, and involves assigning objects which are close to each other to a cluster, 
fi nding the closest (most similar) pair of clusters and merging them into a new, sin-
gle cluster, etc., and fi nally computing distances (similarities) between the new cluster 
and each of the old clusters ( Mao and Xu, 2006 ). The latter two steps are repeated 
until all items are grouped into a single cluster. An important component of a cluster-
ing procedure is the distance measure between data points; either  Mahalanobis  ( Næs 
et al ., 2002 ) or  Euclidean  ( Næs  et al ., 2002 ) distances may be used ( Mao and Xu, 
2006 ). The most common distance measure used is the Mahalanobis distance, which 
describes distance in any given direction relative to the variability along the same axis. 

  Supervised methods 
 The more traditional supervised methods include  Bayes classifi cation  or  Fisher ’ s 
linear discriminant analysis  ( Næs  et al ., 2002 ). Supervised methods commonly 
used to solve authenticity problems are soft independent modeling of class analogy 
(SIMCA), discriminant PLS (DPLS), linear discriminant analysis (LDA), multiple 
discriminant analysis (MDA), factorial discriminant analysis (FDA), canonical vari-
ate analysis (CVA), artifi cial neural networks (ANNs) and k-nearest neighbor (k-NN) 
analysis ( Downey, 1996a ;  Blanco and Villarroya, 2002 ;  Stchur  et al ., 2002 ). More 
recent classifi cation techniques reported include support vector machine (SVM) 
classifi cation ( Zhao et al ., 2006 ;  Chen  et al ., 2007 ), and wavelet interface to linear 
modeling analysis (WILMA) ( Cocchi  et al ., 2003 ). Some of the most commonly 
used supervised methods are briefl y described below; more exhaustive and detailed 
explanations of these methods can be found in  Næs  et al . (2002) . 

  Soft independent modeling of class analogy (SIMCA) 
 Apart from problems relating to simple classifi cation,  soft independent modeling of 
class analogy  ( SIMCA ) is applied to a more general class of discriminatory issues, 
i.e. identifi cation. It is a procedure in which raw spectra are compressed by means 
of principal component analysis ( Downey and Beauchêne, 1997a ) – data describing 
samples from each of the relevant number of classes or groups are collected, and sep-
arate PCA models are calculated for each of the groups for which qualitative analysis 
is desired ( Mark, 1992 ). Classes are thus modeled independently of each other, and 
the cluster models treat new samples separately. SIMCA fi rst centers and then com-
presses raw data by means of PCA ( Mark, 1992 ;  Downey and Beauchêne, 1997a ); a 
multidimensional space is constructed containing the scores corresponding to each 



group.  Mahalanobis distances  based on the principal component scores are calcu-
lated for every sample to determine the distance from the center of the cluster in the 
dimensional space. Each cluster model treats new samples separately, and an assess-
ment of cluster membership is made on the basis of the distance of any given sample 
to the center of the cluster. An F-test is employed to measure the degree of similarity 
of an unknown sample spectrum to sample spectra in each modeled cluster, allow-
ing an estimate of confi dence to be attached to any identifi cation decision ( Downey, 
1996a ;  Downey and Beauchêne, 1997a ). The sum of squares of a residual spectrum 
can be compared to the variance within the class, providing a measure of certainty 
accompanying each identifi cation ( Downey, 1996a ;  Downey and Beauchêne, 1997a ).
The spectrum residual, which is an indication of how much of the spectrum of any 
given sample is not explained for by the PCA model, provides a reliable and sensi-
tive measure of class membership. By combining two residual distances, the criti-
cal probability of an unknown sample belonging to a specifi ed class may be tested. 
SIMCA is claimed to have advantages in the separation of very similar materials 
( Downey and Beauchêne, 1997a ), but reported successful applications of SIMCA to 
food classifi cation using NIR spectra are few in number ( Downey, 1996a ).  

  Discriminant PLS 
 With  discriminant PLS  ( DPLS ) it is possible to build calibration models using spec-
tral data and knowledge of the class membership of each sample in the training (cali-
bration) set. In DPLS1 , used for binary classifi cation problems, each sample is given 
a dummy variable equal to 0 or 1; members of the class are ascribed a value of 0, and 
non-members a value equal to 1. Unknown samples with a predicted value below 
0.5 may be identifi ed as belonging to the class being modeled; the converse applies 
to samples with predicted values equal to or greater than 0.5. Cut-off values other 
than 0.5 may be used, depending on the dispersion of predicted values and the confi -
dence required for class identifi cation decisions.  DPLS2  is used when more than two 
classes of material must be modeled; in this case also, the dummy variable associated 
with each class type is ascribed a value equal to 0 for samples belonging to the class 
and 1 for all other samples. 

  Linear discriminant analysis 
Linear discriminant analysis  ( LDA ) is a supervised classifi cation technique in which 
the number of categories and the samples that belong to each category are previously 
defi ned ( Næs et al ., 2002 ). The method produces a number of linear discriminant func-
tions, equal to the number of categories minus one, that allow samples to be classifi ed 
in one or another category. The Mahalanobis distances of each object from the centro-
ids of the categories are computed, and objects are assigned to the nearest cluster. 

  Factorial discriminant analysis 
 The aim of  factorial discriminant analysis  ( FDA ) is to predict membership of a sin-
gle sample according to other defi ned groups; principal component analysis scores 
are used as the basis for FDA. During FDA, principal component scores calculated 
on mean-centered spectral data are normalized and the gravity center of the score 
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cluster for each group is determined. The Euclidean distance of each principal com-
ponent score of a given sample to each of the gravity center is calculated and the 
individual sample assigned to the group with the nearest gravity center, subject to a 
maximum membership distance of two or three times the Euclidean distances. The 
unique feature of FDA is that principal components are incorporated into the model 
on the basis of decreasing classifi cation ability, not in calculation order.  

   k -Nearest neighbors 
k-Nearest neighbors  ( k-NN ) is a reasonably simple method. To classify a new sample, 
its Euclidean distance from each of the samples in a training set is calculated and the 
k  nearest samples are found;  k  typically has odd, integer values. The unknown is then 
classifi ed to the group that has the most members amongst these neighbors ( Næs
et al ., 2002 ).    

  Validation 

 It is critically important to assess the performance of every calibration model on an 
unknown set of samples, since the ultimate goal of a calibration model is to predict 
unknown values accurately and precisely ( Geladi, 2002 ), and this may best be done 
using a test sample set which should contain a realistic representation of samples that 
may be encountered in the future ( Osborne  et al ., 1993 ). 

Validation  or  prediction  testing refers to the calculated difference between NIR 
spectroscopy prediction results obtained for the constituents, properties or identifi -
cation or classifi cation, and the measurements obtained for the reference method or 
known identities ( Næs and Isaksson, 1991 ).  Internal validation  involves validation 
of a calibration using the same sample set as that used for calibration development. 
An assessment based on internal validation is therefore not the same as prediction 
testing ( Martens and Næs, 1989 ), which involves validation of a calibration using an 
independent sample set that was not involved in the calibration development. The two 
validation methods normally used are  independent  or  external validation  ( Esbensen, 
2000 ) and  cross-validation , which uses the calibration data set only. External valida-
tion requires a separate, large and representative set of test objects in order to give 
relevant and reliable estimates of the future prediction ability of the model ( Martens 
and Næs, 1989 ;  Westerhaus, 1989 ). This is, however, not always possible, as multi-
variate calibration is often done because the traditional reference method for meas-
uring the constituent or class of interest is too expensive or slow, or is otherwise 
undesirable. It would be most economical to use all the data available for both cali-
bration development and for prediction testing ( Martens and Næs, 1989 ). 

Cross-validation  is a very reliable validation method; it seeks to validate the cali-
bration model on an independent test data set but, contrary to external data, it does 
not use samples for testing only. For cross-validation, successive samples are deleted 
from the calibration set. In partial cross-validation, samples are removed in groups; 
in full-cross validation, all samples are removed one at a time. After every dele-
tion, a calibration is performed on the rest of the samples before being tested on 



the removed samples. The fi rst sample is then replaced into the calibration data and 
the next sample removed. The procedure continues until all the samples or sample 
groups have been deleted once ( Martens and Næs, 1989 ;  Næs and Isaksson, 1991 ).

 The fi nal step in NIR calibration development is statistics, which is  “ the art of 
drawing conclusions from data, and making decisions, in the presence of variability ”  
( Wold, 1995 ) and is needed for interpretation of the gathered data and evaluation of 
the effi ciency and accuracy of the calibration model. 

 The statistics most often used for quantitative NIR analysis are listed in  Table 3.3   , 
and include the standard error of prediction  ( SEP ) or  standard error of cross-val-
idation  ( SECV );  bias ; the  coeffi cient of determination  ( R2 ) ;  and the  ratio of stand-
ard deviation to standard error of prediction  ( RPD ) ( Osborne  et al ., 1993 ;  Williams, 
2001 ). The SEP measures how well the calibration is going to perform in future 
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ŷ or SD

SECV
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a  Standard deviation  ;   b  standard error of laboratory  ;   c  standard error of prediction  ;   d  standard error of 
cross-validation  ;   e  bias of the validation set  ;   f  coeffi cient of determination  ; gratio of standard deviation to 
standard error of prediction.

y      �      reference value; ŷ       �      predicted value; yi       �      reference value for the  i th   sample;  ŷ i       �      NIR predicted 
values for the  i th   sample; y 1  and y 2       �      duplicate reference values;  n       �      number of samples;  t       �      number 
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analysis ( Fearn, 2002 ), and should be as close as possible to the  standard error of 
laboratory  (SEL )  for the constituent or property being measured. The SEP is used to 
evaluate the accuracy of a calibration by indicating the variability in deviations of the 
reference data from the NIR spectral data. The bias gives the average by which the 
results differ. Together, the SEP and the bias indicate and evaluate the overall accu-
racy of the prediction model. The SEP and bias should be as low as possible, with a 
slope close to 1.0 ( Williams, 2001 ). When cross-validation is performed, the accuracy 
of the calibration is indicated using the SECV. The RPD enables evaluation of the 
SEP in terms of the SD of the reference data, and gives an indication of the effi ciency 
of the calibration model ( Williams and Sobering, 1993 ;  Williams, 2001 ). The recom-
mended RPD value for the use of NIR spectroscopy in quality control is 5.0 or more 
( Williams, 2001 ). For screening purposes, a value of more than 3.1 would be suf-
fi cient. The coeffi cient of determination (R 2 ) indicates the amount of variation in the 
data being explained by the calibration equation ( Williams, 2001 ). The R 2  should be 
high ( � 0.90) to indicate a good prediction capability, while with a low value ( � 0.64)
it is not possible to obtain consistently high accuracy by NIR spectroscopy analysis. 

 Qualitative calibration results can be assessed on the basis of number of false posi-
tive and false negative classifi cations ( Contal et al ., 2002 ). A false positive occurs 
when a sample which does not belong to a given class is predicted by the model to be 
a member of that class. A false negative arises when a sample which does belong to 
a given class is not classifi ed as such. False positives are considered the more serious 
of the two error types, given that they represent a failure of the model to detect non-
membership or adulteration. Accuracy of classifi cation results can also be expressed 
in terms of sensitivity and specifi city ( Esteban-Díez  et al ., 2007 ). Sensitivity is the 
proportion of samples belonging to a certain category correctly identifi ed by the pre-
diction model corresponding to that class – i.e. it is a measure of the ability to cor-
rectly predict true positives. Specifi city is the proportion of samples not belonging to 
a certain class classifi ed as foreign – i.e. it is a measure of the ability to discriminate 
against false positives. These parameters are valuable diagnostic tools for evaluating 
classifi cation and confi rmation of authenticity results, since a class-model should not 
only correctly classify samples as belonging to a specifi c class or category but also 
reject samples not belonging to that class. 

  Advantages and disadvantages 

  Advantages 

 Near-infrared spectroscopy has several advantages  o ver other analytical techniques. 
It is a rapid, easily used technology that is non-destructive in nature ( Day and Fearn, 
1982 ;  Osborne  et al ., 1993 ;  Wetzel, 1998 ) and does not require chemical consuma-
bles ( Zoecklein  et al ., 1994 ;  Downey, 1998a, 1998b ). The latter is important, as the 
disposal requirements for hazardous waste are becoming increasingly expensive for 
laboratories. Near-infrared spectroscopy requires minimal or no sample prepara-
tion or pre-treatment ( Day and Fearn, 1982 ;  Osborne, 2000 ). It can record complete 



continuous spectra for high moisture samples, such as liquids and slurries, as well as 
solids ( Williams and Stevenson, 1990 ;  Blanco and Villarroya, 2002 ), and one of the 
major advantages of NIR spectroscopy is that it allows several constituents or prop-
erties to be measured at the same time ( Osborne, 2000 ).

 NIR instrumentation is often rugged, and can be used inside or outside labora-
tory environments ( Stark et al ., 1986 ). Measurements can also be carried out on-line 
( Osborne  et al ., 1993 ;  Hoyer, 1997 ) or in-line ( Singh Sahni et al ., 2004 ). Portable 
NIR spectrophotometers such as hand-held instruments (www.polychromix.com) 
using micro-electromechanical systems (MEMS) ( Crocombe, 2004 ) technology and 
equipment that can be carried in a backpack or mounted on a vehicle are nowadays 
more freely available ( Blanco and Villarroya, 2002 ). 

 The most interesting advantages of NIR spectroscopy compared with other spec-
troscopic techniques are its ability to use longer path-lengths, and that the optical 
equipment is much simpler ( Karoui and De Baerdemaeker, 2007 ). It is possible to 
use optical fi bers and glass for windows, sample cells and lenses made from quartz 
glass. These are cheaper and easier than the alkali salts (such as KBr and KCl) 
typical of mid-infrared analyses. It is also possible to create a pseudo-homogenous 
spectrum from a non-homogenous sample by scanning a large area of the sample 
and averaging the sample ’ s properties. The relatively deep penetration of NIR light 
into samples also permits better representation of the chemical properties. Once 
the method has been developed, the instrument can easily be used by technicians 
for process control purposes. The low absorptivity of absorption bands in NIR is 
compatible with moderately concentrated samples and longer path-lengths com-
pared with mid-infrared analyses ( Osborne  et al ., 1993 ). This enables spectra to be 
measured by transmission through intact materials, which allows rapid and non-
destructive analysis as no sample preparation is needed. Intact, opaque, biological 
samples can also be analyzed by diffuse refl ectance, which makes NIR spectroscopy 
a very simple technique to use and an ideal application for on-line analyses.  

  Disadvantages 

 The main disadvantage is the low sensitivity of the signal, which can limit the deter-
mination of low concentration components to be determined by the use of NIR spec-
troscopy ( Karoui and De Baerdemaeker, 2007 ). This limitation of NIR absorptions, 
however, simplifi es the spectra and restricts the information extracted to that of fun-
damentally strong chemical bonds between light atoms. Chemometric manipulations 
of the data can, though, be very revealing, if handled correctly. 

 The main limitation of NIR spectroscopy as an analytical technique involves its 
dependence on other chemical methods of analyses that are sometimes less precise 
and equally empirical ( Osborne  et al ., 1993 ). A large data set incorporating large 
variation, which it is often diffi cult to obtain, is essential to build a robust calibration 
( Wetzel, 1998 ). Near-infrared spectroscopy therefore requires an extensive calibration 
and validation sample set to produce robust prediction models. The  reference method
often requires a lot of time for sample collection, preparation and presentation, and 
may involve large expense, depending upon the nature of the constituent. Effective 
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use and development of new calibrations requires suffi cient training of the operator. 
Furthermore, the maintenance of a calibration set is very diffi cult, and this lack of sam-
ple stability over long periods of time causes problems for calibration transfer. For qual-
itative analysis, however, the cost of reference method analysis may not be a concern. 

 The initial high cost of the instrumentation is also an important factor when con-
sidering acquiring a NIR instrument for routine applications in a quality control lab-
oratory. The purchase and running costs of NIR instruments compared with the cost 
of consumables used in conventional chemical methods should, however, be assessed 
in terms of the long-term fi nancial implications and benefi ts of such an investment.   

  Applications in food and beverage 
authenticity

 Increasing emphasis is being placed on non-destructive quality control meth-
ods for agricultural and biological materials necessary for composition analysis 
( Gunasekaran and Irudayaraj, 2001 ). Applications of NIR spectroscopy in the food 
industry were reported as early as 1938 in gelatin studies ( Ellis and Bath, 1938 ).
Nowadays, the applications of NIR in the food and beverage industries are var-
ied, and include quantifi cation of food ingredients and composites ( Williams and 
Stevenson, 1990 ;  Osborne  et al ., 1993 ;  Iwamoto  et al ., 1995 ;  Wetzel, 1998 ); food 
adulteration and authenticity ( Downey, 1995 ;  Downey, 1996a ); the detection of exter-
nal and internal defects in foods and crops ( Osborne  et al ., 1993 ); and qualitative and 
sensory determinations ( Osborne  et al ., 1993 ;  Downey, 1995, 1998b ;  Wetzel, 1998 ).

 In the following sections, only those applications concerning the use of NIR spec-
troscopy and appropriately-combined chemometric techniques to assess authenticity, 
identity, geographical origin, and detection and quantifi cation of adulteration in food 
and food products will be discussed in more detail. 

  Cereals and cereal products 

Wheat  used for food applications consist of mainly two species – bread wheat 
(Triticum aestivum ) and durum wheat ( Triticum durum ) – which are characterized by 
different chemical and physical properties. Based on these different properties, they 
will differ in functional quality, nutritional contribution and consequently commer-
cial value. The fi rst qualitative NIR spectroscopy analysis on wheat was performed in 
the 1980s, and the studies reported the possibility of discriminating between wheat 
varieties on the basis of their bread-baking quality ( Bertrand  et al ., 1985 ;  Downey 
et al ., 1986a ;  Devaux  et al ., 1986, 1987 ). Using a wheat hardness index measured by 
NIR refl ectance as a quality indicator, it was possible to distinguish between selected 
wheat samples with different bread-baking qualities on the basis of their hardness 
( Downey  et al ., 1986a ). Near-infrared spectroscopy and FDA was used to identify a 
range of commercial white fl ours, i.e. biscuit, self-raising, household, cake, bakers ’  
and soda bread mix ( Sirieix and Downey, 1993 ); using this approach, it was possible 
to classify 97% of a set of 99 validation samples correctly. Although the identifi cation 



was largely due to particle size difference between the fl ours, identifi cation was also 
due to the presence of inorganic additives at different levels in some fl ours. 

 More recently, separation of four commercial Italian bread wheat fl ours of differ-
ent quality categories was attempted by means of NIR spectroscopy ( Cocchi et al ., 
2005 ). The spectra (400–2489       nm at 2-nm intervals) were acquired in a quartz sam-
ple cell using a Foss NIRSystems 6500 spectrophotometer. The fl our quality catego-
ries were defi ned by means of specifi c parameters, i.e. hectoliter weight, Hagberg 
Falling Number, protein content, alveograph measurements and farinograph stability. 
Despite the use of SIMCA and a wavelet-based feature selection/classifi cation algo-
rithm called WPTER, it was not possible to classify the four different categories; this 
was due to considerable overlap of the two intermediate quality classes. It was, how-
ever, possible to classify the two extreme classes of wheat quality with an acceptable 
degree of separation ( Figure 3.2   ).  Cocchi  et al . (2005)  found 2050–2350       nm to be the 
most informative part of the NIR spectrum for classifying the two categories of fl our. 
This region corresponds to the combination bands of N–H bonds (2050–2070       nm), 
O–H bonds (2070–2100       nm), C–H bonds (2140–2200 and 2280–2335       nm) and C �     O 
bonds (2140 and 2180–2000       nm). 

 In countries such as Italy (Anonymous, 1967), France and Spain, the law estab-
lishes that pasta may only be made from durum wheat semolina and water, and durum 
wheat adulteration with bread wheat is of particular interest. However, in northern 
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European and other countries, both bread and durum wheat are often allowed. The 
addition of bread wheat fl our is treated as adulteration in Italy, as it is believed to 
result in a product with decreased resistance to cooking and therefore of lower qual-
ity. As accidental contamination of semolina with bread wheat is likely during har-
vesting or storage, the presence of bread wheat fl our in percentages not higher than 
3% is sometimes allowed (Anonymous, 2001). A feasibility study by  Cocchi  et al . 
(2006)  showed that PLS and a newly developed calibration algorithm called WILMA 
(wavelet interface to linear modeling analysis) ( Cocchi  et al ., 2003 ), which makes 
use of the advantages offered by wavelet transforms, resulted in good predictive 
performance when the possibility of using NIR spectroscopy to quantify the degree 
of adulteration of durum wheat fl our with bread wheat fl our was explored. Using a 
similar instrument set-up (Foss NIRSystems 6500 and quartz sample cell), the uncer-
tainties associated with the developed models have been shown to be about half of 
the uncertainty of the current Italian offi cial method. 

 Basmati, a class of rice grown in the Punjab region of India and Pakistan, can only 
be grown once a year, with a yield half that of other rice varieties, and its eating qual-
ity cannot be duplicated by growing the same seed in other regions; there is therefore 
a strong incentive for its fraudulent adulteration with other long-grain rice varieties. 
In a preliminary attempt, NIR transmission spectroscopy was used to classify rice as 
Basmati or non-Basmati ( Osborne  et al ., 1997 ). Rice samples were analyzed using 
two presentation modes, i.e. bulk samples or single grains, using a Tecator Infratec 
1225 grain analyzer over the wavelength range from 850 to 1050       nm. Fischer linear 
discriminant analysis was applied to the resulting data sets, and a perfect discrimina-
tion between Basmati and non-Basmati rice samples was achieved for the bulk sam-
ples. In the case of the single grains, the long-grain samples were, however, often 
misclassifi ed as also being Basmati rice.  

  Coffee 

 Approximately 99% of commercial coffee is made from Arabica ( Coffea arabica
Linnaeus) and Robusta ( Coffea canephora  Pierre ex Froehner) varieties ( Downey  et al ., 
1994 ;  Downey and Spengler, 1996 ). Arabica is viewed as superior in quality to 
Robusta, and trades at a price which is 20–25% higher than that of Robusta ( Esteban-
Díez et al ., 2007 ;  Pizarro  et al ., 2007 ), thereby introducing the potential for fraud. 
Trained personnel can generally identify between these two coffee varieties when in 
bean form, but this is not generally possible once the beans have been ground. 

 The fi rst qualitative NIR spectroscopy work on coffee was reported by  Davies and 
McClure (1985) , who showed that it was possible to discriminate between regular 
and decaffeinated coffee by use of NIR spectra without calibration against caffeine 
content.  Downey  et al . (1994)  reported on the potential of NIR and FDA to discrimi-
nate between pure (green and roasted) Arabica and Robusta coffees and blends in 
the form of whole and ground beans. Calibration (n      �      52) was performed on spectra 
recorded in the wavelength range of 1100–2498       nm using a Foss NIRSystems 6500 
instrument, and it was validated using two prediction sets (n      �      52 and n      �      105, 
respectively). For the pure whole-bean coffees, a total correct classifi cation rate 



of 96.2% was achieved. From the discriminant scores it was apparent that discri-
minant factor 1 separates green from roasted coffee beans while factor 2 divides 
Robusta coffee beans from Arabica beans. Including 50 : 50 blends (20 green and 
20 roast samples), the classifi cation rate was reduced to between 82.9 and 87.6%. 
Discrimination of 105 (52 samples for calibration and 53 for validation) ground-
coffee blends resulted in a correct classifi cation rate of 83%.  Downey  et al . (1994)  
suggested that discrimination between the two varieties was on the basis of alkaloid 
(e.g. caffeine) content. 

 Using the same instrument set-up as  Downey  et al . (1994) ,  Downey and Spengler 
(1996)  studied the classifi cation of coffee blends and illustrated that PLS regression 
was successful in quantifying the Robusta content in Arabica bean samples blended 
with different levels of Robusta coffee with an accuracy that may be commercially 
useful. Standard errors of cross-validation of 9.21% and 3.52% respectively were 
obtained on second derivative spectra of whole and ground beans ( Figure 3.3   ); 
the application of FDA procedures was less successful in this case.  Downey and 
Boussion (1996)  illustrated that NIR spectroscopy (NIRSystems 6500) can facilitate 
discrimination between beverages produced from pure Arabica, pure Robusta and 
Arabica/Robusta blends with a high degree of success. Laboratory prepared coffee 
drinks were correctly classifi ed at rates of 87% and 95% when using lyophilized and 
vacuum-dried coffee respectively. 
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 The use of combined NIR-MIR spectra for coffee varietal identifi cation has been 
demonstrated ( Downey  et al ., 1997 ). This feasibility study showed that both NIR and 
MIR spectroscopies have the potential to discriminate between Arabica and Robusta 
lyophilized coffee, while the combined spectral regions appear to offer advantages in 
terms of model robustness. 

 More recently, an improvement in NIR spectroscopy classifi cation between Robusta 
and Arabica as well as between blends thereof was illustrated using a DOSC (direct 
orthogonal signal correction) method as a pre-processing technique ( Esteban-Díez
et al ., 2007 ) and a potential functions method as class modeling technique ( Esteban-
Díez et al ., 2004b ). The spectra were recorded on an NIRSystems 5000 spectropho-
tometer in the wavelength range 1100–2500       nm at 2-nm intervals. Each recorded 
spectrum consisted of 32 co-added scans, and 5 replicates were recorded for each 
sample, with the samples being decompacted between each recording; an average 
spectrum was computed for data analysis. Five coffee categories were studied – pure 
Arabica, three Arabica/Robusta blends, and pure Robusta – and resulted in a 100% 
correct classifi cation rate of prediction samples. Subsequently the pre-processing 
method OWAVEC (orthogonal wavelet correction) ( Esteban-Díez  et al ., 2004a ) was 
used by  Pizarro  et al . (2007)  to improve the detection of coffee adulteration by quan-
tifying the actual content of Robusta variety in roasted coffee samples. The regres-
sion models developed after pre-processing fi rst derivative NIR spectra by OWAVEC 
were considerably better than the models obtained from raw data; results were also an 
improvement over other orthogonal signal correction methods tested ( Table 3.4   ). 

  Fruit and fruit products 

  Shilton  et al . (1998)  reviewed the use of NIR spectroscopy as reported by various 
researchers ( Scotter  et al ., 1992 ;  Evans  et al ., 1993 ;  Scotter and Legrand, 1994, 
1995 ;  Twomey  et al ., 1995 ) to demonstrate the potential of NIR spectroscopy for 
detecting adulteration of orange juices. Based on these studies,  Shilton  et al . (1998)  
argued that the use of NIR spectroscopy as a  “ fi ngerprint ”  technique may be more 

Table 3.4     Calibration (RMSEC) and prediction (RMSEP) errors and percentages of explained variance 
provided by the original PLS model (constructed from mean-centered data), the PLS model developed from 
fi rst derivative spectra and the PLS models built after applying OSC and DOSC methods to NIR spectra 

   PLS-LVs  %RMSEC  %Expl. Var. (cal)  %RMSEP  %Expl. Var. (test) 

 Centering  10  2.13  99.67  2.98  99.38 
 First derivative  8  1.67  99.80  2.04  99.71 
 First derivative      �      
OSC (2 O-LVs 
removed) 

 3  0.77  99.96  1.36  99.87 

 DOSC (5 O-PCs 
removed) 

 1  1.03  99.92  1.33  99.88 

  Reprinted with permission from  Pizarro  et al . (2007) ; ©Elsevier Ltd 2007. 



appropriate than trying to predict specifi c constituent levels that may then be com-
pared with authentic compositional databases. Subsequently, apple juice samples 
were also differentiated on the basis of apple variety using NIR spectroscopy com-
bined with LDA and PLS ( Reid et al ., 2005 ). The results showed up to 100% correct 
classifi cation of samples on the basis of apple variety. 

 More recently, fruit purées as well as fruit juices were effectively tested for adul-
teration using NIR spectroscopy ( Contal et al ., 2002 ;  Léon  et al ., 2005 ).  Contal  et al . 
(2002)  used an NIRSystems 6500 scanning monochromator equipped with a sam-
ple transport accessory and a short path-length transfl ectance cell (0.1-mm sample 
thickness) and found it to be more successful than the alternative refl ectance cell 
(sealed with a disposable paper backing disc resulting in 0.7-mm sample thickness). 
Two sub-samples of each purée were scanned in duplicate, with the sample cell being 
rotated through approximately 120° between duplicate scans; mean spectra were 
used for data analysis. It was consequently possible to quantify apple adulteration in 
strawberry purées rapidly and non-destructively at levels down to 20% (w/w) and in 
raspberry purées at a level between 10 and 20% (w/w).  

  Honey 

 Honey is a high-value, completely natural product, and is defi ned in the Codex 
Alimentarius (1987) of the Food and Agriculture Organization of the United Nations as

  the natural sweet substance produced by honeybees from the nectar of plants or 
from secretions of living parts of plants or excretions of plant sucking insects 
on the living parts of plants, which the bees collect, transform by combining 
with specifi c substances of their own, deposit, dehydrate, store and leave in the 
honeycomb to ripen and mature. 

 The main components of honey are simple carbohydrates and water, leading to 
the possibility of honey extension by cheaper, commercially available sugar syrups. 
Often, preparations based on cane invert sugar, which can be tailored to mimic the 
natural sucrose–glucose–fructose profi le of honey, are added to pure honey. This 
makes honey an easy target for adulteration, as the addition of these preparations is 
usually diffi cult to detect ( Sivakesava and Irudayaraj, 2001 ). Detection of adultera-
tion in honey is also diffi cult because of its large natural variability, arising from dif-
ferences in species, maturity, environment, and processing and storage techniques. 
NIR spectroscopy has been used previously to determine the chemical composition 
of honey samples ( Cho and Hong, 1998 ; Ha et al ., 1998 ;  Qui  et al ., 1999 ;  García-
Alvarez  et al ., 2000 ).

  Downey  et al . (2003)  showed that DPLS can be used with a high degree of success 
to detect honey that has been adulterated by the addition of fructose and glucose, as 
99% of the adulterated honeys in this report were correctly identifi ed. Honey spec-
tra were collected on a Foss NIRSystems 6500 between 400 and 2498       nm with 2-
nm intervals in transfl ectance mode using a 0.2-mm path-length. The pure honeys 
were correctly identifi ed 96% of the time. However,  Downey  et al . (2003)  indicated 
that it might be necessary to apply temperature control during performance of the 
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NIR analysis. SIMCA and k-nearest neighbor models were reported not to be able to 
identify adulterated honey samples. 

  Kelly  et al . (2006)  used a similar instrument set-up, but collected spectra from 
1100–2498       nm to detect adulteration of Irish artisanal honeys by adding either 
beet invert syrup or high-fructose corn syrup. Applying SIMCA as a classifi cation 
technique, all the adulterated honeys were correctly identifi ed as not being authen-
tic, while 90.0% of the authentic honeys were correctly identifi ed. When proof of 
authenticity is required, it is always important that no false positives occur in predic-
tion tests (i.e. when selectivity is high) ( Downey  et al ., 2006 ).  

  Meat and meat products 

 Regarding meat and meat products, major authenticity issues often concern the sub-
stitution or partial substitution of high-value raw materials with less costly alter-
natives. These can include cheaper cuts from the same or different animal species, 
mechanically recovered meat, offal, blood, water, eggs, gluten, or other proteins 
of animal or vegetable origin ( Hargin, 1996 ;  Al-Jowder  et al ., 1997, 1999, 2002 ;
 Cordella  et al ., 2002 ). There is also a problem with differentiating meat that has been 
frozen-then-thawed from fresh meat ( Al-Jowder  et al ., 1997 ). In some countries, leg-
islation specifi cally prohibits adulteration of one type of meat with that from other 
species, and the consumption of certain meats may be proscribed for religious rea-
sons ( Al-Jowder  et al ., 1997 ). 

 NIR spectroscopy has been reported to be useful to discriminate between kanga-
roo and beef meat ( Ding and Xu, 1999 ); fresh pork, chicken and turkey ( Rannou and 
Downey, 1997 ); chicken meat cuts ( Ding et al ., 1999 ;  Fumière  et al ., 2000 ); lamb 
and beef mixtures ( McElhinney  et al ., 1999 ); and beef, pork, and chicken ( Downey 
et al ., 2000 ); and for identifi cation and authentication of raw meat species such as 
pork, chicken, lamb and beef ( Cozzolino and Murray, 2004 ). Typical spectra of the 
beef, sheep, pork and chicken muscle samples in the visible and NIR regions are 
shown in  Figure 3.4   . In the latter study, based on only optical properties of the sam-
ples, an excellent differentiation of muscle species was obtained and the visible and 
NIR spectroscopy models correctly classifi ed more than 85% of samples using PLS 
( Table 3.5   ). This therefore indicates that not only the pigments but also the composi-
tion of the muscle gives information which may be used for identifi cation purposes. 
Intramuscular fat, fatty acids and other characteristics (such as muscle structure and 
type of muscle fi bers) could add information to the model, and allowed discrimi-
nation between them.  Cozzolino and Murray (2004)  analyzed the ground meat in 
refl ectance mode from 400–2500       nm with 2-nm intervals using an NIRSystems 6500 
in a non-rotating circular cup. 

 Factorial discriminant analysis of combined visible-near-infrared refl ectance spec-
tra has been shown to possess the potential to discriminate between fresh and frozen-
then-thawed samples of meat from one bovine species using three freeze–thaw cycles 
( Downey and Beauchêne, 1997a ). Spectra were collected between 650 and 1100       nm 
on whole meat using a surface interactance fi ber-optic accessory and an NIRSystems 
6500. Applying FDA, a four-cluster model was found to classify all frozen samples 



correctly. SIMCA did not perform as well as FDA; although it was possible to iden-
tify the fresh samples correctly, a large number of the frozen-then-thawed samples 
were wrongly classifi ed as being fresh. The latter study was followed up by an alterna-
tive approach for solving this authenticity problem based on spectral measurements 
of dried meat drip juice ( Downey and Beauchêne, 1997b ). Using raw spectral data, 
a model with six principal components correctly classifi ed 93.4% of the validation 
samples set – 3 of the 15 fresh meats were incorrectly identifi ed but only 1 of the 46 
frozen-then-thawed samples was wrongly classifi ed as fresh. Again, SIMCA did not 
perform well. The fresh meat samples could be correctly identifi ed, but there was a 
high degree of misclassifi cation between the samples frozen once, twice or three times. 

Table 3.5    Classifi cation for meat species using PLS and PCR regression models 

 Spectra segment 
(nm)
  
  

 Classifi cation of dummy regression 

 PCR PLS

CC IC CC IC

 400–750     90 (81%)    21 (19%)     94 (85%)    17 (15%) 
 1100–2500  104 (94%)   7 (6%)  104 (94%)   7 (6%) 
 400–2500  101 (91%)  10 (9%)  107 (96%)   4 (3%) 

  CC, correct classifi cation; IC, non-classifi cation.
  Reprinted with permission from  Cozzolino and Murray (2004) ; ©Elsevier Ltd 2004. 
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Figure 3.4    Visible and NIR mean spectra of pork, beef, lamb and chicken samples.   Reproduced with 
permission from  Cozzolino and Murray (2004) ; ©Elsevier Ltd 2004. 
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 In an attempt to quantify the lamb content in mixtures with raw ground beef, it 
was reported that the accuracy of the prediction could be improved by concatenating 
the fi ngerprint region of the mid-infrared to the corresponding NIR spectra, and a 
SEP of 4.1% (w/w) was obtained ( McElhinney  et al ., 1999 ). 

 Many of these studies are, however, preliminary or feasibility studies, often due 
to the diffi culty of obtaining an adequate number of samples including the required 
level of variation. Appropriate validations should therefore be performed before 
commercial implementation of any such method.  

  Milk and dairy products 

 Adulteration of milk products, either by substituting a more expensive ingredient 
with one of lower cost or by removing a valuable component in the hope that the 
authorities or consumers will not detect the adulterated product, often takes place to 
maximize profi t ( Arvanitoyannis and Tzouros, 2005 ). Adulteration of milk and dairy 
products can be categorized either as not complying with legal requirements or erro-
neous addition of specifi c ingredients and material not of dairy origin, or non-compli-
ance in terms of technological processes ( Ulbert, 2003 ). The addition of water is one 
of the oldest and most obvious ways in which milk can be adulterated ( Arvanitoyannis 
and Tzouros, 2005 ). Another common problem is the addition of sugar to milk. 

 NIR spectroscopy is widely used in the dairy industry. It was utilized for mon-
itoring rennet coagulation in cows ’  milk ( Laporte  et al . 1998 ;  O ’ Callaghan  et al ., 
2000 ); reconstituted skim milk powder ( Giardina et al ., 2004 ); and the modifi ca-
tions that occurred in delactosated milk during storage ( Giardina  et al ., 2003 ). It has 
also been extensively used to determine the physicochemical parameters of cheeses 
(Adamopoulos et al ., 2001) and butter ( Hermida  et al ., 2001 ).  Purnomoadi  et al . 
(1999)  studied the effect of different feed sources on the accuracy of NIR prediction 
of milk fat and proteins.  Filho  and  Volery (2005)  used NIR spectroscopy to quan-
tify solids content using a broad-based calibration that included fi ve different fresh 
cheeses with low, medium and high solids contents. This was done to show that the 
problem of narrow concentration ranges for total solids content in fresh cheese often 
found in a production environment can be overcome.  Blazquez  et al . (2004)  carried 
out a similar study for moisture, fat and inorganic salts contents in experimentally 
produced processed cheeses. 

  Cattaneo  et al . (2005)  successfully discriminated between cheeses (Italian fresh 
Crescenza cheese) according to their storage time using FT-NIR and PCA (refer to 
Chapter 4 for more detailed discussion). 

 The suitability of NIR spectroscopy for routine analysis of quality control to detect 
vegetable proteins in milk powder has been suggested by  Maraboli  et al . (2002) , 
who developed calibrations to detect and quantify accurately the addition of non-
dairy protein isolates to milk powder. After having analyzed 111 samples (11 being 
genuine milk powder samples and the rest prepared by mixing with soy, pea and 
wheat isolates) on a Bran      �      Luebbe InfraAnalyzer 500 from 1100–2500       nm at 4-nm 
intervals, the best relationship between NIR data and the quantifi able sample prop-
erty was obtained by applying MLR to the fi rst-derivative NIR absorbance values. 



The fi ve most important wavelengths included in the calibration were 1708, 2076, 
2108, 2132 and 2300       nm, and it resulted in a SEP of 0.207% after analysis of 20 
unknown milk powder samples. 

  Sato  et al . (1990)  showed that fat adulteration with as little as 3% foreign fat – 
for example, margarine in butter and soy milk in milk – could be detected using the 
limited wavelength range of 2110–2160       nm or only the two wavelengths 2124 and 
2144       nm. However, if only the latter two wavelengths are to be used for screening 
samples for foreign fat adulteration, it will be necessary to check normal variation of 
the difference of the absorbance values of these two wavelengths due to feed, season 
and stage of lactation. 

  Karoui and De Baerdemaeker (2007)  reviewed the use of destructive and non-
destructive techniques to determine quality and/or authenticity of dairy products 
including NIR spectroscopy, and the principles of spectroscopic techniques coupled 
with chemometrics has been reviewed by  Karoui et al . (2003) . 

 The potential of NIR spectroscopy to predict maturity and sensory attributes of 
24 Cheddar cheeses produced using 5 different renneting enzymes and stored at 4°C 
for up to 9 months has been investigated using a Foss NIRSystems 6500 instrument 
( Downey  et al ., 2005 ). These results still need to be validated on a larger sample set. 
A similar approach was followed by  Blazquez  et al . (2006) , after which they rec-
ommended the use of NIR spectroscopy for routine quality assessment of processed 
cheese. Sensory attributes and instrumental texture measurements were predicted 
with suffi cient accuracy to be commercially useful. 

 Most recently, the potential of FT-NIR spectroscopy for use in combination with 
chemometrics to discriminate between Emmental cheeses of various geographic 
origins was demonstrated ( Pillonel et al ., 2003 ;  Karoui  et al ., 2005b ; Karoui and 
Baerdemaeker, 2007) (refer to Chapter 4 for more detailed discussion). 

  Tea 

 Tea, made from the processed leaves of  Camellia sinensis , is among the most popular 
beverages worldwide, and is of great interest due to its benefi cial health properties. 
Green and black teas are the two most popular categories. Drying after light steam-
ing and roasting of the leaves produces green tea, while for black tea the leaves are 
additionally fermented (chemically oxidized). If this fermentation is only partially 
carried out, Oolong tea is obtained. Due to these different processing techniques, the 
different tea categories will vary in their chemical structure ( Chen et al ., 2007 ). 

 One of the fi rst discriminant studies on tea was reported by  Osborne and Fearn 
(1988) , and at the time they concluded that there is a reasonable chance of successful 
discrimination between black teas of differing sensory profi les on the basis of wave-
lengths corresponding to absorption bands in the spectra of teas.  Grant et al . (1988)  
revealed that six teas differing in origins and taste could be reliably distinguished 
from one another using canonical variate analysis (CVA). During this investigation, 
 Osborne and Fearn (1988)  illustrated the effect of the grinding method used to pre-
pare the samples to be much larger than the effects of sample temperature or rotation 
of the sample during analysis. 
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 Using FT-NIR spectroscopy and SIMCA it was possible to identify four different 
tea varieties ( Chen  et al ., 2006 ), and the potential of FT-NIR spectroscopy combined 
with SVM (support vector machine) methods to identify each of three tea categories 
(green tea, black tea and Oolong tea) was demonstrated ( Zhao  et al ., 2006 ;  Chen 
et al ., 2007 ). These studies are discussed in more detail in Chapter 4.  

  Vegetable oils 

 In 1956, NIR chemical assignments for several chemical groups characteristic of lip-
ids were determined by investigating the spectra of synthetic fatty acids ( Holman
and Edmondson, 1956 ). The earliest application of NIR analysis of fats and oils was 
published in 1991 ( Sato et al ., 1991 ). The fatty acid composition of fats extracted 
from commercially available butter and pig milk, using the Röse-Gottlieb method 
( IDF, 1983 ), as well as that of soybean oil and palm oil was determined by gas chro-
matography after methyl or isopropyl-esterifi cation. NIR transfl ectance spectra were 
measured between 1600 and 2300       nm on a Bran and Luebbe InfraAnalyzer 500 
and the data used to examine the fatty acid composition from a qualitative point of 
view.  Sato  et al . (1991)  suggested that NIR spectroscopy could be used to set up a 
library of spectra of various fats and oils, with this then being used to detect a spec-
tral match for an unknown sample. Other qualitative near-infrared studies applied 
discriminant ( Bewig  et al ., 1994 ) and principal component ( Sato, 1994 ) analysis 
to distinguish between different vegetable oils.  Sato (1994)  successfully classifi ed 
nine varieties of vegetable oils from their PCA scores using the InfraAnalyzer 500 
as before. Also using a Bran and Luebbe InfraAnalyzer 500 to collect the spectra, 
 Bewig  et al . (1994)  derived a four-wavelength equation to separate cottonseed, pea-
nut, soybean and canola oils successfully. The soybean oil group was, however, more 
dispersed than the other three groups. 

  Hourant  et al . (2000) , using a Foss NIRSystems 6500 instrument, have shown the 
potential of NIR spectroscopy for the discrimination of fats and oil. They studied 
104 edible oil and fat samples from 18 different sources, either vegetable (brazil nut, 
coconut, corn, sunfl ower, walnut, virgin olive, peanut, palm, canola, soybean, sun-
fl ower) or animal (tallow and hydrogenated fi sh). The samples were analyzed by high-
performance gas chromatography (HPGC) and NIR spectroscopy. In this work, the NIR 
spectral features of the most noteworthy bands were studied and discussed to design a 
fi lter-type NIR instrument. An arborescent structure, based on stepwise linear discri-
minant analysis (SLDA), was built to classify the samples according to their sources. 
Seven discriminant functions permitted a successive discrimination of saturated fats, 
corn, soybean, sunfl ower, canola, peanut, high oleic sunfl ower and virgin olive oils. 
The discriminant functions were based on the absorbance values, between three and 
fi ve, from the 1700–1800 and 2100–2400       nm wavelength regions. Chemical explana-
tions were given in support of the selected wavelengths and the arborescent structure 
was then validated with a test set, and 90% of the samples were correctly classifi ed. 

 The increasing consumer interest in olive oil due to its nutritional and sensory 
properties and the economic value of olive oil compared to other vegetable oils makes 
this product prone to adulteration by cheaper oils. Consequently, the adulteration 



of olive oil is a serious problem in the modern olive-oil industry, and is not only a 
crisis in major olive-producing countries but is also affecting small olive-oil suppliers 
and consumers in countries such as South Africa ( McKenzie and Koch, 2004 ). Since 
the South African market is fl ooded with olive-oil imports from the Mediterranean, it 
has experienced local incidents of fraud ( Cilliers, 2001 ).

 Olive oil adulteration can be divided into two types; fi rst, the blending of virgin 
olive oils with inferior quality olive oils such as refi ned olive oil or pomace oil, and 
secondly, the addition of other vegetable oils to olive oil ( Dourtoglou  et al ., 2003 ). 
The former mainly occurs in major olive-oil producing countries such as Greece, 
Italy and Spain, while the addition of other vegetable oils (e.g. sunfl ower, canola 
and rapeseed) is mostly a problem in countries importing olive oil (e.g. USA and 
Canada) and where seed oils are locally produced and are less expensive ( Li-Chan, 
1994 ). The fatty acid composition of olive oil is the most important indicator of 
adulteration by other oils, and is mostly determined by gas chromatography. Since 
the International Olive Oil Commission (IOOC) and other offi cial bodies have estab-
lished specifi c limits for the percentage of distinct fatty acids in genuine olive oil, 
this method can be applied to distinguish pure from adulterated oils ( Christopoulou
et al ., 2004 ). The maximum limits of fatty acids in olive oils and olive pomace oils 
are as follows: oleic 55.0–83.0%, stearic 0.5–5.0%, palmitic 7.5–20.0%, palmitoleic 
0.3–3.5%, linoleic 3.5–21.0%, myristic  � 0.05%, linolenic  � 1.0%, arachidic  � 0.6%, 
eicosenoic � 0.4%, behenic  � 0.2% and lignoceric  � 0.2% ( IOC, 2006 ). Any fatty 
acid present in amounts exceeding the abovementioned limits will be indicative of 
adulteration with seed oil. However, assessment of the fatty acid composition is not 
in all cases successful in detecting fraud ( Christopoulou et al.,  2004 ). 

 Although several studies evaluated NIR spectroscopy as an alternative quality con-
trol tool for other vegetable oils, the application of NIR spectroscopy to olive-oil qual-
ity control is a relatively new development. Principal component analysis was used to 
detect and quantify adulterants in virgin olive oil ( Wesley  et al ., 1995 ). Using principal 
components, it was possible to predict the type of adulterant with 75% accuracy.  Wesley 
et al . (1996)  improved on this prediction by developing a discriminant analysis equation 
that could identify correctly the type of adulterant in extra-virgin oil in 90% of cases. It 
was also possible to measure the level of adulteration to an accuracy of  � 0.9% (w/w). 

  Downey  et al . (2002)  demonstrated the potential of NIR spectroscopy and SIMCA 
to discriminate between authentic extra-virgin olive oils and the same oils adulter-
ated by the addition of a single sunfl ower-oil sample at levels as low as 1% (w/w). 
They also quantifi ed the level of sunfl ower-oil adulterant present using PLS with a 
SECV equal to 0.8% (w/w), which is suitable for industrial use. The adulteration of 
olive oils with a variety of common adulterants was detected using FT-NIR spectros-
copy analysis with very low error limits ( Christy et al ., 2004 ;  Kasemsumran  et al ., 
2005 ) (refer to Chapter 4 for more detailed discussion). 

  Wine and distilled alcoholic beverages 

 An alcoholic beverage is a complex mixture of components presenting volatile com-
pounds, responsible for aroma and fl avor, and fi xed compounds consisting of a large 
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variety of substances with different characteristics ( Arvanitoyannis  et al ., 1999 ). 
The authenticity of wine is strictly controlled by the respective national authori-
ties ( Arvanitoyannis  et al ., 1999 ) by methods including offi cial sensory evaluation, 
chemical analysis and examination of the records kept by the wine producer. Various 
analytical techniques are being used to determine a wine ’ s authenticity, as reviewed 
by  Arvanitoyannis  et al . (1999) . These techniques are often coupled with appropriate 
chemometric techniques such as PCA, LDA CVA and cluster linear analysis (CLA) 
( Arvanitoyannis  et al ., 1999 ). 

 As is the case for other food products, the ideal is to detect adulteration or ver-
ify authenticity of an alcoholic beverage on the sample as is. In the wine industry, 
NIR spectroscopy has found considerable use in various applications concerning 
wine analysis ( Kaffka and Norris, 1976 ;  Baumgarten, 1987 ;  Sneyd  et al ., 1989 ;  Van 
de Voort, 1992 ;  Van den Berg  et al ., 1997 ). Near-infrared refl ectance spectroscopy 
proved to be very successful in the simultaneous determination of ethanol, fruc-
tose and residual sugars in botrytized-grape sweet wines ( Garcia-Jares and Médina, 
1997 ). In 1994, Burns proposed the employment of NIR spectroscopy as a future 
analytical technique for determinations of total phenolics in wines ( Burns, 1994 ). 
Subsequently,  Cozzolino  et al . (2004)  illustrated the simultaneous prediction of vari-
ous phenolic compounds in fermenting must and red wine. 

 One of the main risks for the consumer of distilled alcoholic beverages of 
unknown origin is that the drinks may contain high levels of methanol, which is 
present in alcoholic beverages in small amounts ( Pontes  et al ., 2006 ). The composi-
tional quality of grape, wine and spirits determined by means of scanning NIR spec-
troscopy was investigated by The Australian Wine Research Institute ( Gishen and 
Dambergs, 1998 ;  Cope, 2000 ). This preliminary evaluation of the applicability of 
NIR spectroscopy to determine compositional quality showed considerable promise, 
with potential for immediate application in the wine industry. 

 Near-infrared spectroscopy combined with multivariate analysis (PCA, DPLS and 
LDA) showed promise as a rapid method to monitor the progress of red wine fermen-
tation ( Cozzolino  et al ., 2006 ). In this study, visible and NIR spectroscopy were used 
as a qualitative technique – that is, no quantifi cation of any compositional variable 
was made.  Cozzolino  et al . (2006)  illustrated that it was possible to detect changes 
that occur during fermentation and to classify the progression stage of fermentation 
independent of variables such as grape variety, yeast strain and temperature. 

  Dambergs  et al . (2001)  and  Cozzolino et al . (2005)  explored the potential of NIR 
spectroscopy as a tool to predict wine sensory quality. Fourier transform near-infrared 
spectroscopy was used to measure the percentage of sugar in grape must, and to 
discriminate between different must samples in terms of their free amino nitrogen 
(FAN) values ( Manley  et al ., 2001b ). It was also shown by  Manley  et al . (2001b)  
that FT-NIR could discriminate between Chardonnay wine samples in terms of their 
malolactic fermentation status using SIMCA; table wines were successfully dis-
criminated on the basis of their ethyl carbamate content (refer to Chapter 4 for more 
detailed discussion). 

 Confi rmation of wine authenticity, mainly in terms of vintage, wine age, variety and 
geographical origin, has received increasing attention in the recent past. Chemometric 



models based on visible and NIR spectroscopy data were used to determine the origin 
of two different varieties of Australian white wine samples – Riesling and Chardonnay 
( Cozzolino  et al ., 2003 ).  Figure 3.5    shows the visible and NIR spectra of the white 
wine samples analyzed. No obvious differences were detected from a visual observa-
tion of the spectra between the two white wine varieties in either the visible or NIR 
region ( Cozzolino  et al ., 2003 ). Both varieties have absorption bands at 1450       nm 
related to the O–H second overtone of water and ethanol, at 1690       nm related to either 
C–H3  stretch fi rst overtone or compounds containing C–H aromatic groups, at 1790       nm 
related to C–H stretch fi rst overtone, and at 1950       nm related to O–H stretch fi rst over-
tone of water and ethanol. The models were constructed using PCA, PCR and DPLS 
on spectra collected from 400–2500       nm using a Foss NIRSystems 6500 and a 1-mm 
path-length cuvette.  Figure 3.6    shows the PCA scores (PC1 vs PC2) derived from the 
second-derivative spectral data of the samples. Although there was separation of the 
samples by variety, some samples did overlap. The DPLS models were able accurately 
to classify 100% of the Riesling and 96% of the Chardonnay wines ( Figure 3.7   ). 

  Manley  et al . (2003)  illustrated the potential of FT-NIR to categorize four different 
classes of rebate brandy, and  Pontes  et al . (2006)  proposed a strategy in which FT-
NIR spectroscopy and chemometric methods (PCA and SIMCA) can be used in the 
classifi cation and verifi cation of adulteration in whiskeys, brandies, rums and vodkas 
(refer to Chapter 4 for more detailed discussion). 

  Yu  et al . (2006, 2007a)  used FT-NIR to discriminate Chinese rice wine of differ-
ent geographical origins and to classify Chinese rice wine with different marked age. 
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Figure 3.5    Visible and NIR spectra of white wine samples analyzed.   Reproduced with permission from 
 Cozzolino  et al . (2003) ; ©American Chemical Society 2003.    
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Figure 3.7     Prediction of commercial white wine varieties using DPLS regression (400–1100       nm) and 
second derivative (validation set).   Reproduced with permission from  Cozzolino  et al . (2003) ; ©American 
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 Yu  et al . (2007b)  evaluated the potential of visible and FT-NIR to predict the vintage 
year (fi ve vintages) of Chinese rice wine in 600-ml square brown glass bottles (refer 
to Chapter 4 for more detailed discussion). The possibility of using NIR spectroscopy 
to discriminate between wine vinegar and alcohol vinegar was also illustrated using 
SIMCA after OSC was applied to the NIR spectral data ( Saiz-Abajo et al ., 2004 ). 
Near-infrared spectra were collected from 1100–2500       nm using a Foss NIRSystems 
5000 spectrometer equipped with a liquid fl ow cell. Each spectrum was based on 32 
co-added scans at 2-nm intervals. Three replicates of each sample were taken, and 
the mean value was subsequently calculated. Clear separation between the classes 
was observed when tartaric acid was used as a discriminating descriptor.   

  Conclusions 

 Near-infrared spectroscopy, with its unsurpassed combination of speed, accuracy and 
simplicity, has found its own niche in the quality control laboratories of food and 
beverage manufacturers worldwide. Advances in technologies such as optics, elec-
tronics, computer hardware and software, and especially chemometrics, have allowed 
for more powerful NIR spectroscopy instrumentation to be developed and manufac-
tured and consequently more powerful spectral analyses. Similar to other analytical 
methods, it has limitations, but the capabilities of NIR spectroscopy instrumentation 
are continually improving to maximize the performance of this very exciting tech-
nology. There is therefore no doubt that NIR spectroscopy does have the capability 
and potential to solve many food authentication and adulteration problems. 

 Many of the reported studies investigating the use of NIR spectroscopy to con-
fi rm authentication or detect and/or quantify adulteration of food, food products and 
beverages until now have, however, been only preliminary or only feasibility studies, 
performed on a limited number of samples. This is mainly due to the cost and com-
plexity of obtaining an adequate number of samples with suffi cient variation within 
the sample collection. Appropriate validation should therefore always be performed 
before commercial implementation of any such method is considered. 

 An exiting new technique which will play an important role in food authentica-
tion problems in the future is  NIR chemical imaging . This non-destructive technique 
combines conventional NIR spectroscopy with digital imaging. As a NIR spectrum 
is collected for each pixel in the image, a three-dimensional cube consisting of both 
spatially resolved spectra and wavelength-dependent images is created. The ability 
not only to quantify a chemical component but also to identify as well as locate these 
components within a specifi c sample is invaluable to understand a sample, and will 
surely play a huge role in future in investigating issues of adulteration. 
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  Introduction 

 Correct and defensible labeling is of prime importance for the consumer and the 
producer of authentic food products. For the consumer, labeling and its control 
are essential in terms of the identifi cation of the food product. He or she may pay 
more in order to get a food product with well-defi ned attributes, such as species or 
geographic origin, or more subjective features, as in products labeled home made, 
organic or fair trade. Food products are not only valued for their appearance, taste 
and nutritional value (whatever their major and minor compound composition), but 
also for their tremendous symbolic power. For the producer, labeling and its control 
are crucial in terms of economic strategy. Indeed, producers selling food with spe-
cifi c quality attributes invest more in the production of their food products, as they 
expect a substantial return. This return may be obtained by charging a higher price 
and/or the development of a loyal customer base. 

 4 
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 All actors in the food chain need to have analytical tools at their disposal to verify 
the nature of high-value foods in particular, and to protect their brands. Ideally, these 
tools should permit rapid, non-destructive and inexpensive control at any point of 
the food chain, and should be part of the traceability strategy for the food product. 
For both food producers and consumers, confi rmation that a food product is the one 
expected (i.e. the real thing) is crucial because this is the basis of mutual trust. Such 
confi rmation requires looking beyond the mere superfi cial surface appearance or the 
composition of the products ( Van der Reyden, 1996 ;  Downey  et al ., 2006 ). 

 Among the panoply of methods for the assessment of a food product ’ s authenticity, 
several vibrational spectroscopic techniques have recently been proposed. Several 
reports have proposed methods based on ultraviolet (UV), near-infrared (NIR), mid-
infrared (MIR) and Raman spectroscopy.  Vibrational spectroscopy  techniques have 
been used for many years as favored tools for the study of the molecular structure of 
organic matter. On the other hand, for many decades several methods based on UV, 
NIR, MIR or Raman spectroscopy have been proposed and widely used as methods 
of choice for forensic studies (e.g. authentication of hair, fi bers, paint, drugs and poi-
sons) and assessment of the authenticity of art works ( Brettel  et al ., 2005 ). 

 Spectroscopic methods, based mainly on NIR techniques, are often presented as new 
approaches for at-line, on-line and in-line control of authentication of food products. 
These techniques are already routinely used in the industry to control both raw materials 
and fi nished products for specifi c production standards as a common authenticity 
issue. This means that tedious reference methods only need to be used if deviations 
from these quality standards occur during production ( Müller and Steinhart, 2007 ). 
Demonstration of the potential of vibrational spectroscopy techniques for the assess-
ment of value-added claims like geographic origin, species discrimination, detection 
and quantifi cation of adulteration and the assessment and discrimination of process 
type or brands have been reported since the beginning of the 1990s ( Dennis, 1998 ). 

 The main limitation of the spectroscopic approach is the fact that it needs large 
data sets in order to calibrate any given instrument, and only few publications have 
dealt with the interpretation of the spectroscopic features related to specifi c authen-
ticity issues. The main challenge therefore facing the spectroscopists is to extract the 
information in such a way that it can be used in qualitative and quantitative analysis. 
NIR spectra can contain up to thousands of absorbance values at defi ned wavelengths 
(i.e. variables), and the challenge is to characterize the spectral data set and isolate 
the variables that can be correlated with the information of interest (i.e. authentic-
ity issue) ( Baeten and Aparicio, 2000 ). In order to achieve this goal, a wide range of 
chemometric tools is at the disposal of analysts, who have to select the appropriate 
one according to their specifi c aims and the characteristics of the data set. Among the 
many methods proposed for authentication of food products, spectroscopic methods 
seem to be the preferred ones to fl ag suspicious samples before, during and after the 
production of a food product. The real future challenge for the spectroscopic tech-
niques will be the demonstration of their daily use in the industry and the market-
place for food product authentication. 

 The growing interest in spectroscopic techniques for developing methods and 
strategies to assess the authenticity of products may be gleaned from the number 



of European projects involving these techniques and fi nanced by the European 
Commission. Table 4.1    summarizes some of the European projects which include 
research for the development and validation of spectroscopic methods. An updated list 
can be found on the website of European project TRACE (Tracing the origin of food; 
 http://www.trace.eu.org/library/links.php ), which is an integrated project fi nanced in 
the EU 6th Framework Programme. This particular project aims to improve the health 
and well-being of European citizens by delivering integrated traceability systems that 
will enhance consumer confi dence in the authenticity of food. 

 This chapter is complementary to Chapter 3, which was dedicated to near-
infrared spectroscopy. The focus in this chapter is specifi cally on Fourier transform 
near-infrared spectroscopy (FT-NIR) and microscopy (FT-NIRM), and their applica-
tions for the authentication of agro-food products. 

  Theory and instrumentation 

 Regarding the history of near-infrared spectroscopy, a turning point was the work 
of Sir Frederick William Herschel, reported in 1800. Herschel discovered that the 
sun ’ s energy was not limited to what we can see. He demonstrated this by project-
ing a rainbow onto a bench using glass prisms which are transparent to short-wave 
NIR radiation. He positioned a series of blackened bulb thermometers on a bench 
and measured the relative heat in the different parts of the rainbow. The temperature 
increased by moving from the blue to the red. Herschel ’ s scientifi c insight meant that 
he did not stop the temperature measurement when he reached the end of the visible 
red color region of the dispersed light, but continued to observe temperature when 
he placed a thermometer beyond that point. This work was a key milestone in the 
discovery of the electromagnetic spectrum ( Davies, 1998 ;  Pasquini, 2003 ).

  Near-infrared spectroscopy: few elements of theory 

 The electromagnetic spectrum is usually divided into several regions, from high to 
low energy, including, among others,  � -rays, X-rays, ultraviolet (UV), visible (VIS), 

Table 4.1    Selection of EU-funded projects including research for the development and validation of spectroscopic methods 

 Acronym  Food product  Authenticity issue  Spectroscopic method  Web site 

 CO-EXTRA  GMO  Transgenic/non-transgenic  NIR imaging   http://www.coextra.eu/  
 FEEDFAT  Animal fats  Discrimination  MIR   http://www.ub.edu/feedfat/  
 TRACE  Olive oil, honey, 

cereal, meat 
 Geographic origin  NIR, MIR, Raman   www.trace.eu.org  

 MEDEO  Olive oil  Adulteration  MIR, Raman   http://www.cica.es/aliens/igmedeo/  
 SAFEED-PAP-
PAP-PAP 

 Feed, processed 
animal protein 

 Adulteration  NIR microscopy, NIR 
imaging

  http://safeedpap.feedsafety.org/  

 STRATFEED  Feed  Adulteration  NIR, NIR microscopy   http://www.stratfeed.cra.wallonie.be  
 TYPIC  Dry cured ham, 

wine
 Geographic origin, brand  NIR, MIR, Raman   http://www.typic.org/ 

  Source:  www.trace.eu.org   
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infrared (IR), microwaves and radio waves. Specifi c atomic or molecular transi-
tion corresponding to different energies is characteristic of each region of the elec-
tromagnetic spectrum. Moreover, the infrared region is divided into near-infrared 
(NIR), mid-infrared (MIR) and far-infrared regions.  Figure 4.1    shows the regions 
of the electromagnetic spectrum covering the spectroscopic techniques discussed 
in Chapters 2–6 (namely NIR, MIR and Raman spectroscopy). The fi gure includes 
the energetic transition involved as well as the corresponding wavelengths and wave-
number ranges ( Baeten and Dardenne, 2002 ). To summarize, near-infrared spec-
troscopy (NIR) is a vibrational spectroscopy that concerns photon energy (h � ) in 
the energy range of 2.65      	      10 �     19        J, which corresponds to the wavelength range of 
750–2500       nm (and to the wavenumber range of 13       300–4000       cm �     1 ). 

 In order to explain the properties of electromagnetic radiation, it is necessary 
to refer to the classical theory describing electromagnetic radiation as a wave and 
the quantum theory stating that electromagnetic radiation is a stream of energetic 
particles. The  classical theory  says that the properties of light can be explained on 
the basis of an electric fi eld associated with a perpendicular magnetic fi eld of high 
frequency. This fi eld moves in the direction of the light. The electric and magnetic 
fi elds interact with organic matter to give rise to a spectrum. The movement of the 
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Figure 4.1     Features of the NIR and MIR regions of the electromagnetic spectrum (Source:  Baeten and 
Dardenne, 2002 ).    



radiation has the properties of a sine wave described by the equation Y      �      A sin  � t, 
where Y is the displacement with an amplitude A,  �  is the angular velocity (rad s �     1 ) 
and t is the time in seconds. The frequency  �  expressed as cycles per second (s �     1

or Hz) corresponds to the number of times ( � /2 	 ) that the pattern is repeated in 
1 second. The distance covered in one complete cycle, known as the wavelength  
 , 
is an additional property of the wave describing the radiation. As the classical theory 
does not explain all the properties of the electromagnetic radiation and its interaction 
with matter, and fails to account for phenomena associated with the absorption of the 
energy, it was necessary to complement this theory. 

 The  quantum theory  views electromagnetic radiation as a stream of discrete parti-
cles; Planck (1925)  was the fi rst to put forward the hypothesis that the electromagnetic 
wave was not continuous but composed of corpuscular units called quanta. The energy 
of a quantum of radiation is defi ned (for a specifi c molecule all the energy levels 
are allowed) and characterized by its frequency ( Osborne and Fearn, 1986 ;  Lachenal, 
1998a, 1998b ).

 As discussed before, NIR spectroscopy involves radiation in the 780–2500       nm 
(wavenumber range 12       800–4000       cm �     1 ) region, with energy higher than in MIR. 
Traditionally, NIR spectra are expressed as absorbance versus wavelength (expressed 
in nm). Figure 4.2    shows the NIR spectra of several agro-food products. Each spec-
trum was collected with a FT-NIR instrument in 40       s with a resolution of 16       cm �     1

and is the average of 64 scans. 
 The advantages and drawbacks of the methods based on NIR spectroscopy are 

various, and can be split between analytical, spectroscopic and instrumental features. 
The analytical  advantages include speed; no sample preparation; no requirement 
for chemical reagents; being non-destructive; the possibility to perform qualitative 
and quantitative analysis, and to handle almost all kind of samples irrespective of 
their size or shape; the relatively low cost per analysis; and the opportunity to per-
form direct, non-invasive and  in situ  analysis. The main analytical limitations are the 
need to calibrate the spectrometer, usually requiring usually hundreds or thousands 
of spectra with reference values and the use of chemometrics, as well as the limited 
number of available validated methods according to international standards. 

 From a  spectroscopic  point of view, NIR spectroscopy has the advantages of 
providing spectra with a high intensity and high resolution, and a precise spectral 
frequency measurement; being fl uorescence-free; and ease of sample presentation. 
Regarding limitations, this technique is characterized by poorly-resolved spectra; the 
absence of information from non-polar groups; a lack of structural selectivity and of 
sensitivity; and spectra infl uenced by temperature changes. 

 The  instrumental  advantages of NIR spectroscopy include the marketing of push-
button instrumentation; the possibility to work with aqueous samples; its suitability 
for at-, on- and in-line process control; its compatibility with long fi ber-optics; its 
suitability for process monitoring; and the existence of hyphenated techniques such 
as NIR microscopes and imaging instruments. The main instrumental drawback is 
the fact that there are no offi cially accepted and agreed standards by all manufactur-
ing companies for sample presentation and software to handle and exploit data treat-
ment. A more detailed description, as well as references discussing these different 
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advantages and drawbacks not only for NIR but also for MIR and Raman spectros-
copy, can be found in the publication by  Baeten and Dardenne (2002) .

  Fourier transform near-infrared spectroscopy: 
instrumentation features 

 The evolution of instrumentation in NIR spectroscopy is very rapid, particularly in 
process analytical chemistry, which is critical for pharmaceutical, chemical and agro-
food industries. A general trend is that the analyses are moving closer to the points 
of sampling by means of fi ber-optics allowing real-time and continuous analysis. An 
additional development is that of dedicated instruments combining the instrument, 
the interface between the instrument and the sample, as well as software integrating 
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Figure 4.2     Representative NIR spectra of various agro food products (tea, saffron, honey, cheese, olive oil, white wine). Spectra have 
been collected with a FT-NIR spectrometer (MPA, Brüker, resolution 16       cm �     1 , scans 60, analytical time 40       s) (Source: CRA-W).    



data acquisition, chemometrics and data archiving for specifi c applications (e.g. NIR 
wine analysis, NIR feed or food analysis) ( Ciurczak, 1991 ).

 NIR instruments can be classifi ed into three groups. The fi rst group includes 
sequential instruments in which absorbance measurements for the respective wave-
lengths are collected sequentially in time. In this group we fi nd all the instruments 
using monochromators, fi lters or other devices allowing the sequential selection of 
wavelengths. The second group consists of multichannel instruments having several 
detectors that separately record the absorbance values at several wavelengths, such 
as diode array instruments. The third type of spectrometer regroups the multiplex 
instruments in which the detector simultaneously collects information at several fre-
quencies. Fourier transform instruments are the most common of this type of instru-
ment ( Bertrand and Baeten, 2006 ). Sequential and multichannel instruments are 
extensively described in Chapter 3 of this book. In the following paragraphs, atten-
tion is paid to multiplex instruments and more specifi cally to FT-NIR instruments. 

Multiplex instruments  based on the use of interferometers are FT-NIR spectrom-
eters combining most of the best features in terms of wavelength precision, accuracy, 
high signal-to-noise ratio and high scan speed. These instruments have gained more 
and more importance in the last decade. They have a light source emitting in the NIR 
range and directing radiation to the interferometer. For example, if radiation with 
wavelength  
  is sent to the interferometer, the radiation  
  is sent to a beam-splitter 
that refl ects approximately half of the incident radiation and transmits the other half. 
The refl ected part of the radiation encounters a stationary mirror while the transmit-
ted part is sent to a second mirror; both parts of the radiation are recombined at the 
level of the beam-splitter and directed to the sample. Because the second mirror is 
moving, the pathways to and from the movable mirror are variable as a function of 
mirror position. At different mirror positions, a difference (also referred to as retar-
dation, � ) in path-length produces interference – both constructive and destructive 
interferences can occur. Constructive interference will occur when the retardation 
of the two mirrors is equal to  �       �      n 
  (where n is an integer); the interference will 
be destructive when the retardation is equal to n 
 /2 (where n is odd) ( Williams and 
Norris, 2001 ;  King  et al ., 2004 ). The most common interferometer is the Michelson 
interferometer ( Williams and Norris, 2001 ), which includes a beam-splitter, station-
ary and moving mirrors, and a laser to follow the position of the moving mirror. 
 Figure 4.3    shows the schema of the Michelson interferometer. Data accumulated dur-
ing the motion of the moving mirror, information in the time domain, is transformed 
into information in the frequency domain through application of the fast Fourier 
transformation. 

 Advantages of Fourier transform infrared spectrometers are numerous. First, 
interferometers allow radiation at a range of wavelengths to be produced near-
simultaneously, decreasing the time require to acquire a full spectrum. This advan-
tage is known as the  multiplex or Fellgett advantage . They also have a throughput 
advantage, as interferometers have no entrance or exit slits and all the NIR radiation 
passes through, is emitted or refl ected from the sample and reaches the detector at 
once. This advantage is called the  Jacquinot advantage  ( Williams and Norris, 2001 ). 
Fourier transform-based instruments also offer excellent resolution and wavelength 
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reproduction; this is possible through the use of a laser in a path parallel to the NIR 
path to allow verifi cation of the moving mirror position ( Williams and Norris, 2001 ;
King et al ., 2003). 

 FT-NIR allows instrument manufacturers to develop new types of instrumenta-
tion, such as the introduction of hyphenated techniques combining microscopy and 
FT-NIR spectroscopy. Fourier transform near-infrared microscopes allow analysts to 
switch from macroscopic to microscopic analysis. Infrared microscopy is routinely 
used as a standard laboratory procedure in forensic analysis. Actually, commercial 
NIR microscopes allow spectra to be collected from extremely small sample areas 
(5        � m      	      5        � m). Such instruments include a camera and a viewing system for mag-
nifying the visible light image of the sample to be analyzed, allowing the identifi ca-
tion and the isolation of one point or a series of points of interest. The device allows 
the collection of spectra at a large number of sample points from an inhomogeneous 
surface (e.g. particles from food or feed meal, slices of salami) and produces a NIR 
map or NIR cube.  Figure 4.4    presents the schema of a typical NIR microscope, while 
 Figure 4.5    shows a picture of a NIR microscope (Perkin-Elmer photo image instru-
ment) as well as the spectra collected from a salami sausage sliced (the spectra were 
collected from pieces of meat and fat). Infrared maps are obtained by the proce-
dure of mapping that allows the automatic and sequential collection of near-infrared 
spectra of a series of points. The incorporation of multichannel detectors in recent 
NIR microscopes has made this kind of instrument more powerful because of the 
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Figure 4.3     Schema of a typical Michelson interferometer including the beam-splitter, the stationary 
mirror and the moving mirror.    



simultaneous acquisition of spectral data from several points. A multichannel detector 
includes several photoelectric detector elements and permits the simultaneous 
recording of refl ected or transmitted light from a number of points. Depending on 
the instrument type, two kinds of camera can be distinguished; one-dimensional 

Figure 4.4    Schema of a typical near-infrared microscope.    

Figure 4.5    Example of a NIR microscope (Perkin-Elmer photo image instrument) and spectra collected 
from a salami sausage slide: (a) spectrum of meat area; (b) spectrum of fat area.    

Theory and instrumentation 125

Cassegrain

Aperture

Mirror

Visible camera

Sample

NIR spectrum

Control box

Control stick

FT-NIR
spectrometer

FT-NIR microscope

Salami slide



126 Spectroscopic Technique: Fourier Transform Near-infrared (FT-NIR) Spectroscopy

(i.e. a line scan camera) and two-dimensional ( Baeten and Dardenne, 2002 ).  Figure 4.6 
presents the NIR images at two different wavelengths of a mixture of dried fruits.   

  New trends in chemometrics as applied to 
NIR spectroscopic data 

 In this section, the aim is not to give a summary of all the possible chemometric 
solutions for the handling, transformation and exploitation of NIR data. The focus 
will mainly be on two chemometric tools which, in recent years, have proved to be 
adequate to solve specifi c problems, such as co-linearity and non-linearity, associ-
ated with spectroscopic data: these are artifi cial neural networks (ANNs)  and  sup-
port vector machines  ( SVM). These chemometric methods are applied in order to 
automate the extraction of information from NIR data and to reduce the need for 
constant expert analysis of data. Chapters 3 and 16 give a complete overview of the 
mathematical techniques commonly used. 

  Artifi cial neural networks (ANNs) for authentication using 
spectroscopic data 

 An artifi cial neural network (ANN) is an information-processing system designed 
to mimic functions of the human brain, i.e. it is based on generalizations of human 
cognition. Among the many applications of ANNs, classifi cation is perhaps the most 
interesting for data mining. In this case, the network is trained to classify certain 
patterns into specifi c groups and is then used to classify novel patterns which have 
never been presented to the network before. Many applications demonstrate the suit-
ability of ANNs for classifi cation (authentication) as well as modeling tasks. ANNs 
are well-known in the area of biometry for fi ngerprint, face or eye identifi cation, as 
well as for handwritten or signature authentication. They have also been widely-used 
in spectroscopy, and several papers deal with the problem of authentication of vari-
ous products. 
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Figure 4.6     NIR images at 1420       nm and fi rst principal component (PC1) image of a mix of dried fruits.      
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 In the  Handbook of Expert Systems in Manufacturing ,  VerDuin (1991)  describes 
how neural networks are used during the manufacture of pharmaceuticals, chemicals, 
rubber, plastics, metals, ceramics and foods. 

 The structure of an ANN consists of many simple elements called neurons. 
Neurons are connected via synapses (connection links) that modulate signals pass-
ing through them; each synapse has an associated weight  w . The net input N is the 
function of all transmitted signals xi  and their corresponding weights  w i  in a neuron: 
N      �       � ( w i x i ) (weighted sum of inputs). Each neuron applies an activation (transfer) 
function to its net input N in order to provide an output signal for each neuron. The 
output of this function is the output (activation) of another neuron connected as an 
input to other neurons ( Figure 4.7   ). 

 A neural network is characterized by its architecture or the pattern of connec-
tions between the neurons. Neurons are arranged in several layers: an input layer that 
receives the inputs, a hidden layer(s) which transforms the input representation into 
a new  “ hidden ”  representation, and an output layer, the units of which send the pre-
dicted values out (i.e. the class label). Input data are signals  xi  of the input layer, and 
initial weights are random values. Then an activation (transfer) function is applied, 
which determines the output. Normally a hyperbolic tangent function is chosen as 
the transfer function. 

 An important point is the learning algorithm or the method of determining the 
weights on the connections. Before using a network for prediction, it must be trained 
with known data. This is necessary to ensure that the network provides useful results. 
The most commonly-used learning algorithm is based on the  “ back-propagation of 
errors ” . While learning, the network compares its output with observed (known) out-
put values of learning data. The effectiveness is usually determined in terms of the 
root mean square (RMS) error between the actual and the desired outputs averaged 
over the learning data. After comparison, the network changes weights backwards 
from output layer to input layer with respect to the output error. 

 The advantage of the ANN is its capacity for adaptation, i.e. its auto-organization 
and learning procedure, as well as good generalization ability. However, as explained 
by  Despagne  et al . (1998) , this fl exibility can become a pitfall because the number of 
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Figure 4.7    ANN – representation of a simple neuron in which all the connection weights for each input 
are summed, resulting in a unique complex function each time the neural network is trained with a set of 
inputs and outputs (w      �      weight).    
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weights in an ANN is such that the training data will be rapidly overfi tted when the 
number of samples is too low.  

  Support vector machines (SVM) for authentication using 
spectroscopic data 

 Support vector machines are a relatively new learning method used for binary classi-
fi cation. SVMs are classifi ers which have demonstrated high generalization capabili-
ties in many different tasks, including authentication. Several papers have reported 
on object recognition problems such as face or fi ngerprint authentication systems 
( Zhou  et al ., 2007 ) as well as authentication in food and feed products ( Fernández 
Ocana et al ., 2004 ; Fernández Pierna  et al ., 2005a). 

 The main idea of SVM is to fi nd a decision boundary or hyperplane that separates 
the data perfectly into two (or more) classes. However, since the data are often not 
linearly separable, SVM needs to map the data from the initial (wavelength) space to 
a new higher-dimensional feature space in which the data can be linearly separable. 
Fortunately, SVM introduces the notion of the kernel trick; the advantage is that this 
higher-dimensional feature space does not need to be dealt with directly. As long as 
some necessary conditions are met, some mathematical functions are available to be 
considered to perform the mapping to the higher space. Linear, polynomial or radial 
basis Gaussian (RBF) functions are the most widely used kernels. The main diffi -
culty when using SVM is to determine the optimal model, i.e. the optimization of 
the two parameters presented in SVM – the penalty C that has to be added in order 
to take into account those samples that cannot be separated, and the width of the 
Gaussian function �  in the case that a kernel is used.  Figure 4.8a    shows the discrimi-
nation model (or hyperplane) between olive oil and hazelnut oil when a linear kernel 
is applied to spectroscopic data.  Figures 4.8b and 4.8c  show the model with two dif-
ferent combinations of C and � . The best generalization is found when using a linear 
kernel, or for RBF with C      �      100 and  �       �      0.25 ( Figure 4.8b ), i.e. when the kernel is 
chosen to be close to linearity and when too many objects are misclassifi ed. It can 
be seen that even if some points are misclassifi ed, the generalization for prediction 
is expected to be good. However, while better discrimination can be obtained using, 
for instance, C      �      100 and  �       �      0.035, the generalization to new samples will not be 
as good as for the previous model ( Figure 4.8c ). For this reason, the selection of the 
parameters for a SVM model is a very important point depending on the aim of the 
user; in most cases it is better to assure a good prediction for the majority of the data 
than to have some misclassifi cation errors. 

  Capron  et al . (2007)  studied the authentication of wines from third countries 
using the content of 63 different chemical parameters. For this, a database contain-
ing more than 1000 samples of authentic and commercial wines from Hungary, the 
Czech Republic, Romania and South Africa was created. The aim of the study was 
to evaluate whether it is possible to determine the country of origin of a wine based 
on its chemical content. Multivariate tools such as partial least squares (PLS) regres-
sion, classifi cation and regression trees (CART) and SVM were applied. One SVM 
model authenticated the genuine wine samples with a success rate of more than 94%. 



For the discrimination of commercial samples, the SVM model determined the coun-
try of origin of a wine with a correct classifi cation rate of more than 90%. 

  Cogdill and Dardenne (2004)  presented SVM in a familiar way for people working 
in chemometrics and NIR spectroscopy. Data sets of NIR spectra and reference values 
were compiled for apples, meat and corn, and were used for regression analysis. Each 
consisted of spectra from a typical NIR analyzer, and each sample type had multiple 
analytes. A second example consisted of animal feed spectra in order to apply discr-
iminant analysis with the objective of detecting meat and bonemeal contamination of 
ruminant feed. In their study, they concluded that SVM gave a better predictive per-
formance compared to other techniques such as discriminant PLS or ANN, and that 
SVM methodology has a place in NIR spectroscopy and chemometrics. 

 Fernández Pierna  et al . (2005a) studied the development of a new system to detect 
meat and bone meal (MBM) in compound feed, which will be used to enforce leg-
islation concerning feedstuffs enacted after the European mad cow crisis. For this, 
data obtained by a NIR imaging spectroscopy system have been analyzed using PLS, 
ANN and SVM. Although all three chemometric methods were able to model the 
data effectively, SVM was found to perform substantially better than PLS and ANN, 
exhibiting a high correct classifi cation rate ( � 93%) and a much lower rate of false-
positive identifi cation ( � 0.4%). Subsequently, a classifi cation of starches according 

(a)

(b)

(c)

Figure 4.8    (a) SVM model using a linear kernel; (b) SVM model using a RBF kernel with C      �      100 and 
�       �      0.25; (c) SVM model using a RBF kernel with C      �      100 and  �       �      0.035.    
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to the type of chemical modifi cation was performed by applying different supervised 
discrimination methods to their associated IR data ( Fernández Pierna  et al ., 2005b ). 
Representative samples of each group were available for which the relevant charac-
teristics (chemical modifi cation) were known. SVM showed a correct classifi cation 
rate of more than 95% when performing leave-one-out cross-validation, and more 
than 80% for an independent test sample set. 

 SVM is one of the few computationally-effi cient approaches with a well-defi ned 
theory which explain its accuracy and robustness. The main advantages of SVM are 
its ability to minimize the generalization error and to apply non-linear classifi ers by 
mapping the input space to a high-dimensional feature space where linear classifi ca-
tion can be performed. Thanks to the kernel trick, SVM can be deployed by using 
different kernel functions, making SVM independent of the dimensionality of this 
feature space. 

  Authentication by FT-NIR 

 In this section, papers presenting the application of FT-NIR spectroscopic techniques 
for the authentication of agro-food products are reviewed. Emphasis is put on the 
aim of the study, the features of the spectroscopic analysis, the chemometric tools 
used and the results achieved. 

  Geographic origin assessment 

  Geographic origin of cheese 
 The research teams of Bosset and Dufour ( Pillonel  et al ., 2003 ;  Karoui  et al ., 2005 ; 
Karoui and De Baerdemaeker, 2007) studied the determination of the geographic 
origin of cheese using spectroscopic methods. They developed rapid, economical, 
non-destructive and multi-parametric methods for the geographic origin assessment 
of Emmental cheese and, more generally, the geographic origin of European hard 
cheese. Each region produces a cheese with typical features, such as the ripening time 
that can vary from 6 weeks to several months. The originality of the approach used 
by these authors lies in the fact that they simultaneously investigated several spectro-
scopic methods (NIR, MIR and fl uorescence) and how they complement one another. 
NIR spectra of cheese present several absorption bands characteristic of overtones 
and combinations of C–H, N–H and O–H bonds (see  Figure 4.2  for an example of 
cheese NIR spectrum). The spectra are mainly infl uenced by the O–H groups of water 
absorption bands (1470 and 1940       nm) and the C–H 2  groups of lipids and proteins 
(2173, 2350 and 2380       nm). 

 The FT-NIR instrument used (NIRLab N-200, Büchi Labortechnik AG, Flawil, 
Switzerland) was initially manufactured as an inspection tool to establish and 
authenticate chemical stock in factories. The NIRLab spectrometer uses a refractive 
wedge, which oscillates back and forth in the radiation beam to produce a difference 
in light path based on thickness and refractive index. It uses polarizers on either side 
of the dual refracting prisms. The moving prism has large amplitude of oscillation. 



The consequence is that the oscillation takes place rather slowly and infl uences 
the speed of the motion. However, large amplitude allows precise repositioning 
( Williams and Norris, 2001 ).

 In the fi rst study involving FT-NIR for cheese authentication,  Pillonel  et al . (2003) 
investigated the potential of NIR and MIR to discriminate between the different geo-
graphic origins of Emmental cheeses. They investigated 20 cheese samples from 
France (Savoie and Bretagne regions), Germany (Allgaü region), Austria (Voralberg 
region), Finland (Middle region) and Switzerland. In this study, about 150       g of grated 
cheese was placed in a glass Petri dish and measured by diffuse refl ection. Spectra 
consisted of the means of 64 co-added scans recorded from 1000 to 2500       nm with 
a spectral resolution of 1.25       nm (2       cm �     1 ). The authors selected spectral regions in 
order to eliminate zones with low signal-to-noise ratio or with no signifi cant spectral 
information. To explore and exploit the information included in the spectra, princi-
pal component analysis (PCA) and linear discriminant analysis (LDA) were applied. 
PCA was chosen in order to reduce the number of variables, since principal compo-
nent scores were used as input for the LDA technique. For LDA, the stepwise back-
ward procedure was used. In addition, the authors used the jackknife classifi cation 
test to evaluate the robustness of the discriminant functions. The goal of the appli-
cation of these multivariate statistics was to asses the feasibility of NIR to address 
the authenticity issue. They focused initially on the discrimination between cheese 
samples from Switzerland and those coming from the other countries, and afterwards 
between samples from all the regions combined. LDA allowed a total classifi cation of 
the cheese samples investigated, since 100% correct classifi cation was obtained for 
the Emmental cheeses produced in the six European regions. Based on the median 
normalized distance calculated from the Switzerland group, they determined that the 
Finland samples were always the easiest group to discriminate. The study concluded 
the promising potential of the NIR technique. However, with only 20 samples, the 
models suffered from over-fi tting and were consequently not very robust. 

 The work of  Pillonel et al . (2003)  was followed by a study including the analysis 
of a larger number of samples and involving NIR, MIR and front-face fl uorescence 
spectroscopy ( Karoui et al ., 2005 ). In this study, 91 Emmental cheeses from differ-
ent European countries (Austria, Finland, Germany, France and Switzerland) were 
investigated using a Büchi NIRLab N-200. The analyzed samples ranged in age from 
12 to 16 weeks, and refl ected the normal ageing time of commercial cheeses. Spectra 
were normalized by reducing the area under each spectrum to 1. PCA, factoral dis-
criminant analysis (FDA) and common component and specifi c weights analysis 
(CCSWA) were applied. The aim of FDA was to predict membership of an individ-
ual cheese to the defi ned groups; CCSWA was used in order to describe the several 
spectroscopic data sets obtained on the analyzed samples. CCSWA deals with the 
total variance in data sets. 

 After performing FDA, the cheeses were discriminated according to their geograph-
ical origin. The fi rst discriminant factor (63% of the total variability) allowed sepa-
ration of the cheeses from Switzerland and Finland from those from Austria, France 
and Germany. Using all the discriminant factors, 100% of the cheeses from Austria 
were correctly classifi ed, followed by 94.7%, 83.3%, 76.9% and 66.7% correct 
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classifi cation for cheeses from Switzerland, France, Germany and Finland, respec-
tively. As FDA was applied on the fi rst 20 PCs of the PCA, it may be that the data were 
over-fi tted, which would have increased the rate of correct classifi cation. Therefore, 
the authors concluded that NIR allowed a fairly good recognition of the geographic 
origin of Emmental cheese. The CCSWA applied on all the spectroscopic and physi-
cochemical data permits the conclusion that the spectral data obtained by infrared 
(NIR and MIR) and fl uorescence spectroscopic methods were independent, and that 
the two fi rst common components were related to different phenomena observed. The 
conclusion of the study stated that infrared spectroscopy in combination with chemo-
metrics can be applied to characterize the geographical origin of various dairy prod-
ucts; front-face fl uorescence spectroscopy in combination with chemometrics may be 
used for the identifi cation of cheeses made from either raw or pasteurized milk. 

  Geographic origin of rice wines 
  Yu  et al . (2007)  have worked on the discrimination of Chinese rice wine of differ-
ent geographical origins by NIR. Chinese wine is a sweet, golden wine made from 
glutinous rice and wheat. Although the Shaoxing rice wine is protected by a stand-
ard which defi nes it, it suffers from unfair competition by Chinese rice wine coming 
from other geographical origins and sold as Shaoxing rice wine. The NIR spectrum 
of rice wine spectrum is mainly infl uenced by absorption bands of O–H groups in 
water, ethanol absorption bands of C–H and O–H groups (2266 and 2305       nm) and 
sugar absorption bands (1790       nm). A NIR spectrum of sweet white wine is presented 
in  Figure 4.2 . Yu and colleagues used a Nexus FT-NIR spectrometer from the Thermo 
Nicolet Corporation; this instrument is equipped with a Michelson interferometer, an 
InGaAs detector and a quartz halogen tungsten lamp (50       W) as a broadband light 
source. The rice wine samples were analyzed in transmission in a 1-mm quartz cell. 
Air was used as a reference, and spectra were collected from 800 to 2500       nm with 
32 co-added scans and a resolution of 10       nm (16       cm �     1 ). The chemometric tools used 
in this study were PCA and discriminant PLS using leave-one-out cross-validation, 
and dummy variables were used as reference values. 

 In their study, Yu and colleagues analyzed 38 bottles of Chinese rice wine samples 
of two different brands (i.e. Pagoda brand Shaoxing and Fen Lake brand Jiashan); 29 
and 9 samples respectively were used for the calibration and validation sets. The NIR 
spectra of the samples showed some differences in the 1450-nm region, where the 
absorption intensities of Jiashan rice wine were slightly higher, while Shaoxing rice 
wine samples had higher absorption intensities in the 2266- and 2305-nm regions. 
PCA allowed, on the basis of the two fi rst principal components, the discrimina-
tion of samples of the two brands from two different geographic origins in China. 
Analysis of the eigenvector of the two fi rst principal components indicated that the 
discrimination is based on bands centered near 1410, 1450, 1884, 2064, 2336 and 
2370       nm associated with O–H, C �     O and C–H groups; these regions are character-
istic of water, ethanol and sugar absorption bands. Using PLS regression in order 
to construct discriminant functions, it has been shown that the wavelength range of 
1300–1650       nm gives the best calibration results in comparison to those obtained with 



the full spectral range (i.e. 800–2500       nm). Of the samples in the validation set, 100% 
were correctly classifi ed.  

  Geographic origin of saffron 
 The potential of NIR spectroscopy for the assessment of the geographical origin of 
saffron has been investigated ( Zalacain  et al ., 2005 ). Saffron consists of the dried stig-
mas of Crocus sativus  L. The price of this spice depends on its quality and its geo-
graphic origin. Zalacain and colleagues analyzed 111 samples of saffron from leading 
producers in Iran, Greece and Spain. Near-infrared analysis was performed using a 
Perkin-Elmer FT-NIR instrument equipped with a near-infrared refl ectance accessory. 
The samples were ground and passed through a 0.5-mm sieve before NIR analysis. 
Approximately 2       g of each powdered saffron sample was placed onto a quartz sample 
plate and spectra were collected in the 1000–2500       nm range. The authors performed 
qualitative and quantitative multivariate analysis using principal component regres-
sion (PCR) and discriminant analysis (DA). In order to minimize the risk of overfi t-
ting, the standard error of validation was used to select the calibration equation. A 
spectrum of saffron ( Figure 4.2 ) is highly infl uenced by the spectral profi le of croce-
tin glycosides which constitute the major component of this material. The fi rst stage 
of the work concerned the prediction of the chemical composition of the samples by 
NIRS; 9 and 13 principal components were used to calibrate the spectrometer for the 
different parameters. The authors stress the importance of the determination of the 
moisture content – a very important parameter, as it is fraudulent to sell water at saf-
fron price. The second stage of the study concerned the geographical origin discrimi-
nation of the saffron samples studied. The correct identifi cation rates were 100%, 95% 
and 88% for Iranian, Greek and Spanish samples respectively. The interclass distances 
showed that the Iranian samples were the most different from the Greek and Spanish, 
which were very similar.   

  Variety and species assessment 

  Discrimination of edible oil and fat sources 
 Discrimination of oils and fats by chemical and physical techniques has been exten-
sively studied by various authors ( Baeten et al ., 2001a ). The interest of this topic is 
the high price differential of oils and fats coming from different sources. The best 
example is the olive-oil product, which has added-value compared with other vegeta-
ble oils and thus the adulteration of it is economically worthwhile. Several research-
ers have studied the discrimination of oils and fats by spectroscopic methods, mainly 
by MIR, Raman and NIR techniques ( Bewig  et al ., 1994a, 1994b ;  Baeten  et al ., 
1998a, 1998b, 1998c, 2001a ;  Hourant  et al ., 2000 ;  Yang  et al ., 2003 ). Considering 
FT-NIR spectroscopy, the research team of Van de Voort studied its potential to deter-
mine parameters such as peroxide value,  cis  and  trans  fatty acid content, iodine value 
and saponifi cation number, as well as to discriminate edible oils ( Dong  et al ., 1997 ; 
 Li  et al ., 2000a, 2000b, 2000c ). The advantage of NIR techniques in comparison 
with the other vibrational spectroscopy techniques lies in the ease of sample handling 
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(disposable vials can be used, thus reducing the time of sample preparation and 
avoiding the necessity for detergent to clean the cell), the possibility of producing 
at-line, on-line and in-line analytical solutions, and the suitability of this technique 
for remote use through the use of low-cost fi ber-optics. An additional advantage of 
FT-NIR put to the fore by the team of Van de Voort is the ease of maintaining cali-
bration stability with these instruments, in comparison to the challenge that this topic 
represents with dispersive NIR instruments. 

 In their study to discriminate edible oil products,  Li  et al . (2000a)  reported on 
the capability of FT-NIR spectroscopy as a practical at-line process control tool for 
discriminating various formulated oil products. A typical spectrum of an olive oil 
is presented in  Figure 4.2 . NIR spectra of oils and fats are mainly characterized by 
absorption bands in the vicinities of 1720       nm (C–H vibration of –CH3, –CH2 and 
� C–H groups), 2140       nm (C–H vibration of  � C–H groups) and the 2100–2300       nm 
region (C–H vibration of –CH3 and –CH2 groups). Li and colleagues used a Bomem 
FT-NIR analyzer equipped with a deuterated triglycine sulphate (DTGS) detec-
tor capable of scanning the spectral range between 833 and 5000       nm. The sample 
holder employed was a heat-controlled device which permitted the use of glass vials 
of different diameters. These authors used vials of 8       mm in diameter fi lled with about 
0.5–0.7       ml of sample and temperature controlled at 75  �  0.2°C. The spectra were 
collected from 833 to 2222       nm at a resolution of 10       nm; 128 scans per sample were 
co-added. An air background with an empty vial holder was used. Sample spectra 
were ratioed against the corresponding air background, and subsequently normalized 
to take into account inherent variation in the vial path-length. The samples used in 
this study corresponded to four calibration sets of fats and oils (provided by an oil 
processor) with different iodine value ranges (i.e. group A, 133.3–134.8; group B, 
91.3–96.3; group C, 117.1–118.8; and group D, 113.7–117.0) and one validation set 
of 35 unknown samples. PLS regression was used as a basis for classifi cation by the 
setting of discrimination criteria based on the output obtained from calibration mod-
els: NIR predicted iodine value; the spectral residual and the factor scores were used 
to discriminate the different groups. The NIR predicted iodine value criterion; the 
factor scores criterion as well as the combination of the three discrimination criteria 
gave the best results. The original part of the work was the defi nition of two sets of 
limits – (i) the inner region representing zones where a sample is considered to form 
part of the targeted population and (ii) the intermediate region where the unknown 
samples are likely to be part of the population – and the outside region where 
the unknown samples are classifi ed as defi nitely not belonging to the population. The 
inner region was defi ned on the basis of PLS regression results obtained from the 
calibration set. The intermediate region for each criterion was included in order to 
be able to adjust the limits according to the deviation accepted by the manufacturer. 
The authors used the limits of the inner region added or subtracted by the root mean 
square error obtained from cross-validation of the calibration step in order to set the 
intermediate region limits for the targeted criterion.  Li et al . (2000a)  concluded, on 
the basis of the correct prediction of the validation set samples, that their approach 
allowed discrimination of the samples according to their group of origin. Moreover, 
the authors underlined the power of the approach to detect unusual samples (or, more 



exactly, samples with characteristics not included in the calibration stage, i.e. a blend 
of samples from different categories) as not coming from one of the pre-defi ned 
groups. FT-NIR with the combined predictive and discriminant capabilities of PLS is 
presented as a powerful and practical analytical quality control tool. 

 Yang  et al . (2007) also studied the discriminant possibilities offered by FT-NIR 
for the discrimination of edible oils. In their work they compared the FT-NIR results 
with those of FT-MIR and FT-Raman obtained on the same samples. For their near-
infrared analysis they used a Nicolet 870 spectrometer including a DTGS detector and 
a transmission quartz cell which was cleaned with pure chloroform and dried with 
nitrogen gas. Each spectrum corresponded to 256 co-added scans with a resolution 
of 10       nm. Spectra were collected between 1250 and 5000       nm using an air spectrum 
as a background. Samples such as butter, cod-liver oil, lard, canola oil, coconut oil, 
corn oil, olive oil, peanut oil, saffl ower oil and soybean oil were studied. A total of 80 
samples and 30 samples were used for the calibration and validation sets respectively, 
although the calibration and validation sets were not fully independent as the samples 
were issued from the same batch. The authors used linear discriminant analysis (LDA) 
and canonical variate analysis (CVA) in combination with principal component analy-
sis (PCA) and partial least squares (PLS) as data compression methods. Calculated 
percentages of correct classifi cation for the validation samples were between 85.6 
and 92.2% for the 500–1250       nm region and 84.4–93.3 for the 1540–2500       nm region. 
The authors concluded that FT-MIR (95.6–98.9% correct classifi cation of validation 
samples), FT-Raman (85.6–94.4% correct classifi cation of validation samples) and 
FT-NIR spectroscopy (84.4–93.3% correct classifi cation of validation samples) tech-
niques can be used for rapid classifi cation of edible oils and fats without the need 
for sample preparation. In this study, the least effi cient technique seemed to be the 
FT-NIR spectroscopic method. 

 Detection and quantifi cation of olive-oil adulteration is also an important chal-
lenge in the discrimination of vegetable oils. Several spectroscopic techniques have 
been tested in order to evaluate their potential in detection of this kind of olive oil 
fraud ( Baeten et al ., 2001a ).  Kasemsumran  et al . (2005)  studied the potential of FT-
NIR and PLS processing to discriminate and quantify adulterated olive oils. They 
used a Bruker Vector 22/N FT-NIR spectrometer equipped with an InGaAs detector. 
Spectra were collected in the transmittance mode from the 833 to 2198       nm region 
with a resolution of 2.5       nm and 32 co-added scans. The sample temperature was kept 
at 25  �  0.2°C. Spectra were treated by means of multiplicative scatter correction 
(MSC), Savitsky-Golay fi rst derivative and Savitsky-Golay smoothing before apply-
ing multivariate analysis. PLS regression analyses were used to calibrate the spec-
trometer to discriminate between the adulterated and the genuine samples. Four NIR 
regions were tested separately to build the PLS models. Calibration and validation 
sets included 200 and 80 mixtures respectively, spiked with one of the four different 
adulterants studied (i.e. corn oil, hazelnut oil, soya oil or sunfl ower oil). Olive oil was 
mixed with the adulterants at different percentages (i.e. 2–50% w/w); a weakness of 
the study, however, was that the authors selected only one sample for each type of oil 
considered. PLS models were constructed for each adulterant type and for all con-
sidered adulterants. All the discriminant PLS models for classifying the adulterant 
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types in olive oils gave a correct classifi cation rate higher than 95%, irrespective of 
the data pre-treatment or the spectral range used. The best prediction results of the 
PLS calibration models had a root mean square error of prediction (RMSEP) lower 
than 0.5 for corn-oil, hazelnut-oil and soya-oil adulterants, and lower than 1.1 for 
sunfl ower-oil adulterant. 

 Another interesting study to consider in this review of the FT-NIR methods pro-
posed for oils discrimination is that published by  Oliveira  et al . (2007) . In this study, 
the authors investigated the potential of FT-NIR and FT-Raman spectroscopy for the 
detection of diesel/biodiesel in vegetable oil. Oliveira and colleagues used a Bruker 
Equinox 55 FT-NIR instrument equipped with a germanium detector. Spectra were 
recorded using an immersion transfl ectance accessory with an optical path-length of 
2       mm. The spectral resolution was set at 5       nm, and each spectrum was the result of 
16 co-added NIR measurements. PCR, PLS and ANN calibration procedures were 
tested. One hundred and seventy-fi ve blends corresponding to mixtures of diesel/
biodiesel with vegetable oils (i.e. soybean oil, castor oil, palm-tree oil) in the range of 
0–5% (w/w) were used in order to calibrate the spectrometer. An independent valida-
tion set was used to test the established models. For the construction of the PLS and 
PCR calibration models, selection of the spectral region to be used has been carried 
out on the basis of two experimental parameters: (i) the spectral distribution of the 
standard deviation in the absorbance values for the set of samples used in the calibra-
tion stage, and (ii) the spectral distribution of the relative standard deviation in the 
absorbance for a reduced set of representative samples. The former parameter allows 
the selection of the spectral region presenting the largest variation that includes most 
of the variability in the calibration samples, while the latter makes it possible to put 
to the fore the regions presenting poor signal-to-noise ratios. PCR and PLS calibra-
tion models for a quantitative detection of diesel/biodiesel blends adulterated with 
vegetable oils produces a RMSEP of 0.262 and 0.238 respectively. It is interesting 
to mention that RMSEP obtained with FT-Raman data was three to six times higher. 
For the ANN calibration models, the spectral regions used were selected on the basis 
of the spectral distribution of the standard deviation of the absorbance values of fi rst-
derivative spectra of samples used in the calibration. RMSEP of 0.371 and 0.092 
for the quantitative determination of vegetable oils in diesel/biodiesel blends were 
obtained for the FT-NIR and FT-Raman data respectively.  

  Discrimination of botanical origin of honey 
 Ruoff and colleagues (2006) studied the botanical origin of honey using FT-NIR. 
The authors used a Büchi NIRLab N-200. Honey NIR spectra were collected in the 
1000–2500       nm spectral range with a resolution of 2.5       nm and 64 co-added scans per 
sample. Honey samples were heated at 50°C for 9 hours before analysis, and poured 
into a clean glass Petri dish covered with the transfl ection plate defi ning a 0.6-mm 
path-length.  Figure 4.2  presents a typical FT-NIR spectrum of honey. The most impor-
tant absorption bands are observed in the 1400–2380       nm region, with a water band 
at 1940       nm and several bands in the 1540–2380       nm region characteristic of C–O and 
C–C bond vibrations of saccharides. The total of 364 honey samples from 7 years 



of production originated predominantly from Switzerland. Samples were classifi ed 
according to 8 honey types; 185 and 179 samples constituted the group of unifl oral 
and multifl oral samples respectively. PCA, PLS and LDA were applied to evaluate the 
potential of NIR data to discriminate honey samples according to their origin. Using 
LDA, between 29 and 100% of the unifl oral honey samples from the validation set 
were correctly classifi ed while only 19% of the multifl oral were correctly classifi ed. 
Unifl oral samples coming from acacia, fi r honeydew and chestnut were the easiest to 
discriminate by LDA. 

  Discrimination of pear varieties 
 Fourier transform near-infrared spectroscopy was also explored as a tool to dis-
criminate samples of different pear varieties ( Fu et al ., 2007 ). In this study, a Nexus 
intelligent FT-NIR spectrometer (Thermo Electron Corporation) equipped with an 
InGaAs detector was used and NIR spectra were collected in the 800–2500       nm range 
with a resolution of 1.25       nm and a co-added scan number of 64. The authors used a 
fi ber-optic probe to collect diffuse refl ectance spectra. For each fruit sample three 
NIR measurements were made, each at a different location about 120° apart around 
the equator of the fruit. A total of 240 samples from three varieties of pear were used 
to study the potential of the FT-NIR technique. Spectra of fruit reveal absorption 
bands in the vicinity of 970, 1450 and 1940       nm, associated with the O–H vibration 
of water, and around 1190 and 1790       nm related to C–H vibrations of sugar and other 
organic matter. Fu and colleagues used discriminant analysis (DA), discriminant par-
tial least squares (DPLS) and probalistic neural network methods (PNN) to calibrate 
the spectrometer. DA and DPLS models were developed using three spectral regions, 
i.e. 800–1500       nm, 1500–2500       nm and 800–2500       nm. The PNN method includes four 
layers, and is a feed-forward network with no back-propagation. The inputs used 
were spectral data recorded as absorbance at each wavelength. Results obtained in 
this study indicated the high potential of NIR to classify and discriminate fruits of 
different varieties. High accuracy and correct classifi cation higher than 99% were 
obtained whatever the multivariate protocol used (DA, DPLS or PNN). 

  Detection of castor bean meal 
 Rodriguez-Saona and colleagues (2000) have proposed the FT-NIR technique to rap-
idly quantify castor bean meal (CBM) in a selection of fl our-based products. CBM 
contains the extremely potent cytotoxic protein ricin. The authors worked with a 
Perkin-Elmer Spectrum Identicheck FT-NIR spectrometer, and used capped trans-
parent vials to analyze the samples. Refl ectance spectra were collected in the 1000–
2500       nm NIR range with a resolution of 2.5       nm and a number of co-added scans 
equal to 50. Prior to calibration, spectra were centered and baseline corrected using 
an offset. Then, spectra were transformed using the multiplicative scatter correction 
pre-treatment in order to correct for the scatter effect of the particles. PCA and PLSR 
multivariate analyses were used to explore the NIR data. PCA analysis allowed dis-
crimination between raw materials (i.e. CBM, soybean meal, powdered meal, tofu, 
egg yolk and egg white). PLSR models were able to differentiate between CBM 
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contamination and the addition of other protein-rich products (e.g. corn meal, egg 
white, defatted soybean) to the matrices. On the basis of this model, quantifi cation 
of CBM contamination could be determined at level of  � 0.3% and 0.6% (w/w) in 
selected wheat fl our and blueberry pancake mixes.  

  Discrimination of leaves from different strawberry varieties 
 The potential of FT-NIR for the authentication and classifi cation of strawberry leaf 
varieties has been investigated by  López (2002) . In this study, a Paragon IdentiCheck 
FT-NIR system was used, recording spectra from the 1000–2500       nm range at a res-
olution of 2.5       nm with 32 co-added scans. Five different strawberry varieties were 
investigated. For each variety, spectra from both sides of the leaves and of the vas-
cular system were recorded. The FT-NIR spectral data were analyzed using PCA and 
SIMCA methods. While all the varieties show very similar NIR spectra, small differ-
ences were still observed. Identifi cation of the materials was possible using interclass 
distances. The authors concluded that FT-NIR enables the authentication of all straw-
berry varieties and their origin. 

  Process type assessment 

  Discrimination of tea categories 
 An interesting demonstration of the potential of NIR for the discrimination of food 
products has appeared in work concerning the identifi cation of tea categories ( Zhao 
et al ., 2006 ;  Chen  et al ., 2007 ). The most popular categories of tea are the green and 
the black teas. Both products involve drying and roasting of the leaves, the black tea 
requiring an additional step of fermentation. If the fermentation is only partially car-
ried out, the Oolong tea category is obtained. In both studies, a Nicolet Nexus 670 
FT-NIR instrument was used with standard quartz cups. Spectra were collected from 
909–2632       nm at a resolution of 1.205       nm and with 64 co-added scans.  Figure 4.2 
presents the spectrum of a green tea sample. Water absorption bands are observed in 
the vicinities of 1940 and 1430       nm, bands of the carboxylic groups around 1870       nm, 
and bands of C–H groups around 1385, 1740 and 1720       nm. During the analysis, the 
authors excluded the absorption bands of water as well as the 909–1111        nm region, 
which exhibited a high noise level. A total of 150 samples were analyzed, compris-
ing 50 samples of each category (i.e. green tea, black tea, Oolong tea) which were 
obtained from a total of 9 different geographic origins. Different data pre-processing 
methods were tested, including standard normal variate transformation, fi rst and sec-
ond derivatives, and smoothing. Principal component analysis (PCA), support vector 
machines (SVM) and back-propagation artifi cial neural network (BP-ANN) methods 
were used to exploit the variation included in the spectra, and to calibrate the spec-
trometer for the discrimination of tea categories. PCA analysis showed that the fi rst 
three principal components were adequate to discriminate between the three catego-
ries of teas, although the samples used had considerable differences in their botani-
cal, genetic and agronomical characteristics. For the calibration of the spectrometer 
with SVM and BP-ANN, the samples were split into calibration and validation sets 
with a proportion of 3/5 and 2/5 respectively for each category. For the green, black 



and Oolong teas, 95%, 100% and 90% respectively of the validation samples were 
correctly classifi ed using the SVM model developed. The results of the BP-ANN 
model were 75%, 100% and 80% correct classifi cations, respectively.  

  Discrimination and authentication of alcoholic beverages 
 Pontes and colleagues (2006) proposed a strategy in which FT-NIR and chemo-
metric methods could be used in the classifi cation and verifi cation of adulteration 
in whiskeys, brandies, rums and vodkas. The idea was that NIR spectroscopy could 
be used as a screening method, and more time-consuming wet chemistry analyti-
cal techniques would then only be applied to samples showing a positive adultera-
tion result in order to confi rm the NIR result. They used a Perkin-Elmer Spectrum 
GX FT-NIR spectrometer, and the sample was placed in a 1-mm path-length quartz 
fl ow cell. NIR absorbance values were collected from 1100–2500       nm at a resolution 
of 1.25       nm and using 64 co-added scans. Analysis was performed on 69 pure and 
adulterated samples (some of which were adulterated with ionized water, ethanol or 
methanol). The sample set was divided into calibration and validation sets comprised 
of 40 and 29 samples respectively. Second-derivative spectra were calculated with a 
Savitzky-Golay fi lter. PCA and SIMCA methods were used for the multivariate anal-
ysis of the spectral data. PCA analysis of the calibration set allowed identifi cation of 
the whiskey and vodka samples using only the two fi rst principal components. The 
third and fourth PCs allowed the discrimination of brandy and rum samples. SIMCA 
models were constructed (n      �      40) and consequently applied to classify the samples 
as adulterated or authentic. The prediction ability of each model was evaluated on a 
test set (n      �      29) consisting of laboratory-prepared samples and verifi ed adulterated 
alcoholic beverages supplied by a regulatory agency. The authors observed that all 
the samples in the test set were correctly predicted as adulterated or genuine, with a 
95% confi dence level. 

 Fourier transform near-infrared spectroscopy was also used to measure the percent-
age of sugar in grape must, and to discriminate between different must samples in 
terms of their free amino nitrogen (FAN) values ( Manley  et al ., 2001 ). For the NIR 
measurements, a Perkin-Elmer Spectrum IdentiCheck spectrometer equipped with 
a 0.5-mm path-length quartz cell was used. Spectra of 97 samples were collected 
between 1000 and 2500       nm at a resolution of 2.5       nm and using 16 co-added spectra. 
The must samples could be classifi ed in terms of their FAN values when SIMCA was 
applied as a classifi cation method, with correct recognition rates exceeding 80% in all 
cases. It was also shown by these authors that FT-NIR proved to be a rapid method 
of discriminating between Chardonnay wine samples (n      �      107) in terms of their 
malolactic fermentation status, using SIMCA, with recognition rates exceeding 88%. 
Moreover, table wines (n      �      200) were also successfully discriminated in terms of their 
ethyl carbamate content, with recognition rates exceeding 80%. Later, Manley and her 
collaborators ( Manley  et al ., 2003a ) illustrated the potential of FT-NIR to classify four 
different classes of rebate brandy. The brandy samples were analyzed by collecting 16 
co-added scans, from 700–2500       nm, also using a Perkin-Elmer Spectrum IdentiCheck 
spectrometer and presented in a 1-mm path-length quartz cell. Using SIMCA, it was 
possible to discriminate between the hardest and the softest brandy class of one season.  
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  Discrimination of marked age and vintage year of alcoholic beverages 
 Yu and colleagues (2006) investigated the classifi cation of rice wine with different 
marked ages based on FT-NIR spectroscopy. They used a Nexus FT-NIR spectrom-
eter (Thermo Nicolet Corporation) to collect the NIR spectra from the 800–2500       nm 
region. The samples were scanned in a 1-mm optical path-length rectangular quartz 
cell at 10       nm spectral resolution and using 32 co-added scans. The 69 rice wine sam-
ples were from two different brands, of three different marked ages (1, 3 and 5 years) 
and two vintages (2004 and 2005). PCA and DA analysis were applied. Correct clas-
sifi cations of 100, 94.1 and 100% were obtained for the calibration samples with 
marked ages of 1, 3 and 5 years respectively. The percentage of correct classifi cation 
of a validation sample set was 94.4%. 

 The potential to classify 3-year-old brandy from different seasons (1999, 2000 and 
2001) was studied by  Manley  et al . (2003b) . In this study, a Perkin-Elmer Spectrum 
IdentiCheck 2.0 FT-NIR system equipped with a 1-mm path-length quartz cell was 
used. Spectra were collected in the 700–2500       nm range, with 16 co-added scans and 
a spectral resolution of 5       nm. A total of 191 samples of unblended 3-year-old brandy 
were analyzed. PCA and SIMCA methods were applied to evaluate the discriminant 
power of NIR data. PCA analysis showed that samples from the 2001 season were the 
easiest to discriminate, while there was an overlap between samples from the 1999 
and 2000 seasons. 

  Discrimination of the age of cheese 
 FT-NIR has also shown potential for the discrimination of cheese on the basis of its age. 
 Cattaneo  et al . (2005)  worked with a MPA FT-NIR from Bruker Optics equipped with 
a fi ber-optic probe to study the shelf-life of Crescenza cheese. This cheese represents 
40% of the Italian fresh cheese market, and is only produced from pasteurized whole 
cow ’ s milk. Crescenza cheese suffers from a structural and chemical modifi cation 
during shelf-life. Spectra were collected from 833–2500       nm at a resolution of 10       nm 
and with 16 co-added scans. A total of 126 cheese samples from two types of produc-
tion using different technological processes, and having been stored for 20 days, were 
used. The NIR spectral data were autoscaled, and second-derivative data were acquired 
before multivariate analysis. PCA was used for exploratory analysis of the NIR spectra. 
This method allowed a satisfactory sample distribution that followed the evolution of 
the cheeses. A clear distinction could be made between fresh (0–6 days ’  storage) and 
aged/old Crescenza cheese samples (8–20 days ’  storage). Applying PCA on FT-NIR 
spectroscopic data of a reduced range permitted the discrimination between the aged 
(8–10 days ’  storage) and older samples (14–20 days ’  storage). The authors concluded 
that the main advantage of using a spectroscopic technique was the possibility rapidly 
to establish a profi le for the product associated with its total composition and quality. 

  Authentication by FT-NIR microscopy 

 The fi rst study proposing the use of FT-NIR microscopy (NIRM) for authentication 
purpose was that published by Piraux and Dardenne for feed authentication ( Piraux



and Dardenne, 1999 ). They proposed the use of a new method, based on NIR micro-
scopy, for the detection and quantifi cation of meat and bone meal (MBM) in com-
pound feed in order to comply with the ban following the BSE crisis. Samples were 
measured using an AutoImage Microscope connected to a Perkin-Elmer FT-NIR, and 
analyzed using ANNs. With this NIRM instrument, the infrared beam is focused on 
each particle of a sample using a microscope in order to collect the NIR spectrum 
(1100–2500       nm). A collection of several hundred spectra is made, which represents 
the molecular NIR signature of a particle from an ingredient in the compound feed. 
A predictive discriminant analysis was applied to classify particles into either meat 
particles or particles of a different nature – i.e. not meat. An artifi cial neural network 
(multilayer perceptron network with back-propagation based on the partial least 
squares scores) was used to discriminate between the respective groups. Their results 
showed an overall error rate lower than 0.65%, giving an indication of the potential 
of this technique for the detection of MBM. Additionally,  Baeten  et al . (2001b)  used 
a near-infrared microscope for the detection and quantifi cation of ingredients of ani-
mal origin in feedingstuffs. Satisfactory results were obtained for the detection and 
identifi cation of meat meal, meat and bone meal, bone meals, blood meal, fi sh meal 
(muscle chair, bone fi sh and scale), feather meal, poultry meal, milk powder and egg 
meal. Moreover, their study proved that 0.5% MBM in a compound feedingstuff can 
be detected by NIR microscopy. 

  Gizzi  et al . (2003)  published an overview of the different tests for the detection of 
animal tissues in feed, including PCR, immunoassay, microscopy and NIR micro-
scopy. In their paper, they showed the main characteristics of NIRM as well as the 
weaknesses of the method. The main advantages of NIRM are that (i) it is directly 
based on NIR information; (ii) it can be confi rmed by another method (e.g. PCR) that 
can be used as legal evidence in case of fraud; (iii) NIRM does not require exper-
tise; (iv) it is a non-destructive method; and (v) a single analysis could enable a wide 
range of feed ingredients to be detected. The weaknesses involve the need to develop 
sample databases, the limit of detection, and the cost of the equipment. Therefore, 
these authors concluded that NIRM is the most suitable method for large screening 
applications in terms of sample output and automation, and that this method is able 
to achieve limits of detection (LOD) as low as 0.1%. A few years later,  Baeten  et al . 
(2005)  have decreased this LOD by detecting the presence of MBM at concentrations 
as low as 0.05% mass fraction by the use of NIR microscopy applied to the sediment 
fraction of the feed. More recently,  De la Haba  et al . (2007)  have proposed a method 
based on NIRM to check the presence of ruminant tissue in fi sh meal or in com-
pound feeds containing fi sh meal in order to allow only fi sh meal to be used in rumi-
nant feed. The use of pure fi sh material in the animal production chain poses no risk, 
and it is accepted that fi sh do not carry Transmissible Spongiform Encephalopathy 
(TSE). Thus, they have worked on methods permitting the detection and identifi -
cation, at species level, of animal by-products included in compound feed. NIRM 
spectra allowed the construction of discrimination equations using support vector 
machines (SVM) as a chemometric tool. As a result, clear discrimination between 
fi sh meal and meal of other animal species is possible, with a high average success 
rate of 95%. In contrast to optical microscopy, NIRM offers one clear advantage: it is 
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not dependent on the subjectivity of the analyst, because particles are identifi ed from 
their NIR spectral fi ngerprint and not by visual inspection. 

 NIRM has also been applied for authentication in different areas.  Wilson and 
Moffat (2004)  used a Perkin-Elmer FT-NIR IdentiCheck spectrophotometer coupled 
with a microscope for the authentication of Viagra tablets. A single spectrum for 
each tablet was taken, and some chemometric procedures (such as PCA or PLS) were 
used to identify the active ingredient by comparing it with the real pure compound. 
This study is important in the fi ght against counterfeit pharmaceuticals by using the 
spatial distribution of the active compounds. Another area of application of NIRM is 
in forensic laboratories to determine, among other things, the type of explosive used 
in terrorist attacks, or to detect the presence of illegal drugs. 

 An alternative to NIRM is the use of a more recent technology called NIR imag-
ing. This technology is a powerful approach to remote sensing in precision agriculture 
and mineralogy, among other areas. The success of NIR imaging can be considered as 
due to a combination of different factors: high-performance and uncooled NIR sen-
sitive focal plane array detectors, digitally-tunable infrared optical fi lters, the dras-
tic increase in computer speed, and the increased capacity of laboratory computing 
platforms. The integration of these elements has already shown promising results in 
the determination of quality parameters for complex matrices such as pharmaceutical 
blends, detection of apple surface defects and contamination or the detection of ani-
mal compounds in feeding stuff ( Fernández Ocana  et al ., 2004 ). NIR imaging allows 
the contemporaneous collection of spatial and spectral (and therefore chemical) infor-
mation characterizing samples under test. 

  Conclusions 

 This chapter has shown applications of FT-NIR spectroscopic and microscopy tech-
niques for the authentication of agro-food products. The potential of this technique 
to assess different authenticity issues is obvious, and will be used as new approaches 
for at-line, on-line and in-line control. The forthcoming challenge for this technique 
is to develop adequate strategy for the construction of large data sets in order to cali-
brate any given instrument. The strategy should include the extraction of the infor-
mation in such a way that it can be used in qualitative and quantitative analysis as 
well as the implementation in routine control. 
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  Introduction 

 Infrared (IR) and Raman spectroscopy are complementary techniques which may 
provide important information regarding the composition of complex food samples. 
While infrared spectroscopy has been well established as a useful tool for molecular 
structure elucidation and various quality control purposes for more than three decades, 
Raman spectroscopy was restricted for a long time primarily to academic research. 
The development of Fourier-transform pushed the usage of Raman spectroscopy con-
siderably, because long spectral acquisition times and photodecomposition could be 
signifi cantly reduced. In contrast to IR methods, Raman spectroscopy does not require 
optically clear samples; even measurement through colored glass vials is possible. 

 The  “ Raman effect ”  was described for the fi rst time in 1928 by the Indian scien-
tist Sir C.V. Raman, who won the Nobel Prize for Physics in 1930 for his discovery 
( Raman, 1928a, 1928b ). If a sample is illuminated with monochromatic light, the scat-
tered energy consists almost entirely of the incident radiation, which is called elastic or 
 “ Rayleigh scattering ” . However, a small amount of the incident light ( � 10 �     6 ) is scat-
tered with a different frequency, and that is the reason why additional discrete frequen-
cies below and above the incident Rayleigh scattering are observed. When the lines 
to be seen at lower frequencies (so-called Stokes lines) are presented as a spectrum 
of intensity versus frequency shift (the so-called Raman shift), the result is the 
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Raman spectrum. The radiation with higher energy is referred to as anti-Stokes-Raman 
scattering, which generally shows lower intensity. 

 The requirement for vibrational activity in Raman spectra is a change in the electronic 
polarizability of the analyte molecule (contrary to that, a change in the dipole moment 
is necessary to get an IR response). In classical terms, the interaction can be viewed as 
a perturbation of the molecule ’ s electric fi eld. In quantum mechanics, the scattering is 
described as an excitation to a virtual state lower in energy than a real electronic transi-
tion with nearly coincident de-excitation and a change in vibrational energy. The scatter-
ing event occurs in 10 �     14  seconds or less. In spite of the fact that Raman scattering is a 
weak phenomenon, in some cases traces in food materials can also be successfully stud-
ied. In particular, the  resonance Raman effect , in which the exciting laser wavelength is 
adjusted to the absorption range of particular chromophores occurring in the sample, 
results in a signifi cant sensitivity enhancement. A considerable increase in sensitivity 
can be also obtained by some special Raman techniques such as the  surface-enhanced 
Raman scattering  (SERS) technique, which enhances the signal by six or more orders 
of magnitude. 

 This chapter demonstrates the high potential of Raman spectroscopy, including 
micro-Raman techniques, for the rapid authentication of various food materials as well 
as the quantifi cation of valuable or unwanted bioactive substances. Furthermore, exam-
ples of micro-measurements are presented which allow determination of the distribu-
tion of certain food components  in situ . A more detailed theoretical overview of Raman 
spectroscopy, instrumentation and special sampling techniques is provided by  Schrader 
(1995)  and  McCreery (2000) .  

  Instrumentation 

 A Raman system typically consists of four major components: an excitation source 
(laser); a sample illumination system and light collection optics; a wavelength selec-
tor (fi lter or spectrophotometer); and a detector (photodiode array, charge-coupled 
devices (CCD) or photomultiplier tube (PMT)). 

 A sample is normally illuminated with a laser beam in the ultraviolet (UV), visible 
(Vis) or near-infrared (NIR) range. Scattered light is collected with a lens and is sent 
through an interference fi lter or spectrophotometer to obtain the Raman spectrum of 
a sample. 

 Since spontaneous Raman scattering is a very weak phenomenon, the main diffi -
culty of Raman spectroscopy is in its separation from the intense Rayleigh scattering. 
More precisely, the major problem here is not the Rayleigh scattering itself, but the fact 
that the intensity of stray light from Rayleigh scattering may greatly exceed the inten-
sity of the useful Raman signal in the close proximity to the laser wavelength. In many 
cases the problem is resolved by simply cutting off the spectral range close to the laser 
line where the stray light has the most prominent effect. Today, in most cases, interfer-
ence fi lters (so-called notch fi lters) are used which cut off the spectral range of  � 80–
120       cm �     1  from the laser line. This method is effi cient in stray light elimination, but does 
not allow detection of low-frequency Raman modes in the range below 100       cm �     1 . 



 Stray light is generated in the spectrometer mainly upon light dispersion on gratings, 
and strongly depends on grating quality. Raman spectrometers typically use holographic 
gratings, which normally have much less manufacturing defects in their structure than 
the ruled ones. Stray light produced by holographic gratings is about one order of mag-
nitude less intense than that from ruled gratings of the same groove density. 

 Using multiple dispersion stages is another way to reduce stray light. Double and triple 
spectrometers allow taking Raman spectra without use of notch fi lters. In such systems, 
Raman-active modes with frequencies as low as 3–5       cm �     1  can be detected effi ciently. 

 In earlier times, single-point detectors such as photon-counting photomultiplier 
tubes (PMT) were generally used. However, a single Raman spectrum obtained with 
a PMT detector in wavenumber scanning mode usually takes a substantial period of 
time, and therefore reduces the effi ciency of any research or industrial activity based 
on this Raman analytical technique. Nowadays, more and more often researchers 
are using multichannel detectors like photodiode arrays (PDA) or, more commonly, 
charge-coupled devices (CCDs) to detect the Raman scattered light. The sensitivity and 
performance of modern CCD detectors are rapidly improving. In many cases, CCD is 
becoming the detector of choice for Raman spectroscopy. 

  Dispersive and Fourier transform spectrometer systems 

 The Raman spectrometer market is split between dispersive and non-dispersive 
(Fourier transform) instruments. It seems to be impossible to give a general answer 
as to which may be more effi cient for various food materials; nevertheless, a clear 
trend is that more successful applications are described for FT-Raman in the fi eld of 
biospectroscopy ( Schrader et al ., 1999a, 1999b ).

 Dispersive Raman spectrometers are the most widely used Raman systems available 
on the market. Today, the instruments consist of a monochromator, a CCD detector, and 
various laser sources ranging from 200 to 800       nm. CCDs permit fast data acquisition 
and present a high signal-to-noise ratio, and have replaced the formerly used photon-
counting photomultiplier tube (PMT) detectors in all but a few specialized applications. 
In order to obtain optimal Raman spectra of food materials, the appropriate excitation 
wavelength of the laser must be found. Over the past two decades, argon and krypton 
ion lasers, emitting in the UV and visible range, were commonly applied in spectros-
copy labs; however, recently the very sensitive He–Ne lasers have been used. 

 The main advantages of Fourier transform Raman spectroscopy over dispersive 
Raman techniques, which use visible laser excitation and photomultiplier detection, 
consist of signifi cantly lower fl uorescence and photochemical degradation of the ana-
lyzed sample. However, the Raman scattering is weaker at 1064       nm compared with 
visible laser excitation (e.g. argon-ion laser sources delivering 514.5       nm emission). 
NIR radiation from Nd:YAG lasers generally used in FT-Raman instrumentation is 
suffi ciently lower in energy that most of the electronic transitions responsible for fl uo-
rescence are not excited. In spite of the fact that Raman scattering with an FT spec-
trometer is weaker and therefore detection is more diffi cult than in the visible region, 
the reduction in fl uorescence allows measurement of a much wider range of vari-
ous food samples. Contrary to dispersive instruments, FT-Raman provides excellent 
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frequency precision, which may be important in data manipulations involving spectral 
subtractions.

 Since the NIR excitation wavelength is situated at the minimum of the water 
absorption spectrum, most food materials show quite weak Raman bands, and the 
risk of overheating the sample by the exciting radiation is minimal. Usually the depth 
from which Raman signals are obtained is only some millimeters for the range 700–
1800       cm �     1  ( Schrader  et al ., 1999b ). At wavenumbers less than 700       cm �     1 , informa-
tion regarding deeper tissue layers is also recorded.  

  Raman microscopy 

 The initial development of Raman microspectroscopy dates back to the early 1970s 
( Delhaye and Dhamelincourt, 1975 ). Today, the micro-Raman technique is a well-
established method that is mainly used to measure very small samples or to obtain 
spatially resolved information from a sample. In order to collect the scattered light, a 
microscope objective is applied to focus the laser beam on the sample. The simplest 
application of Raman spectroscopy is acquisition of a spectrum from a single point of 
the sample to be analyzed. Another approach is to use an  xy  desk, allowing point-to-point 
mapping. The latest development of two-dimensional detectors allows monitoring of an 
array of several points at the same time. This so-called  “ global Raman imaging ”  can be 
used to select individual narrow bands of wavenumbers, preferably with a bandwidth of 
10       cm �     1  or less, to calculate images of the measured object based on these key signals. 
A more simple type of Raman imaging is line-profi ling, consisting of a series of single-
point spectra collected along a line previously selected by the user. Commercial instru-
ments usually provide a software-controlled microscope stage that positions the sample 
under the laser spot according to a video image. This allows comparison of the individual 
Raman mapping results directly with the corresponding image of the light microscope. 

  SERS techniques 

 As already mentioned, Raman spectroscopy can suffer from problems associated with 
an inherent lack of sensitivity, meaning that several minor substances are often below 
the detection limit of this technique. Usually, most bands in the spectra are produced by 
substances occurring in a concentration of more than 1       g 100       g �     1 . Only those analytes 
that exhibit a pre-resonance enhancement of Raman signals, such as certain caroten-
oids, may be observed in a somewhat lower concentration. One approach to overcome 
this problem is the application of the so-called  surface-enhanced Raman scattering 
(SERS)  technique. SERS spectroscopy utilizes the following effect: the Raman signal 
from molecules adsorbed on certain metal surfaces such as silver, gold or copper can 
be several orders of magnitude stronger than the Raman signal from the same mol-
ecules in bulk volume. The exact reason for such signifi cant improvement is still under 
discussion. It is assumed that the fi rst enhancement of polarizability may occur because 
of a charge-transfer effect or chemical bond formation between the individual metal 
surface and molecules under observation. This is the so-called  chemical enhancement . 
A second enhancement effect may be induced by the interaction of the laser beam 
with irregularities on the metal surface, such as metal micro-particles or its roughness 



profi le. According to current opinion, laser light excites conduction electrons at the 
metal surface, leading to a surface plasma resonance and strong enhancement of the 
electric fi eld. This effect is therefore sometimes called  electromagnetic enhancement . 
Since the discovery of SERS ( Fleischmann et al ., 1974 ;  Jeanmaire and Van Duyne, 
1977 ), several applications in the biomedical and food sector have been published which 
prove that even trace components (such as pesticides, bacteria, artifi cial food dyes and 
other food additives) can be detected using this sophisticated technique ( Sanchez-Cortes 
et al ., 2001 ;  Kang  et al ., 2002 ;  Harz  et al ., 2005 ;  Peica  et al ., 2005 ;  Podstawka  et al ., 
2007 ). In all cases, the choice of appropriate surface substrate is very important. The 
most popular and universal substrates used for SERS are electrochemically etched 
silver electrodes as well as silver and gold colloids with average particle size below 
20       nm. One disadvantage of SERS is the diffi culty of spectra interpretation. Sometimes 
the signal enhancement is so dramatic that Raman bands which are very weak and 
unnoticeable in spontaneous Raman spectra can appear in SERS. Furthermore, some 
trace contaminants can also contribute to additional peaks. On the other hand, because 
of chemical interactions with the metal surface, certain peaks which are strong in con-
ventional Raman might not be present at all in SERS. Therefore, all the physical and 
chemical factors mentioned above should be considered carefully when interpreting 
SERS spectra – which is sometimes extremely diffi cult in practical usage. 

  Applications in the agricultural and food sectors 

  Agricultural crops 

  Vegetable oils and fats 
 Food materials consisting largely of lipids show characteristic Raman bands in the 
region of 1440–1660       cm �     1  due to C �     C stretching modes of  cis -unsaturated fatty 
acids as well as CH 2 -scissoring modes of saturated fatty acids. Numerous different 
vegetable oils (e.g. Brazil nut, coconut, corn, high oleic sunfl ower, olive oil, pea-
nut, palm, palm kernel, rapeseed and soybean) as well as animal fats such as but-
ter, hydrogenated fi sh oil and tallow have been analyzed by FT-Raman spectroscopy 
( Baeten  et al ., 1998 ). These authors successfully applied principal component analy-
sis (PCA) to classify the individual samples according to their unsaturation. 

 Furthermore,  Baeten  et al . (1998)  found that the Raman spectra show character-
istic signals of oils and fats in the region between 2990 and 3020       cm �     1  ( Figure 5.1   ). 
In this context they identifi ed Raman shifts at 3010       cm �     1  as  �  ( � C–H) vibration of 
the methyl linoleate group ( cis ,  cis  diene) of olefi nic molecules. This signal has been 
described as a reliable indicator of the different degrees of unsaturation ( Li-Chan
et al ., 1994 ), and it can also be used to accurately predict the iodine value of oils 
and fats ( Lerner  et al ., 1992 ). Together with other Raman shifts, this band has also 
been usefully applied to detect and quantify adulterations in olive oil ( Aparicio  et al ., 
1996 ;  Baeten  et al ., 1996 ). Moreover, other scattering Raman shifts seen at 1663 and 
1264       cm �     1  were found to correlate with the fatty acid profi les analyzed by gas chro-
matography. The most prominent Raman signals assigned by  Baeten  et al . (1998)  are 
presented in  Table 5.1   . 
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 As indicated in  Table 5.1 , vegetable oils show a comparatively weak carbonyl Raman 
band around 1750       cm �     1 . Beside this, additional signals can be observed in the range 
of 1650–1670       cm �     1  which are due to the characteristic  �  (C     �     C) vibrations of olefi nic 
molecules. From Raman measurements performed on hydrogenated fi sh oils, it has 
been found that the bands near 1670       cm �     1  are related to  trans  and the band in the area 
of 1660       cm �     1  to  cis  fatty acids. In the range between 1200 and 1390       cm �     1  two Raman 
bands centered near 1303 and 1270       cm �     1  occur, which correspond to in-phase meth-
ylene twisting deformation vibration and in-plane  � C–H deformation, respectively. 

Figure 5.1     FT-Raman spectra of (a) butter and (b) olive oil.    

Table 5.1     Assignment of main Raman shifts detected at spectra of edible oils ( Baeten 
et al. , 1998 )  

 Raman shift (cm      �     1 )  Molecule  Functional group  Vibrational mode 

 3015  RCH     �     CHR       �     C–H �as

 2970  –CH 3  C–H �as

 2940  –CH 2  C–H �as

 2900  –CH 3  C–H �s

 2860  –CH 2  C–H �s

 1750  RC     �     OOR  C     �     O �
 1670 trans  RCH     �     CHR  C     �     C �
 1660 cis  RCH     �     CHR  C     �     C �
 1445  –CH 2  C–H �
 1310  –CH 2  C–H �
 1275 cis  RCH     �     CHR       �     C–H �
 1100–1000  –(CH 2 ) n –  C–C �
 900–800  –(CH 2 ) n –  C–C �

�s , symmetric stretching vibration;  �as , asymmetric stretching vibration;  � , deformation 
vibration.  
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 Sadeghi-Jorabchi  et al . (1991)  found  cis  monoene, diene and triene isomers near 1267, 
1265 and 1266       cm �     1  respectively, which indicates that these bands can be used to esti-
mate the level of  cis  unsaturation without any interference from  trans  isomers. 

 The  “ fi ngerprint region ”  (700–1200       cm �     1 ) of the Raman spectrum contains the 
characteristic C–C skeletal and C–O bond vibrations. According to PCA calculations, 
 Baeten  et al . (1998)  found that these signals mainly present information about the 
unsaturated fatty acids ( Table 5.1 ). 

 Other authors describe Raman studies aiming to determine oil content, humidity 
and free fatty acid content in olives ( Muik et al ., 2003a, 2003b ). Another Raman 
method has been proposed to quantify the amount of sunfl ower oil adulterant in 
extra-virgin olive oil from various Mediterranean sites ( Heise et al ., 2005 ). Recently, 
it has been reported that Raman spectroscopy also allows rapidly prediction of the 
iodine value in single rapeseeds ( Reitzenstein et al ., 2007 ) ( Figure 5.2   ). Furthermore, 
this method can be successfully applied for breeding experiments to measure the 
lipid content and composition of a seedling without any destruction. Based on these 
studies, it was possible to distinguish seedlings of the classic rapeseed line  “ Drakkar ”
from the new genetically modifi ed cultivar  “ t-mix ” . This successful discrimination 
by means of cluster analysis of the Raman data is mainly related to a lower iodine 
value of the genetically modifi ed cultivar, as it contains myristic acid, which is nor-
mally not found in the fatty acid profi le of rape. 

 Several studies have been performed applying vibrational spectroscopy to discrimi-
nate between different edible oils and fats ( Marigheto et al ., 1998 ;  Barthus and Poppi, 
2001 ;  Yang  et al ., 2005 ). Beside mid- and near-infrared methods, FT-Raman spectros-
copy was also found to be useful for detection of added adulterants and for identifi -
cation of the individual botanical origin. In this context, linear discriminant analysis 
(LDA) and canonical variate analysis (CVA) provided the most effi cient statistical 
classifi cations. A similar application of FT-Raman spectroscopy has been presented 
by  Weng  et al . (2006)  to test the authenticity of  Camelia oleifera  oil used in Taiwan. 
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R2 � 0.9904

0

2

4

6

8

10

12

0 50 100 150 200

A
16

56
/A

17
48

Iodine value(from GC-analysis)

Figure 5.2    Raman area ratio  �  (C     �     C)/ �  (C     �     O) against the total unsaturation calculated by GC for eight oils 
and one fat. This calibration curve can be used to calculate the iodine value of rapeseed oil during maturation. 
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 Raman spectroscopy has also been proposed as a rapid method to detect adul-
teration of extra-virgin olive oil with cheaper vegetable oils ( Yang and Irudayaraj, 
2001 ). Based on various extra-virgin oil samples with different amounts of olive 
pomace oil adulteration, a suitable calibration equation was calculated (R 2       �      0.997, 
SEP �      1.72%), allowing prediction of even low amounts of other added oils. 

 Today, the determination of  trans -isomers in partially hydrogenated vegetable oils 
is usually performed by GC or mid-infrared spectroscopy. However, Raman spec-
troscopy was also evaluated in comparison with mid-IR spectroscopy to predict the 
content of cis - and  trans -isomers in processed canola and soybean oils ( Bailey and 
Horvat, 1972 ;  Johnson  et al ., 2002 ). 

 Contrary to infrared-spectroscopy, FT-Raman samples typically require no prepa-
ration before spectra can be recorded. Because FT-Raman measurements are excited 
in the NIR region, ordinary glass is transparent to this radiation and therefore sam-
ples may be held in glass cells or capillaries during measurements. 

 Applying Raman spectroscopy combined with optical microscopy, the distribu-
tion of alpha-tocopherol (vitamin E) and related substances could be successfully 
described ( Beattie  et al ., 2007 ). The individual Raman spectra were acquired at spa-
tial resolutions of 0.8–2        � m. 

  Beattie  et al . (2007)  demonstrate that Raman microscopy is able to discriminate 
even between different tocopherols and oxidation products (alpha-tocopheryl qui-
none) in biological tissue without any sample destruction.  Parker and Bisby (1993) 
obtained time-resolved resonance Raman spectra of the alpha-tocopheroxyl radical, 
which represents an intermediate in the antioxidative reaction of alpha-tocopherol in 
cellular membranes. The spectra refl ect the extent of delocalization of the radical site 
due to interaction with the ion pair of the para -oxygen atom. 

  Proteins and carbohydrates 
 Numerous studies have been performed to obtain Raman data of plant proteins and 
amino acids. Some examples of Raman modes useful in the interpretation of protein 
structure are listed in  Table 5.2   . In particular, sulfur-containing amino acids such as 
cystine, cysteine and methionine show intensive Raman bands in the area of 500–
750       cm �     1  (S–S and S–H stretching bands) as well as in the range between 2550 and 
2580       cm �     1  (S–H stretching bands) ( Figure 5.3   ). The peptide bonds of proteins pos-
sess several distinct vibrational modes, of which the amide I and amide III bands are 
mainly used for characterization of secondary structure ( Susi and Byler, 1988 ). 

 Fourier transform Raman spectroscopy was also shown to be a powerful tool for 
the investigation of plant cell walls and their components by  Séné  et al . (1994) , who 
observed that Raman spectra were diagnostic primarily for phenolic materials whereas 
IR spectra presented higher sensitivity for pectin and protein. Pectin bands were iden-
tifi ed in the region between 900 and 200       cm �     1 , and a sharp signal at about 854       cm �     1

could be identifi ed as a diagnostic band for acidic pectin. Generally, the characteristic 
nature of plant cell walls opens up the possibility of using Raman spectroscopy for the 
verifi cation of food authenticity. Because the obtained spectral data also contain infor-
mation on molecular conformation and interaction between different molecules in the 



sample, Raman spectroscopy in combination with chemometrical algorithms may be 
a new, useful alternative for rapid taxonomic classifi cation of different plant species. 

 Raman spectra of non-feruloylated and feruloylated wheat arabinoxylans show spe-
cifi c bands at 896, 985, 1278–1462 and 1091–1123       cm �     1  assigned to various vibrational 
modes of polysaccharides. The presence of   –(1 → 4) glycoside linkages of xylan back-
bone was seen at 896       cm �     1 . Signals occurring in the range between 500 and 600       cm �     1

were identifi ed as vibrations arising from coupled modes of heavy atoms, C–C and C–O 
stretching ( Barron  et al ., 2006 ). Besides these signals, specifi c marker bands were 

Table 5.2    Characteristic Raman vibrational modes resulting from plant proteins ( Li-Chan, 1994 ;
 Peticolas, 1995 )

 Analyte  Wavenumber (cm      �     1 )  Vibrational mode 

 Cystine,
Cysteine,
Methionine

 510
525
630–670
700–745
2550–2580

 S–S stretch
S–S stretch
C–S stretch
C–S stretch
S–H stretch 

 Tyrosine  850/830  Fermi resonance between ring fundamental and overtone 
 Tryptophan  760, 880, 1360  Indol ring 
 Phenylalanine  1006  Ring breathe 
 Histidine  1409  N-deuteroimidazole 
 Aspartic and 
glutamic acid 

 1400–1430
1700–1750

 C     �     O stretch of carboxyl group 
C     �     O stretch of carboxyl or ester group 

 Amide I  1655–1685  Amide C �     O stretch, N–H wagging 
 Amide III  1235–1280  N–H in-plane bend, C–N stretch 
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Figure 5.3    FT-Raman spectra of (a) L-cystine, (b) L-cysteine and (c) L-methionine.    
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observed at 1598 and 1628       cm �     1 , demonstrating the presence of ferulic acid esters. 
Furthermore, a quantitative determination of arabinose/xylose ratios could be success-
fully performed using the 855/898 and 570/494       cm �     1  peak area ratios. 

  Horticultural crops 

  Carotenoids 
 In most cases, Raman measurements can be directly performed on the individual plant 
tissue. Usually, most intensive signals to be seen in the obtained spectra are related 
to various vibrational modes of different carotenoids. Although these natural colors 
occur in plants as minor components at the mg kg �     1  level, very sensitive detection 
can be achieved by resonance Raman in the visible region, when the excitation wave-
length coincides with an electronic transition of the analyzed carotenoid ( Ozaki  et al ., 
1992 ;  Withnall  et al ., 2003 ). However, FT-Raman spectroscopy using a Nd:YAG laser 
(1064       nm) also provides strong carotenoid bands due to the known pre-resonance 
enhancement. The special advantage of NIR excitation is that the disturbing fl uores-
cence effect of the analyzed biological material can be reduced to a minimum. 

 Main carotenoid bands are observed within the 1500–1550 and 1150–1170       cm �     1

wavenumber ranges, which are related respectively to in-phase C �     C and C–C stretch-
ing vibrations of the polyene chain. Furthermore, in-plane rocking modes of CH 3
groups attached to the polyene chain can be identifi ed as peaks of medium intensity in 
the 1000–1020       cm �     1  range ( Rimai et al ., 1973 ;  Schulz  et al ., 2005a ). With increasing 
numbers of conjugated C �     C groups in the carotenoid chain, the wavenumber positions 
of the peaks mentioned above decreases signifi cantly. As can be seen in  Figure 5.4   , a 
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Figure 5.4     FT-Raman spectra of (a) saffron stigma, (b) orange carrot root and (c) red tomato fruit.    



carotenoid band resulting from the C �     C group shifts from 1536       cm �     1  (crocetin) through 
1524       cm �     1  (lutein) to 1510       cm �     1  (lycopene). The individual carotenoid wavenumber 
positions of numerous horticultural species are presented in  Table 5.3   . The fact that a 
remarkable downward shift in the polyene chain of increasing lengths can be observed 
allows simultaneous detection of different carotenoids (such as   -carotene and lycopene) 
with the same measurement. Applying Raman mapping based on the characteristic C �     C 
stretching vibrations for 7-, 8-, 9- and 11-conjugated systems, the distribution of differ-
ent carotenoids can be determined at the same time ( Baranski et al ., 2005 ;  Schulz  et al ., 
2005a ;  Baranska  et al ., 2006a ) ( Figure 5.5   ). Fruit ripening of various species can also 
be followed by Raman spectroscopy measurements. During the ripening process, caro-
tenoids resulting from the xanthophyll pathway decline while other are accumulated. 

Table 5.3    Wavenumber positions of most important carotenoid vibrational modes obtained from measurements of various fresh 
plant tissues (the number of double bonds in conjugated system is shown in brackets) (according to  Schulz et al., 2005a )

 Plant name  Sample   �  1  (cm      �     1 )   �  2  (cm      �     1 )   �  3  (cm      �     1 )  Carotenoids 

 Saffron  Dry spice  1536  1165  1020  Crocetin (7) 
Crocus sativus  L.  Stigma         
 Chamomile  Pollen  1529  1157  1006  Carotenoid (8) 
Chamomilla recutita L.            
 Marigold 
Calendula offi cinalis  L. 

 Pollen  1524  1157  1004  Lutein (9)
Antheraxanthin (9) 

 Nectarine  Fruit  1527  1157  1005    -cryptoxanthin (9) 
Prunus perica  L. var.  nucipersica            
 Carrot  Yellow root  1527  1157  1006  Lutein (9) 
Daucus carota  L.           
 Carrot  Leaf  1526  1157  1004  Lutein (9) 
Daucus carota  L.           -carotene (9)
 Basil  Leaf  1525  1158  1005  Lutein (9) 
Ocimum basilicum  L.             -carotene (9)
 Broccoli  Flower  1524  1157  1005  Lutein (9) 
Brassica oleracea  var.  italica  L.             -carotene (9)
 French bean  Green pod  1524  1157  1005  Lutein (9) 
Phaseolus vulgaris  L.             -carotene (9)
 Corn  Seed  1522  1157  1005  Zeaxanthin (9) 
Zea mays  L.           
 Pumpkin  Fruit  1524  1157  1009    -carotene (9) 
Cucurbita pepo  L.           
 Apricot  Fruit  1524  1156  1003    -carotene (9) 
Prunus armeniaca  L.           
 Carrot  Orange root  1520  1156  1007    -carotene (9) 
Daucus carota  L.           
 Annatto 
Bixa orellana  L. 

 Seed
Seed in CCl 4

 1518
1523

 1154
1155

 1011
1008

cis -bixin (9)
trans -bixin (9) 

 Pepper  Red fruit  1517  1158  1004  Capsanthin (9) 
Capsicum annuum  L.           
 Watermelon  Fruit  1510  1158  1008  Lycopene (11) 
Citrullus lanatus  Thumb.           
 Tomato  Fruit  1510  1156  1004  Lycopene (11) 
Lycopersicon esculentum  Mill.  Purée  1510  1156  1006  Lycopene (11) 
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It has been shown that different ripening stages of bell pepper ( Capsicum annuum ), from 
green through pale green to red, show strong bands representing the decrease of lutein 
(1526       cm �     1 ) and increase of capsanthin (1517       cm �     1 ) content during fruit ripening. 

  Other natural pigments 
 In recent years, several attempts have been made to collect Raman data from different 
plant fl avonoids.  Merlin et al . (1985, 1994)  recorded resonance Raman spectra of six 
common anthocyanidins and some of their glycosylated derivatives from acidic aque-
ous solutions. The authors observed that the spectral range between 500 and 900       cm �     1

signifi cantly correlates with the glycosylation pattern. It was found that anthocyanidin-
3-glycoside showed a strong resonance Raman signal close to 540       cm �     1 , while 3,5-
di-glycoside exhibited the strongest feature in the range close to 630       cm �     1 . Resonance 
Raman spectra were also successfully obtained from vacuoles of the wine berries ( Vitis 
vinifera ) ( Merlin  et al ., 1985 ), aiming to detect the main pigment malvidin-3-glucoside. 
In the petals of common mallow ( Malva sylvestris ), malvidin 3,5-diglycoside could be 
detected in its cationic fl avylium form. 

 Several fl avones, widely distributed in the plant kingdom, have been measured as 
pure substances in order to study their vibrational frequencies ( Vrielynck  et al ., 1994 ). 
Generally, the carbonyl stretching frequency was found at approximate 1652       cm �     1  as 
a large and strong band. Furthermore, several  �  (C–C) vibrations that gather the char-
acteristic modes of substituted benzene are located in the range between 1600 and 
1400       cm �     1 . Finally, a band detected at 1000       cm �     1  was assigned as a  “ breathing ”  mode 
of the ring system. 

 Detailed structural studies have been performed on quercetin. A theoretical model 
has been validated by both vibrational and electronic spectroscopies. In this context, 
the positions of calculated and observed wavenumbers in the region between 600 and 
1800       cm �     1  are compared with each other and the individual vibrational modes are 
assigned ( Cornard  et al ., 1997 ). 

5 mm 1 mm 500 μm 500 μmmin max

(a) (b) (c) (d)

Figure 5.5     Raman maps obtained from a section of orange  “ Bolero ”  F 1  root with mapping increment of (a) 500        � m, (b) 100        � m and 
(c) 25        � m, respectively. The maps are colored according to the band intensity in the range of 1517–1523       cm �     1  related to the   -carotene 
content in the carrot root. (d) Microscopic image of the same fragment as in map (c), stained with toluidine blue; od, oil duct; pr, 
phloem rays.    



 It has been demonstrated that micro-Raman spectroscopy in combination with sev-
eral chemometric methods allows discrimination between the two sources of natural 
indigo in Indigofera tinctoria  and  Isatis tinctoria  ( Vandenabeele and Moens, 2003 ).
The band positions corresponded with the detailed interpretation which was already 
provided by  Tatsch and Schrader (1995) .

  Polyacetylenes 
 Beside carotenoids, –C � C– stretching modes of polyacetylenes also show strong and 
polarized bands in the Raman spectrum between 2100 and 2300       cm �     1 .  Schrader  et al . 
(2005)  observed that the number of triple bonds as well as substituents infl uence the 
position of the –C � C– signals. Falcarinol and falcarindiol, the most bioactive poly-
acetylenes in carrot roots, present intensive bands at 2258 and 2252       cm �     1 , respec-
tively ( Baranska  et al ., 2005a ;  Baranska and Schulz, 2005 ). Applying micro-Raman 
mapping, it was found that the accumulation of polyacetylenes is mainly located in 
the outer section of the carrot root. It is assumed that polyacetylenes occur in vascu-
lar bundles in young secondary phloem as well as pericycle oil channels in the vicin-
ity of the periderm ( Baranska  et al ., 2005a ). In the dried roots of American ginseng 
(Panax quinquefolium ), falcarinol as well as its epoxy derivative (panaxydol) has also 
been found in detectable amounts, showing a characteristic Raman signal at 2260       cm �     1

( Baranska  et al ., 2006b ). However, the authors observed that this polyacetylene band 
shifts to 2237       cm �     1  when fresh root samples are measured. It is assumed that polyacet-
ylenes form a stable hydrat complex that is broken after dehydration of the fresh gin-
seng root. The application of Raman mapping proves that polyacetylenes are stored in 
special channels which are mainly located in the outer parts of the root. Other Raman 
studies were aimed at discriminating Korean ginseng ( Panax ginseng ) cultivated in 
Korea and China. In combination with pattern recognition techniques such as principal 
components analysis (PCA) and partial linear squares (PLS), the two geographical cul-
tivation areas could be successfully differentiated into clearly separated groups ( Woo 
et al ., 1999 ). To build the calibration model, spectral data from 250 to 1700       cm �     1  were 
used, since most structural and chemical information appeared in this region. Various 
plant polyacetylenes have also been detected in fool ’ s parsley ( Aethusa cynapium ) and 
chamomile ( Chamomilla recutita ) ( Andreev  et al ., 2001 ). 

  Essential oils 
 In recent years numerous studies have been performed to characterize essential 
oils obtained from various species by applying NIR, IR and Raman spectroscopic 
methods ( Schulz and Baranska, 2005, 2007 ). Mostly, the Raman spectra obtained 
from essential oils demonstrate characteristic key bands that can be used as mark-
ers for chemotaxonomic discrimination of different species or chemotypes. In order 
to identify the individual group sequences, the interpretation is usually based on 
Raman spectra of the pure analytes ( Daferera  et al ., 2002 ;  Schulz  et al ., 2002, 2004a ;
 Baranska  et al ., 2005b ). Various essential oils hydro-distilled from species belong-
ing to the genera Origanum, Satureja, Thymbra, Coridothymus, Thymus, Lavandula, 
Salvia, Rosmarinus, Sideritis, Calamintha  and  Ziziphora  were analyzed by Raman 
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spectroscopy ( Schulz  et al ., 2005b ). All spectra of these plants collected in Turkey 
present some characteristic key bands which can be assigned to the main essential 
oil components, such as carvacrol, thymol, p-cymene,  � -terpinene, 1,8-cineole, cam-
phor,   -pinene,   -caryophyllene and pulegone. It is even possible to differentiate the 
isomeric substances thymol and carvacrol. Whereas the ring vibration mode of thy-
mol is seen at 740       cm �     1 , for carvacrol this corresponding signal appears at 760       cm �     1 . 
Characteristic out-of-plane CH wagging vibrations can also be seen for the other ter-
penoids mentioned above (for  � -terpinene at 804       cm �     1 , for  � -terpinene at 756       cm �     1 , 
for 1,8-cineole at 652       cm �     1  and for camphor at 649       cm �     1 ). Raman spectra of several 
commercial oils obtained from anise ( Pimpinella anisum ), fennel ( Foeniculum vul-
gare ), cumin ( Cuminum cyminum ), dill ( Anethum graveolens ), caraway ( Carvum
carvi ), coriander ( Coriandrum sativum ), carrot ( Daucus carota ), lavender ( Lavandula
angustifolia ), gentian species ( Gentiana lutea  and  Gentiana punctata ) and spike lav-
ender ( Lavandula spika ) were also measured, and the results compared with spectra of 
pure standards in order to analyze their chemical composition ( Andreev  et al ., 2001 ; 
 Strehle  et al ., 2006 ). It has been found that the chemometrical interpretation of the 
Raman data correlate very well with analysis results measured with GC/MS meth-
ods. Application of FT-Raman spectroscopy for the evaluation of essential oils from 
marjoram and oregano showed remarkable variation, relating to the different genetic 
background of the individual plant ( Baranska  et al ., 2005b ). 

 Main components of  Eucalyptus citriodora  and  Eucalyptus globulus  have been rec-
ognized using the spectral information of the related pure terpenoids ( Baranska  et al ., 
2006c ). A combination of Raman spectroscopy and hierarchical cluster analysis has been 
proved to provide a fast, easy and reliable method for chemotaxonomical discrimination 
of the individual eucalyptus species or proveniences. It has been found that analysis nar-
rowed to the 1400–1750       cm �     1  range, where characteristic signals of components other 
than 1,8-cineole occur, allows differentiation between  E. globulus  oil originating from 
Australia and from China. Furthermore, for the fi rst time a calibration equation has been 
developed to predict reliably the 1,8-cineole content in essential oils of  E. globulus . 

 Other Raman studies focused on the analysis of peppercorn, pepper oleoresins and 
pepper oil, which show broad variation according to the provenience (cultivar), climate 
and ripening stage of the harvested peppercorns ( Schulz  et al ., 2005c ). Most of the 
well-resolved Raman signals detected in the peppercorns and the related oleoresins 
have been assigned to piperine, representing the pungent principle of these products. 
However, the volatile fraction in various commercial pepper samples could also be suc-
cessfully classifi ed according to different types ( Figure 5.6   ). 

 Chemotaxonomical studies have also been performed on various  Mentha species
( Rösch  et al ., 2002 ). In this context, micro-Raman spectra of fi ve different mint 
species ( M. spicata spicata ,  M. spicata crispata ,  M.  	 piperita citrata ,  M.  	 piperita 
pallescens and  M.  	 piperita piperita ) have been collected. In order to obtain an opti-
mal classifi cation of these mint types, a hierarchical cluster analysis was performed 
in the spectral range between 520 and 1690       cm �     1 . 

 A number of essential oils hydro-distilled from various  Lamiaceae  species have also 
been recognized by FT-Raman spectroscopy ( Rösch  et al ., 1999 ;  Daferera  et al ., 2002 ). 
The authors present the spectra of lavender, sage, pennyroyal, oregano, thyme, dictamus 



and marjoram, and provide assignments of the individual Raman bands which were 
based on spectral data of pure essential oil substances ( � -terpinene,  � -terpinene, thy-
mol, carvacrol, p-cymene,  � -terpineol,   -myrcene, eucalyptol, camphor, pulegone, 
menthone). The Raman spectra were found to be in good agreement with the corre-
sponding GC-MS data even in cases of isomeric substances (e.g. thymol and carvac-
rol), which contributes to additional information that can be used for rapid quality 
control purposes. 

 Another study demonstrated that FT-Raman spectroscopy is a very useful tool to dis-
criminate many Apiaceaeous species, including those of similar morphology ( Baranski 
et al ., 2006 ) ( Figure 5.7   ). Because the spectroscopically analyzed seeds germinated 
and developed into normal seedlings, this method seems to be of considerable impor-
tance for the evaluation of seed material stored in  ex situ  collections, even when a very 
limited number of seeds are available. 

 Besides Raman analysis of isolated essential oils, several  in situ  mapping experi-
ments of cross-sections or surfaces have also been successfully performed.  Strehle 
et al . (2006)  described measurements on the endosperm region of anise fruits indicat-
ing the essential oil droplets which are detected in the wavenumber region between 
1574 and 1618       cm �     1  according to the marker band of anethole at 1604       cm �     1 . Similar 
results have been obtained for measurements on fennel fruits ( Strehle  et al ., 2005 ). 
Here, the essential oil was predominantly found in the outer part of the fennel fruit 
(pericarp). Contrary to this, the endosperm region of the analyzed fennel fruits 
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present mainly Raman bands which have been assigned to fatty oil (region between 
1632 and 1670       cm �     1 ). 

 Attempts have also been made to investigate the essential oil in  Eucalyptus globu-
lus  and  Eucalyptus cinerea  ( Baranska  et al ., 2005c ). Spectra taken directly in the oil 
droplets of the eucalyptus leaves show a strong marker band at 652       cm �     1  due to the ring 
deformation vibrational mode of 1,8-cineole. Integration of this Raman signal provides 
information about the essential oil distribution over a eucalyptus leaf. Furthermore, 
a Raman image based on the carotenoid signal at 1525       cm �     1  has been obtained. This 
Raman map proves that carotenoids occur mainly outside the essential oil cavities. 

 Raman spectra recorded from essential oils that were hydro-distilled from differ-
ent basil chemotypes show characteristic fi ngerprints, allowing discrimination of the 
individual plant species and subspecies ( Schulz  et al ., 2003 ). As shown by  Schulz 
et al . (2005c) , the pungent principal as well as the main components of pepper oil give 
characteristic Raman signals which can be used for quality control purposes. Cluster 
analysis applied to Raman data sets of three different pepper oil types succeeded in 
discriminating these subgroups, which differ mainly in their content of sabinene, cary-
ophyllene and  � -3-carene. Most of the well-resolved Raman signals detected in the spec-
tra obtained from green, white and black peppercorns were assigned to piperine, which 
is known to be the main pungent principal in pepper. Integration of specifi c piperine key 
bands allows localization of the distribution of the alkaloid in whole pepper-berries. 

  Miscellaneous plant substances 
 Poppy ( Papaver somniferum ) seeds with very low alkaloid content are widely used, 
especially in Europe, in bakery products. In this context, several attempts have been 
made to reduce the content of morphine and other alkaloids in the seeds by breeding 
experiments. It has been observed that cluster analysis based on Raman spectros-
copy data allows effi cient discrimination between  “ low-alkaloid ”  and  “ high-alkaloid ”  
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Figure 5.7    Dendrogram showing classifi cation of  Daucus broteri ,  Daucus capillifolius  and  Daucus pusillus  individual 
seeds after cluster analysis of the single spectra at the wavenumber ranges of 500–900, 1500–1745 and 2800–
3000       cm �     1  using the fi rst two factors for calculation of spectral distances and the Ward ’ s algorithm. 



individual poppy plants ( Schulz et al ., 2004b ). Raman spectra obtained by excita-
tion at 1064       nm show no disturbing fl uorescence effects, and the plant tissue can be 
assessed without applying any sample pre-treatments. 

 Several Raman studies have been performed to obtain more detailed information 
about plant cell walls and their constituents, such as pectins, proteins, aromatic phe-
nolics, cellulose and hemicellulose. It has been demonstrated that the individual spec-
tral features of the analyzed species refl ect characteristic differences which principally 
opens the possibility of a chemo-taxonomic classifi cation based on Raman spectra 
(Séné et al ., 1994). 

 Micro-Raman spectroscopy has also been applied to measure the pectin in raw potato 
tubers, showing a unique galactoronic methyl ester peak in the area of 1745       cm �     1  (ester 
carbonyl C     �     O stretch). Other pectin signals were observed at 858       cm �     1  ( � -anomer 
carbohydrate, indicating a very low degree of esterifi cation) and at 1455       cm �     1  (ester 
O–CH3  stretch band). 

 Stellacyanin, a copper-containing glyco-protein occurring in cucumber ( Cucumis 
sativus ), has been isolated and characterized by resonance Raman spectroscopy 
( Nersissian  et al ., 1996 ). According to earlier Raman measurements performed on the 
Japanese lacquer tree Rhus vernicifera  ( Nestor  et al ., 1984 ), the most intense signals 
in the stellacyanin spectrum were found in the range between 340 and 430       cm �     1 ; these 
are due to Cu–S (cysteine) stretching modes. 

 At present, only limited information is available regarding the chemical com-
position of various fruit waxes which serve as protection against pest and disease 
( Prinsloo  et al ., 2004 ). This is the reason why attempts have been performed to study 
the epicuticular wax layer of mango ( Mangifera indica ) by Raman microscopy. The 
spectroscopic measurements prove that two morphologically distinct parts can be 
found in the wax layer.   

  Meat and animal fats 

 In order to distinguish different meat species, Raman spectra of chicken and turkey 
meat from breast and leg muscles were measured ( Ellis et al ., 2005 ). Generally, a 
strong baseline shift caused by fl uorescence of the meat samples has been observed 
even at NIR laser excitation. Nevertheless, by applying principal component discri-
minant function analysis (PC-DFA) it could be clearly seen that major discrimination 
was between the leg and breast muscle due to the different biochemical nature of the 
muscle types. Smaller spectral differences were obtained for meat species; however, in 
spite of this fact most of the test data were assigned to the right muscle type. 

 Several years ago some attempts were made to obtain Raman spectra of intact single 
muscle fi bers ( Caille  et al ., 1987 ) and to determine myosin located in the myofi bers 
( Asher  et al ., 1976 ). Furthermore, the potential of Raman spectroscopy for the objec-
tive determination of sensory quality attributes has been tested ( Beattie et al ., 2004 ). In 
this context, comparatively good prediction quality was achieved when the Raman data 
were used to describe the texture of the meat, the degree of tenderness and the degree 
of juiciness. The Raman spectra were obtained using the 785       nm excitation wavelength, 
and the meat tissue samples were presented on a metallic rotating spit with the long axis 
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of the myofi bers perpendicular to the incident laser beam. The main difference between 
the Raman spectra of the toughest and most tender samples was seen in a change of 
protein bands; tougher meat was found to show increases at 1669, 1235 and 1006       cm �     1 , 
correlating with a higher content of a   -sheet-containing protein in the tough meat. 
Another signal located around 670       cm �     1 , which is interpreted as an S–S stretching 
mode, shows a positive correlation with the sensory testers ’  acceptability of texture. It 
is assumed that the disulfi de groups are involved in inter- as well as intra-polypeptide 
bondings, resulting in a signifi cant increase of stability of the three-dimensional 
protein structure. 

 Other studies using a laser suffered from the fact that the 1064       nm excitation wave-
length was too close to the third overtone of the O–H stretches, which caused the spec-
tral information from aqueous compartments almost to vanish ( Brøndum  et al ., 2000 ). 
In spite of the fact that several Raman signals could be successfully identifi ed, such as 
aliphatic and aromatic C–H stretches, amides I and II, aromatic C �     C stretching vibra-
tions as well as sharp peaks of substituted phenylic substances (e.g. phenylalanine), 
PCA interpretation of the Raman data presented no clear discrimination of different 
porcine meat samples according to pre-slaughter stress and warmed-over fl avor. 

 Preliminary studies have also been performed to investigate whether Raman spec-
troscopy can be useful in measuring the water-holding capacity (WHC) of meat 
( Pedersen  et al ., 2003 ). Based on the Raman data collected from 14 different meat 
samples in the wavenumber range between 3200 and 500       cm �     1 , a very good predic-
tion quality could be achieved (R      �      0.98, RMSECV      �      0.27%). In order to describe 
the WHC of meat, the most important information is provided from the spectral 
regions 3128–3071       cm �     1  and 951–876       cm �     1 . It is assumed that these Raman regions 
contain mainly changes of NH stretching of primary amides in proteins and second-
ary structure information represented by the  � -helical band occurring at 940       cm �     1 . 

 Several years ago some studies were performed to study the conformation of 
selected polypeptides and proteins in the solid state and in aqueous solution ( Lin and 
König, 1976 ). In this context, Raman spectra of bovine serum albumin (BSA) were 
recorded in the solid state, in alkaline and acidic solutions, and in the gel. Glutamic 
and aspartic acids were found to comprise approximate 22% of the amino acid resi-
dues in BSA. Dissolution of BSA in 0.1N NaCl solution caused a downshift in amide-
I frequency from 1658       cm �     1  to 1652       cm �     1 . The S–S stretching mode was observed at 
506       cm �     1 . 

 Generally, three-dimensional structures derived from X-ray crystallography are very 
important to elucidate structure–function relationships for proteins. However, not all 
food proteins (for example, casein) can be crystallized. Therefore, some attempts have 
been made to predict the secondary structure of these proteins by Raman and FT-IR 
spectroscopic data based on sequence analysis results ( Farrell  et al ., 1993 ). The three-
dimensional structure of   -casein, representing approximate 36% of bovine casein, 
was successfully predicted from Raman spectroscopy data applying molecular mode-
ling techniques ( Kumosinski  et al ., 1993 ). The structure obtained by this approach was 
found to be in good agreement with biochemical cleavage results for plasmin and chy-
mosin action on  -casein, but showed less agreement with small-angle X-ray scattering 
experiments. Nevertheless, the model clearly showed a loosely packed asymmetrical 



structure with an axial ratio of 2:1. Hydrophobic side chains were uniformly dispersed 
over one end and the center surface of the structure; the N-terminal end was found 
to be hydrophilic. Also, Raman spectra of three other globular proteins (beef pancreas 
chymotrypsinogen A, beef pancreas ribonuclease, hen egg-white ovalbumin) have been 
recorded in the solid state and in aqueous solution ( König and Frushour, 1972 ). The 
frequencies and intensities obtained for amide I and III signals were in good agree-
ment with assignments of other polypeptides. The comparatively high intensity of the 
amide III band is related to a low fraction of the residues in the  � -helical conformation. 
Furthermore, a Raman spectrum of thermally denatured chymotrypsinogen showed a 
decrease of the amide I frequency (3       cm �     1 ). This fi nding is consistent with the present 
knowledge of the denaturation mechanism, that only slight changes in the secondary 
structure but an increase in solvent penetration is observed upon going from the native 
to the reversible denaturated state. 

  Milk and dairy products 

 It is well known that Raman spectroscopy is a valuable technique to obtain detailed 
information regarding the secondary structure of milk proteins. Therefore, several stud-
ies have been performed to obtain structural data of model proteins occurring in milk 
and various dairy products (e.g.  � -lactalbumin,   -lactoglobulin,  � -casein,   -casein, 
� -casein, lysozyme, ovalbumin, ovomucoid and ovotransferrin) ( Alizadeh-Pasdar  et al ., 
2004 ). The main signals detected in the Raman spectra were assigned as tryptophanyl 
ring vibrations (760       cm �     1 ) and CH stretching vibrations (2800–3100       cm �     1 ) arising from 
amino acid side chains. Bands appearing near 2874–2897       cm �     1  are due to CH 3  sym-
metrical stretching and R 3 C–H stretching bands of aliphatic amino acids, while  � C–H 
stretching bands of aromatic acids can be found around 3061–3068       cm �     1 . Furthermore, 
aromatic as well as aliphatic amino acids show characteristic C–H stretching bands 
between 2935 and 2955       cm �     1  ( Howell  et al ., 1999 ). Basic studies for evaluating the con-
formation of the major milk proteins (such as casein) and of other food materials were 
performed ( Byler et al ., 1988 ;  Byler and Susi, 1988 ). Similar experiments were used 
to characterize the secondary structure of casein in various cheeses obtained from ewe 
milk ( Fontecha  et al ., 1993 ). The Raman bands observed at 1609 and 1616       cm �     1  were 
assigned to ring vibrations of side-chain aromatic amino acids, whereas one of the most 
prominent bands, appearing at 1655       cm �     1 , was related to the  � -helix segments of casein. 
Bands responsible for the   -sheet structures were identifi ed at 1630       cm �     1 . During ripen-
ing, an increase in  -sheet structures could be deduced from the intensity increase at 
1630       cm �     1 . At the same time, Raman bands due to  � -helices decreased. Conformational 
changes of � -lactalbumin associated with lyophilization and crystallization were inves-
tigated by Raman scattering ( Yu, 1974 ). In the amide III region, three peaks at 1272, 
1258 and 1238       cm �     1  were found which correlate very well with those of pure lysozyme, 
indicating that � -lactalbumin may have a conformation similar to that of hen ’ s egg-white 
lysozyme ( Figure 5.8   ). 

 The molecular structure of whey protein, isolated from fresh raw milk, was also 
characterized by FT-Raman spectroscopy ( Liang  et al ., 2006 ). For the fi rst time, FT-
Raman spectroscopic investigations of the immunoglobulin (Ig) occurring in small 
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amount in cow ’ s milk were described. It was found that the secondary structure of 
Ig is dominated by anti-parallel   -pleated sheet. Spectra of bovine serum albumine 
clearly reveal that the secondary structure of this whey component is largely in 
� -helix form, as supported by the amide I at 1656       cm �     1  coupling with amide III around 
1260–1280       cm �     1 . The numerous disulfi de bridges which play an important role in 
stabilizing the individual protein structure give characteristic Raman bands diverg-
ing in the range between 510 and 540       cm �     1 . This indicates that the conformation of 
disulfi de groups in the analyzed whey protein substances is different. 

A

B

C

Wavenumber (cm�1)

R
am

an
 in

te
ns

ity

29
93

28
52

16
56

14
40

13
01

10
80

32
20

29
36

29
34

16
61

14
54

13
39 10

03

50
775

9

89
9

10
10

11
04

13
3514

47

16
60

30
60

15
52

3500 3000 2500 2000 1500 1000 500

Figure 5.8     FT-Raman spectra of (a) hen ’ s yolk, (b) hen ’ s egg-white and (c) pure lysozyme.    



 Caseins constitute about 80% of the protein occurring in bovine milk. The two 
major components are �S1 - and   -casein, which have different secondary structures. 
Improved investigation to characterize the secondary structure of caseins was achieved 
by applying resolution-enhanced laser Raman spectroscopy ( Byler  et al ., 1988 ). In this 
context, lyophilized proteins ( �S1 -casein,   -casein, a natural mixture of bovine whole 
casein and micelles of the natural mixture in presence of Ca 2     �  ions) were measured in 
the frequency range between 1580 and 1720       cm �     1 . In addition, the Raman spectrum of 
 -casein was also recorded in deuterated water. The obtained results showed that  �S1 - 
and  -casein possess approximate 10% helical structure, about 20%   -structure and 
between 20% and 35% turns. Furthermore, it could be seen that freeze-dried micelles 
in the presence of Ca 2     �  ions contain an increased number of turns and higher amount 
of  -structure in comparison with  �S1 - and   -caseins. 

  Rudzik  et al . (2004)  presented for the fi rst time the distribution of tyrosine crystals, 
using micro-Raman mapping experiments. As shown in  Figure 5.9   , the Raman spectrum 
obtained from the center of the tyrosine crystal correspond exactly with the spectrum of 
a pure tyrosine standard, whereas the spectrum recorded from the cheese outside the 
crystal is dominated by lipid and amide signals. The intense Raman signals observed in 
the frequency range 830–850       cm �     1  were used for integration of the mapping data. 

 Raman measurements of various milk-fat samples containing 2.68% conju-
gated linoleic acid present well-resolved bands with different scattering intensities 
( Meurens  et al ., 2005 ). Three specifi c signals associated with the  cis, trans  conju-
gated C �     C in the rumenic and  trans -10,  cis -12-octadecadienoic acids were found 
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at 1652, 1438 and 3006       cm �     1 . These Raman signals could be successfully used to 
accurately predict the linoleic acid concentration in milk fat.  

  Beverages 

 As already mentioned above, carotenoid molecules are strong Raman scatterers. 
Therefore, non-destructive resonance Raman spectroscopy is extremely valuable 
as a rapid screening method to continuously monitor fruit or vegetable juices during 
processing.  Bhosale  et al . (2004)  measured juices made from carrot, tomato, orange 
and grape and compared the results with those obtained by extraction and subsequent 
HPLC, and found a high correlation between the total carotenoid content (as estimated 
by HPLC) and the individual Raman signals at a wide range of carotenoid levels natu-
rally occurring in the analyzed juices. The prediction of the quality of juice by Raman 
measurements was improved when the samples were diluted with water to lower both 
scattering and optical density. Thus, the total carotenoid content measured by HPLC 
and Raman responses, respectively, was found to be well-correlated and statistically 
signifi cant (R      �      0.98, P      �      0.003). Although the described method provides a potential 
value for the assessment of carotenoid levels in juices, the authors stress that Raman 
spectroscopy will never completely replace HPLC because several carotenoids cannot 
be distinguished by the spectroscopic method. 

 It was found that Raman signals due to carotenoids at around 1155 and 1525       cm �     1 , 
obtained from the surface of orange peel, increase during the ripening process, reach-
ing a maximum level at harvest time, and then decrease ( Taniguchi  et al ., 1993 ). 
Interestingly, the intensity of carotenoid Raman bands correlates very well with the 
sugar/acid ratio of the orange juices obtained from the individual fruits. Therefore, the 
same authors proposed using the Raman spectra of orange peels as a method of screen-
ing the sweetness of oranges. Similar attempts have also been described for evaluating 
(non-destructively) the sweetness of musk-melons. 

 In order to study the hydrogen-bonding properties of water–ethanol of alcoholic bev-
erages and water–ethanol mixtures of the corresponding ethanol contents, the Raman 
OH stretching vibrations observed at 3200 and 3400       cm �     1  ( Nose  et al ., 2004, 2005a, 
2005b ) were analyzed. The large OH stretching bands of H 2 O were measured at differ-
ent temperatures ranging from 5°C to 65°C to investigate the effect on the hydrogen-
bonding strength in a 15% (v/v) ethanol–water mixture and in Japanese sake samples. 
The authors observed that the peak intensity of strongly hydrogen-bonded OH at  ca . 
3200       cm �     1  decreased and at the same time the other peak of non- or weakly hydrogen-
bonded OH at ca . 3400       cm �     1  increased when the temperature of the sample decreased. 
Thus the ratio of peak intensities (I 1       �      3200       cm �     1 /I 2       �      3400       cm �     1 ) can be princi-
pally used to evaluate the degree of the hydrogen-bonding strength of water–ethanol 
mixtures. 

 Raman spectroscopy has also been used to analyze different types of alcoholic 
beverages, such as whisky, vodka and sugary drinks ( Nordon et al ., 2005 ). Based 
on the comparatively strong and sharp signal observed at 880       cm �     1 , which is attrib-
uted to the symmetric C–C–O stretch of ethanol, the alcohol content in the individ-
ual spirits can be analyzed. The authors found that a univariate calibration model is 



suitable for reliable predictions. When spirit samples with ethanol concentrations in 
the range of 19.2–61.7% (v/v) were measured, a precision rate of 0.5% and an aver-
age accuracy of 2.9% were obtained. It was observed that the Raman signals were 
not limited by the diameter when the samples were measured directly in the original 
glass round bottles. However, the color of the glass was found to have a signifi cant 
infl uence on the Raman spectrum, and the green bottles in particular showed com-
paratively high fl uorescence when a 785-nm laser was used for excitation. However 
whisky samples also presented a large fl uorescent background caused by certain 
components of the spirit. 

  Ozaki  et al . (1992)  compared the FT-Raman spectra of approximately 1-year-old 
Japanese tea with that obtained from fresh tea. The authors found that the relative 
intensities of carotenoid bands were much weaker in the spectrum of the old tea than 
in that of the fresh one. Based on the intensity ratio of the two bands measured at 
1529       cm �     1  (carotenoid signal) and 1446       cm �     1  (protein signal), the structural changes 
occurring during the storage period were monitored. It is proposed that these Raman 
signals can be used generally as marker bands to characterize the quality of certain 
foodstuffs, such as fruits and vegetables. 

 As demonstrated by  Rubayiza and Meurens (2005) , Raman spectroscopy also 
offers the opportunity to distinguish the botanical origin of green and roasted coffees. 
The lipid fractions of Coffea arabica  (Arabica) and  Coffea canephora  (Robusta) were 
successfully discriminated by applying PCA based on the obtained Raman data. The 
main spectral differences of both coffee species are due to variations in the content of 
kahweol, which is present at 0.1–0.3% dry matter in Arabica beans but occurs only in 
traces in Robusta beans. It has been found that the fi rst principal component explains 
93% of the spectral variation and corresponds directly with the kahweol level. A char-
acteristic Raman signal of kahweol can be seen at 1478       cm �     1 , which is associated 
with the C �     C stretching in the furan cycle of the molecule. 

 The seeds of guarana ( Paullinia cupana ), a shrub growing in the Brazilian Amazonian 
rainforest, have been analyzed by Raman spectroscopy for their content of caffeine, 
theophylline and theobromine. Whereas the caffeine content of  Guarana  is about four 
times higher greater than that of the commercial  Coffea  species, the two other alkaloids 
occur only in traces ( Edwards  et al ., 2005a ). 

 Similar studies have been performed on cacao seeds ( Theobroma cacao ), aiming to 
identify main fat constituents (oleic, stearic and palmitic acids) as well as the alkaloid 
theobromine ( Edwards  et al ., 2005b ). The Raman spectrum of powdered seed kernels 
showed characteristic theobromine bands at 1334       cm �     1  (C–N stretching), 1225       cm �     1

(C–N stretching), 946       cm �     1  (N–CH 3  stretching), 776       cm �     1  (O     �     C–C stretching), 
509       cm �     1  (C–N–CH 3  stretching) and 459       cm �     1  (C–N–C asymmetric deformation) 
( Figure 5.10   ). The presence of cacao butter was identifi ed by two bands at 1744 and 
1659       cm �     1 , representing the C �     O and C     �     C stretching modes of the fatty material. 

 For several years rooibos tea ( Aspalathus linearis ), an indigenous South African 
herbal tea, has been very popular in Europe and North America. It is assumed that vari-
ous phenolic substances (such as aspalathin) acting as potent antioxidants may possess 
the main therapeutic value. Usually quality control of fermented and unfermented rooi-
bos tea is performed by HPLC measurements, but recently non-destructive FT-Raman 
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spectroscopy was used for the fi rst time for  in situ  identifi cation of aspalathin and quan-
tifi cation of the dihydrochalcones in dried, so-called green rooibos ( Baranska  et al ., 
2006d ). Applying two-dimensional correlation spectroscopy, characteristic key bands 
of aspalathin (aromatic C–H out-of-plane deformation vibration at 784       cm �     1 ) could be 
successfully localized and identifi ed in the individual Raman spectra obtained from var-
ious rooibos samples. Based on this knowledge, Raman mapping revealed the spatial 
distribution of aspalathin within the intact dried plant material, demonstrating that this 
component is distributed heterogeneously in the sample, with the highest concentration 
in the inner part of the leaves. 

 Other natural remedies such as chamomile ( Chamomilla recutita ) and fennel 
(Foeniculum vulgare ), which are widely used as herbal teas to cure various human dis-
orders, have also been successfully characterized by Raman spectroscopy ( Baranska 
et al ., 2004 ). Raman mapping, obtained from transverse and longitudinal sections of 
fennel fruits show clearly the distribution of anethole, which is the main essential oil 
component to be found in the analyzed fennel chemotype. According to the litera-
ture, anethole was detected in the essential oil ducts located in the outer parts of the 
mericarp. Raman spectra obtained from chamomile infl orescence show strong signals 
in the range between 2150 and 2250       cm �     1  due to  cis - and  trans -spiroethers (poly-
acetylenes). Mapping experiments demonstrate that these substances with antibacte-
rial, antifungal and antimicrobial properties are accumulated in the middle part of the 
fl ower head. Simultaneously, it was found that carotenoids occur mainly in the pollen 
at the top of the fl ower heads. 
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Figure 5.10     FT-Raman spectra obtained from (a) cacao bean and (b) pure theobromine.    



  Honey 

 Honey has always been a target of adulterators, for economic gain. Most adulterants 
are cane and beet invert syrups, which have a sucrose–glucose–fructose profi le very 
similar to that of honey. Generally, such honey adulteration is diffi cult to detect due 
to the high variation in chemical composition according to the different fl oral and 
geographical origins. 

 The potential of FT Raman spectroscopy to discriminate honey from three different 
fl oral sources (clover, orange, buckwheat) and to detect the amount of possible adulterants 
(cane and beet invert sugar) has been described ( Paradkar and Irudayaray, 2001 ) ( Figure 
5.11   ). The spectra obtained from different honey types showed major peaks in the area 
of 300–1500       cm �     1  as well as at 2945–3384       cm �     1 . A strong peak at 1072       cm �     1  has been 
assigned as bending vibration of C(1)–H and COH in carbohydrates, with a minor con-
tribution from the C–N of proteins and free amino acids. Another strong and sharp signal 
was detected at 1267       cm �     1  resulting from the vibration of C(6)–OH and C(1)–OH of car-
bohydrates with a minor contribution from the amide III vibration mode. Combination 
vibration of CH 2  groups with a minor contribution of carboxylic groups (due to amino 
acids of organic acids) can be seen as a sharp peak at 1461       cm �     1 . Stretching vibrations 
of CH and OH groups occur as broad peaks at 2945 and 3384       cm �     1 , respectively. PLS 
and PCR analyses were successfully used for quantitative and discriminant analysis of 
the analyzed honey samples. For clover honey, the prediction of adulterants such as beet 
and cane inverts gave reliable results (R 2       �      0.94, SEC             �      2.52%, SEP             �      2.20%). Similar 
trends were found for buckwheat and orange honey. 
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Figure 5.11    FT-Raman spectra of (a) fructose, (b) glucose and (c) orange honey.    
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 An FT-Raman spectroscopy method was also developed to predict the fructose and 
glucose content in various honey samples ( Batsoulis et al ., 2005 ). For the simultaneous 
determination of both sugars, the spectral range 1700–700       cm �     1  without any baseline 
correction was used. Based on HPLC reference data a PLS model was established, and 
by applying the calibration functions both substances were correctly predicted in 10 
unknown honey samples. Similar studies have also been performed by other research 
groups ( Goodacre  et al ., 2002 ;  Oliveira  et al ., 2002 ). Using the vibrational bands in 
the fi ngerprint region (500–1800       cm �     1 ), the authors succeeded in identifying the two 
major sugar components in honey – fructose and glucose – and at least one vibrational 
band was found to be characteristic for sucrose. Chemometric analyses showed that 
major differences between the different honey types were due to their botanical rather 
than their geographical origin.  Arvanitoyannis  et al . (2005)  applied multivariate analy-
sis and other statistical methods for grouping and detecting honey samples of various 
origins. AAS, HPLC, GC-MS, NMR, FT-Raman and NIR data were also included in 
these chemometric calculations. 

  Micro-Raman measurements 

 By combining Raman spectroscopy with microscopy, individual molecular information 
regarding various tissues can be obtained simultaneously at the cellular level. Using the 
point-mapping technique equipped with a xy  stage, it may take up to several hours to 
map a few square millimeters. New focal plane detector systems that allow recording 
of an entire row or even a particular area perform mapping in a much shorter time. 

 Raman microspectroscopy can be successfully applied in order to characterize the 
distribution of amygdalin in bitter almonds ( Prunus amygdalus ) across the cotelydon 
( Thygesen  et al ., 2003 ). In this research, the nitrile group of the cyanogenic glyco-
side substance was observed at 2240       cm �     1  as a strong band in the Raman spectrum 
( Figure 5.12   ). Based on this signal, a map was obtained indicating that amygdalin is 
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mainly present in the epidermis but occurs only in low amounts in the center of bitter 
almonds. This fi nding provides proof for the observation that amygdalin acts to prevent 
the attack of insects and fungi. 

 Besides amygdalin, fi ve other cyanogenic glucosides were also detected in the 
roots and leaves of cassava ( Manihot esculenta ) and the leaves of sorghum ( Sorghum 
bicolor ) ( Thygesen  et al ., 2004 ). The authors observed that the position of the nitrile 
triple bond frequency varies among the analyzed glycosides; those cyanogenic glyco-
sides that contain a neighboring aromatic ring show a C � N signal above 2240       cm �     1

(amygdalin, sambunigrin, dhurrin), whereas for the three aliphatic cyanogenic glyco-
sides (linamarin, linustatin, neolinustatin) this Raman signal is shifted to 2233       cm �     1 . 
Applying FT-NIR Raman spectrometry, only weak CN signals were seen in the spectra; 
these are related to the low content of cyanogenic substances in the plant tissue (0.01% 
in the leaves and 0.0008% in the root). Therefore, the authors developed a SERS-based 
method with gold colloids to improve the sensitivity of the CN group. This very sensi-
tive method allows measurement of weakly cyanogenic plants, but it requires a highly 
reproducible clean-up of the sample because the SERS signal starts to decrease imme-
diately after mixing the analyte with the gold colloid suspension. 

 Micro-FT-Raman experiments have been performed in order to characterize the 
distribution of active principals in selected medicinal plants and spices, such as fen-
nel ( Foeniculum vulgare ), chamomile ( Chamomilla recutita ) and curcuma ( Curcuma 
longa ) ( Baranska  et al ., 2004 ). The same technique has been used to identify and quan-
tify harpagoside in the secondary roots of devil ’ s claw ( Harpagophytum procumbens ) 
( Baranska  et al ., 2005d ). Some characteristic key bands due to the active principle 
were found in the frequency range 1600–1700       cm �     1 . According to the Raman spec-
trum of pure harpagoside, these signals were assigned to –C �     O, –C     �     C– and benzene 
ring stretching vibrations. 

 PLS models developed for harpagoside content provide suffi cient reliability to 
classify devil ’ s claw samples. Integration over the strongest harpagoside band (1618–
1656       cm �     1 ) demonstrates that the highest concentration can be observed in the outer 
part of the secondary root.  

  Pesticides and microorganisms 

 Current methods of analyzing residual pesticides on the surface of vegetable and fruits 
are mainly based on gas chromatography and high-performance liquid chromatography 
combined with mass spectroscopy. Because these analytical methods are time-consum-
ing and not easy to perform, a Raman method has been developed to detect pesticide 
residues on the surface of fruits ( Zhang  et al ., 2006 ). It has been shown that even small 
amounts of certain pesticides (Abameclin, Petroleumoil, Chongmanjue, Cypermethrin, 
Zhibaoboshi) can be easily identifi ed with 1064       nm excitation if the characteristic pes-
ticide signals are not overlapped by strong carotene bands. Whereas at 514.5       nm excita-
tion the fl uorescence background of the Raman spectra obtained from contaminated 
fruits shows comparatively high fl uorescence, at NIR excitation the resonance Raman 
effect of carotene is signifi cantly reduced and, besides strong carotene signals, char-
acteristic key signals of the individual pesticide compounds can also be successfully 
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recorded. Comparing the FT-Raman spectra of the fruits with those obtained from the 
pure pesticides, the contaminants left on the surfaces of pear, banana, Chinese goose-
berry, orange grapes, apple and longan could be conveniently detected. 

 Several attempts have been made to establish micro-Raman spectroscopy methods 
to directly classify single microorganisms ( Schuster  et al ., 2000 ;  Grun  et al ., 2007 ; 
 Kalasinsky  et al ., 2007 ;  Krause  et al ., 2007 ). In this context, discrimination between 
different bacteria species was performed regarding variations in pattern of gene expres-
sion, protein synthesis and metabolite accumulation. It has been proved that identifi -
cation of unknown bacteria species can be successfully performed if a robust Raman 
spectral library with numerous entries of various bacteria is collected in advance. 

 Latest research activities prove that FT-Raman spectroscopy can also be successfully 
applied for characterization and discrimination of different microorganisms, includ-
ing pathogens such as  Escherichia coli , on the surface of fruits. The spectral regions 
of 2800–3000       cm �     1  and 700–1500       cm �     1  were used to collect specifi c Raman data of 
the gram-negative types of  Legionella pneumophila , Aeromonades , Pseudomonas 
aeruginosa  and  Salmonella typhimurium  ( Yang and Irudayaraj, 2003 ). Although only 
minor spectral effects could be related to the individual microorganisms, discriminant 
analysis was able to demonstrate that six different types of microorganisms could be 
well classifi ed. Five different strains of  E. coli  were discriminated with an accuracy of 
100%. Because the food product can be placed directly in the focused laser beam with-
out the need for any sample pre-treatments, FT-Raman may have some potential in the 
near future as a fast evaluation method in specifi c fi elds of food safety analysis. 

  Conclusions 

 During the past 30 years various applications of Raman spectroscopy for an effi cient 
measurement of food substances have been developed. It has been found that, in par-
ticular, the FT-Raman technique is extremely useful for non-destructive analysis of 
intact fresh biomaterials without the need to apply any sample clean-up procedures. 
Using excitation with the radiation of the Nd:YAG laser line at 1064       nm, fl uorescence 
and photochemical degradation of food samples is effectively reduced to a minimum. 
By combining Raman spectroscopy and chemometric analysis methods, discrimina-
tion of different botanical and geographical origins or reliable classifi cation of dif-
ferent vegetable oils and fats as well as meat products can be successfully achieved. 
Furthermore, adulterations of various food materials can be identifi ed by chemomet-
rics if slight spectroscopic variations are observed in the measured samples. 

 FT-Raman spectra of fresh plant tissues are usually dominated by bands of caro-
tenoids. In addition, several herbs and spices show characteristic key bands of vari-
ous active principals such as alkaloids, essential oil substances or sulfur substances. 
Specifi c Raman bands obtained from measurements on meat, milk, cheese and egg 
can be used to predict the secondary structure of various food proteins such as casein, 
ovalbumin, and bovine serum albumin. Based on these data, correlations with various 
quality parameters such as texture and degree of juiciness of meat have been success-
fully performed. Combining micro-Raman spectroscopy with chemometric algorithms, 



a fast and easy characterization for different plant taxa can be generally achieved. 
Applying hierarchical cluster analysis, in most cases different species and sometimes 
even subspecies can be discriminated within the same genus. Microspectroscopy also 
allows spatially resolved investigation of heterogeneous food materials and ingredients. 
In this context, two different mapping techniques are available: applying line mapping 
changes in a specifi c chemical component can be regarded along a certain direction, 
whereas two-dimensional area mapping provides a spectroscopic image that can be 
directly compared to the visual image obtained by a light microscope. Dependent on 
the spatial resolution and the area to be analyzed, mapping experiments take several 
hours to days, even for FT-based instruments. 

 Several Raman methods presently applied for quality-control purposes have the 
potential to replace existing standard procedures such as GC, HPLC or other physico-
chemical measurements, but it must be mentioned here that this technique is usu-
ally not useful to confi rm adulterations at the mg kg �     1  or even  � g kg �     1  levels (except 
in substances presenting a very high Raman scattering or application of surface-
enhanced Raman scattering). Raman spectroscopy equipped with the fi ber-optic tech-
nique allows remote analysis and online monitoring of various quality parameters 
during food processing (e.g. during the wine-making process). 
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   Introduction 

 Food systems are dynamic, chemically complex and generally heterogeneous matri-
ces of large numbers of biological molecules, so analysis requires sensitive and spe-
cifi c yet rapid characterization tools. Vibrational spectroscopic methods, such as 
Raman and infrared spectroscopy, are considered to be rapid, non-destructive analyti-
cal techniques, and provide excellent molecular specifi city. A non-destructive vibra-
tional spectroscopic technique without the need for altering the physical form of the 
specimens for rapid evaluation of quality of raw materials and product is a necessity 
for the food industry. 

 A non-destructive technique must not cause chemical decomposition, mechanical 
disturbance or photothermal damage to the sample in examination during the analysis. 

  6
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An interferometry-based Raman technique with a near-IR excitation source, FT-Raman 
spectroscopy meets all of these requirements and is an emerging analytical technique 
for analyzing food products and raw materials.  

  Fundamentals of Raman spectroscopy 

 Raman spectroscopy has been gaining special interest in almost all fi elds of natural sci-
ences due to its ease of use, minimal sample preparation and high sensitivity towards 
the molecular structure and conformation of biological substances. Raman spectros-
copy is based on a special phenomenon called Raman scattering. When the incident 
light (a laser beam) is directed at a sample, a small portion of the light is scattered by 
the sample. The scattered light conveys information on the vibrational band energies of 
molecules. A plot of the intensities of the scattered portion of incident light versus the 
shifts in the frequency between the incident and scattered light is known as a Raman 
spectrum. 

 The molecular specifi city of Raman spectroscopy can be best explained by the 
basic theory of the Raman phenomenon. When it is exposed to a material, light, as 
a form of electromagnetic radiation made up of electric and magnetic fi elds, can 
oscillate with the position of an electron cloud of a chemical bond of the material. 
Oscillations of electron clouds result in emission of photons. The emission of pho-
tons due to the light-induced oscillation in electron cloud is said to be light scatter-
ing. Polarization  is a measure of how far an electron cloud could be driven from its 
equilibrium state by an external electric fi eld. Since only molecules with distorted 
electron densities or polarizabilities due to energy exchange are Raman active, 
Raman spectroscopy is considered to be selective in detecting apolar molecules, ring 
structures and double- or triple-bonded structures.  

  Raman band intensities and basis of qualitative 
aspects of Raman spectroscopy 

 The theory of Raman scattering can be explained by both quantum-mechanical and 
classical mechanical approaches ( Pelletier, 1999 ). The Raman phenomenon was 
discovered by Sir C.V. Raman in 1928. Placzek was the fi rst to develop a quantum-
mechanical model for Raman scattering in 1934. An empirical expression for Raman 
scattering intensity, I R , can be provided as follows ( Long, 2002 ):    
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   where c is the the speed of light (cm 2        s �     1 ), h is the Planck ’ s constant, I L  is the excita-
tion laser intensity (photons/s), N is the number of scattering molecules, �  denotes 
the molecular vibrational frequency (Hz),  �o  denotes the laser excitation frequency 



(Hz), �  is the reduced mass of vibrating atoms (g), k is the Boltzmann ’ s constant, 
T is the absolute temperature in K, �a� �   mean value invariant of the polarizability 
tensor and �a� �   anisotropy invariant of the polarizability tensor.   

 The above equation states that Raman scattering intensity is proportional to the 
number of molecules being illuminated. This relationship establishes the fundamen-
tal basis for quantitative analysis using Raman spectroscopy. The Raman scattering 
intensity also relies on the intensity of incident light, � , and the fourth power of the 
difference in frequencies of laser and associated molecular vibration, ( �o       �       � ) 4 . Thus, 
Raman scattering intensity can be increased by increasing the incident light intensity 
or by applying incident light of a higher frequency (shorter wavelength). Raman spec-
trometers can be divided into three categories based on the source of excitation. The 
dispersive Raman systems are equipped with a visible-range laser, UV-Raman spec-
trometers use UV range laser light sources, and FT-Raman set-ups include a near-IR 
laser, Nd:YAG ( neodymium-doped yttrium aluminum garnet ), which has the longest 
wavelength among all Raman spectroscopy lasers. A longer-wavelength excitation 
source is advantageous because it reduces the photodecomposition and fl uorescence 
effects to a great extent, but weaker Raman signals are produced. 

 Raman intensity can also be expressed in a form similar to the Lambert-Beer law 
of absorption ( Long, 2002 ), as 

I (I AK)pCR L�  (6.2)    

   where I R  is the measured Raman intensity (photons s �     1 ), I L  is the laser intensity 
(photons s �     1 ), A is the absolute Raman cross-section (cm 2  molecule �     1 ), K are the 
measurement parameters, p is the sample path-length (cm) and C is the concentra-
tion (molecule cm �     3 ).

 The K value involves experimental/instrumental parameters such as optical collec-
tion effi ciency and optical transmission of Raman spectrometer. The absolute Raman 
cross-section involves information regarding the light scattered from the molecule 
into a certain solid angle measured in steradians. Steradians are used to describe two-
dimensional angular spans in three-dimensional space. Normal Raman scattering has 
a cross-section in the range of 10 �     31� 10 �     28        cm 2  per molecule. This is quite low com-
pared with that of the fl uorescence of dyes, which can reach values of 10 �     16        cm 2  and 
higher. For this reason, classical Raman spectroscopy suffers from fl uorescence phe-
nomena interference. Fortunately, the use of near-IR lasers as the excitation source can 
avoid the fl uorescence problem. Unlike other Raman spectrometers, only FT-Raman 
instrumentation makes use of near-IR (1064       nm) lasers. 

  FT-Raman instrumentation 

 Fourier transform Raman spectroscopy is a specifi c Raman confi guration designed to 
collect fl uorescence-free and wavelength-stable measurements from a wide range of 
samples spanning crystals to biological tissues ( Chase, 1987 ).

 A classical FT-Raman spectrometer contains an excitation source, a Nd:YAG laser, 
to produce photons in the near-IR region (1064       nm), a sampling unit with proper 
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collection optics, an interferometer comprising a fi xed and moving mirrors, and a detect-
ing unit. A schematic representation of the FT-Raman set-up is given in  Figure 6.1   . 
A He-Ne laser (633       nm  “ red ”  excitation) is made collinear to the excitation laser to 
aid in obtaining the most proper optical alignment. In addition to guiding the Nd:
YAG laser, the He-Ne laser in FT-Raman instrumentation functions as the reference 
laser for the operation of the Michelson interferometer. A line fi lter helps to fi lter 
plasma lines, and the light is focused on a sample sitting in a sample compartment. 
In FT-Raman experiments, there is no need for sample preparation and the signal can 
be collected virtually from food samples in any physical state. The scattered light is 
then collected using either 180° or 90° back-scattering geometry, and passes through 
a dielectric fi lter to cut off the 1064 and 633       nm laser lines before entering the detec-
tor, which can be nitrogen cooled Ge (germanium) or room temperature InGaAs 
(indium gallium arsenide). 

 The key component of an FT-Raman spectrometer is the Michelson interferometer, 
composed of two perpendicular plane mirrors; one is fi xed (or known as the  dynami-
cally aligned  mirror) and the other is the moving mirror (known as the  scan mirror ). 
A beam-splitter is used to refl ect the incident light partially (often 50%) to the fi xed 
mirror and partially to the moving mirror. The moving (scan) mirror has a constant 
velocity through which an optical path difference between these two beams is intro-
duced. The beam transmitted from the fi xed mirror and the beam refl ected from the 
moving mirror are combined into the detector, which detects an interference pattern 
and transfers it into an electric signal.  

Michelson
interferometer

He-Ne laser
633 nm

Nd: YAG laser
1064 nm

Plasma line
filter

Focusing
lens

Sample

Detector

Dielectric
filter

Figure 6.1     Schematic representation of an FT-Raman spectrometer.    



  Applications of FT-Raman spectroscopy 

  Food analysis 

 All food systems are composed of water, proteins, lipids and carbohydrates. Analysis 
of these food micro-components requires determination of the nutritional value and 
quality assurance parameters of these food products. The chemical composition of 
food is often very complex, and is prone to modifi cations during storage or process-
ing. The chemical specifi city, ease of sampling, rapidity of measurements and non-
destructive nature of FT-Raman spectroscopy make it an attractive tool for food 
analysis. The chemical specifi city of the Raman technique stems from the fact that 
different molecular bonds or groups of chemical bonds are identifi ed by characteris-
tic frequency-shifts in the incident light. For this reason, the very fi rst step of compo-
sitional analysis of food using FT-Raman is the attribution of characteristic frequency 
shifts observed in spectra to vibrational modes of molecular bonds. Tentative Raman 
band assignments of proteins, carbohydrates and lipids are provided in  Table 6.1   . 

 Raman analysis is mainly based on the interpretation of vibrational modes in spectra 
where the frequencies of vibrational peaks can be attributed to the particular chemical 
functional group of a sample under investigation. In other words, the position and inten-
sity of a Raman band can be used to characterize a certain functional chemical group. 

 As a Raman selection rule, non-polar groups and ring structures are known to be 
Raman-active chemical groups that yield strong peaks and are often well resolved in 
the Raman spectra. Polar groups, however, produce weak Raman signals, so polar and 
abundant water-molecule related vibrational modes, such as the stretching and bend-
ing vibrations of O–H– do not severely cloud the spectra, unlike in NIR and IR spec-
troscopies. Since the Raman response can be affected by changes in both the chemical 
and the physical nature of molecules, Raman spectroscopy can also be used to extract 
useful information regarding the chemical structure and physical status of most foods 
(Li-Chan, 1997). The chemical composition of foods can be evaluated by inspecting 
the position and intensities of Raman bands, which are often well resolved and sharp 
if the fl uorescence effect is minimized and background correction is applied. 

 The amide group (–CONH2)-related vibrational modes of proteins are among the 
most useful Raman responses for studying proteins in diverse physicochemical envi-
ronments. Due to the non-interference by water-related bands, Raman spectroscopy 
is becoming a promising tool to predict the secondary structure of proteins in food 
science as well as life sciences. Although the amide group-related responses can 
appear in seven different regions in the Raman spectrum, the amide I band, which 
extends from 1600 to 1700       cm �     1 , is the most frequently investigated protein-related 
peak for the prediction of protein secondary structure and quantifi cation of protein 
content in complex food matrices. The most important factor that makes the amide 
I band attractive in Raman studies is that it is generally not interfered with by fun-
damental vibrational modes of other molecules, such as carbohydrates, and is con-
formation-sensitive.  Figure 6.2    shows FT-Raman spectra of wheat fl our and wheat 
starch to illustrate that carbohydrate-related peaks do not interfere with the amide I 
band response of proteins. The peptide C �     O group vibrations largely contribute to 
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the amide I response of proteins, as well as slight coupling of C–N stretch, C–C–N 
deformation and N–H wag. The amide III region (1200–1300       cm �     1 ), which includes 
N–H bend and C–N stretch modes, can also provide information regarding the struc-
ture of proteins. 

Table 6.1     Raman band assignments for proteins, carbohydrates and lipids  

 Vibrational modes of 
functional groups 

 Raman shift 
(cm     �     1 ) 

 Molecular/structural signifi cance 

Pr
ot

ei
ns

 S–S stretch  510–545 gauche  and  trans  conformation 
 C–S stretch  630–670 gauche  conformation 
 C–S stretch  700–745 trans  conformation 
 S–H stretch  2550–2580  Presence of thiol of cystein residues 

 Si
de

 c
ha

in
s 

 Tyrosine  640  Skeletal tyrosine side chain 
   829  Buried state of OH group, Fermi doublet 
   852  Exposed, state of OH group, Fermi doublet 
   1614  Tyrosine and tryptophan side chain 
 Tryptophan  750, 1341, 1582  Indole ring at exposed or buried states 
   1000, 1609  Benzene ring, intensity calibration 
 Phenylalanine  620  Skeletal vibration of the ring 

 C–H stretch  2800–3000  Polarity of protein microenvironment 
 C � –H and C–H deformation  1341, 1447   
 C � –C stretch  939  Conformation-sensitive 
 Amide I, C     �     O stretch and 
N–H wag 

 1655, 1670, 1665  Secondary structure;  � -helix (1655),  � -sheet 
(1670), disordered structure (1665) 

 Amide II, C–N stretch, 
N–H bend 

 1278, 1235, 1245  Secondary structure 

Fa
ts

 a
nd

 o
ils

Raman shift (cm�1) Raman band assignment
 847  C–N stretch coupling with PO 2  stretch in phospholipids 
 1060–1090  stretch of carbonyl C—C and POC in phospholipids 
 1264  In plane  � C—H deformation ( cis  transform) 
 1302  In phase CH 3  twist 
 1440  CH 2  bend 
 1650–1660 cis  C     �     C stretch, 
 1670–1680 trans  C     �     C stretch, 
 1746  C�     O stretch in ester 
 2860  Symmetric stretch of aliphatic C—H in CH 2
 2900  Symmetric stretch of olefi nic C—H in CH 3
 3004  Asymmetric stretch of aliphatic  cis  ( � C—H) of RHC     �     CHR 

C
ar

bo
hy

dr
at

es

Crystalline state In solution Raman band assignment
 Below  Below  Skeletal modes of the ring structure 
 700  700 
 763  779  C—C stretch 
 860  840  C(1)—H, CH 2  deformation 
 1087  1076  C—O—H bend 
 1122  1124  C—O stretch, C—O—H bend 
 1260–1280  1272  CH 2 OH (side chain) related mode 
 1339  1335  C—O—H bend, CH 2  twist 
 1382  1370–1410  CH 2  scissoring, C—H and C—O—H deformation 
 1460  1462  CH 2  bend 
 2800–3000  2800–3000  C—H stretch 
 3100–3600  3000–3600  O—H stretch 

  Sources:  Chmielarz et al. (1995) ,  Baeten et al. (1998) ,  Li-Chan (1999) ,  Naumann (2001) ,  Tuma (2005) , 
Kizil (2007) and Schulz and Baranska (2007).  



 Proteins produce complex and overlapping Raman bands due to their huge molecu-
lar size and structural complexity. The building blocks of proteins,  amino acids , espe-
cially those with a ring structure (such as tyrosine, tryptophan and phenyl alanine), 
yield Raman bands that can be used to predict the chemistry of the local environment 
of proteins in solution. The Raman responses of the S–S bond of cystine side chains 
convey information regarding the  gauche  and  trans  conformers of proteins. The S–S 
stretching Raman response of cystine is affected by the internal rotations around the 
C–S and C–C bonds, so this information can be used to interpret the disulfi de-bridge 
structure of proteins. For example, the intensities or relative areas of hen egg-white 
lysozyme Raman bands observed at 507 and 525       cm �     1  have been used to predict that 
three of the four disulfi de bonds of lysozyme are in the lowest energy, the  gauche , 
state, and the other has a gauche – trans – gauche  conformation ( Li-Chan, 1999 ). Upon 
gelation of this protein, the ratio of the gauche  state to the  gauche – trans – gauche  con-
former is changed to 1:1 ( Li-Chan and Nakai, 1991 ). Raman fi ngerprints of amino 
acids with aromatic groups provide valuable information regarding the chemical 
nature of the medium in which proteins are dissolved. For example, the buried and 
solvent-exposed tryptophan and tyrosine residues exhibit different Raman responses 
( Table 6.1 ).

 Raman spectroscopy can also provide valuable information regarding the chemi-
cal structure, molecular interactions, hydrogen-bonding chemistry and quantifi cation 
of carbohydrates. The skeletal vibrational modes of the carbohydrate ring structure 
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Figure 6.2    FT-Raman spectra of wheat starch and wheat fl our, showing the protein content differences 
by the amide I response.    
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dominate spectra below 700       cm �     1 . Bands due to the skeletal mode C–C stretch 
observed at 480       cm �     1  have been probed to determine the level of birefringence and 
monitor the advance of gelatinization of starches with temperature. Raman spectros-
copy has sensitivity to the anomeric carbon atom of carbohydrates, so that both  �
and �  conformers of sugars can be used for discriminative purposes. The  � -glucose 
of sucrose gives a Raman peak at 847       cm �     1 , whereas  � -glucose of maltose confers 
a Raman peak at 898       cm �     1  in addition to the  � -glucose response ( Corbett  et al. , 
1991 ). The glycosidic linkage confi gurations can be characterized by monitoring 
the C–O–C related vibrations of the Raman spectra of high molecular weight car-
bohydrates. Consequently, the chemistry of polysaccharide branching and process-
induced changes in the polymeric carbohydrates can be studied. Raman spectroscopy 
is capable of differentiating 1–4 (branching) and 1–6 (linear) type glycosidic bridge 
vibrational modes, which is useful for studying the chemistry of starch. As shown in 
 Table 6.1 , the Raman scattering characteristics of carbohydrates in solution are dif-
ferent from those of crystalline sugars. 

 By circumvention of the fl uorescence problem of conventional Raman spec-
trometers using near-IR excitation sources, FT-Raman spectroscopy has become a 
promising tool for studying lipids in both a qualitative and a quantitative manner. 
The molecular structure of lipids is successfully characterized by distinct and well-
resolved Raman bands, so that the spectral data can be easily converted into chemical 
information regarding lipids. FT-Raman spectroscopy measurement of lamb adipose 
tissues is provided in  Figure 6.3   . The C �     C stretch mode of unsaturated fatty acids is 
characterized by a distinctive peak often observed at 1600       cm �     1 . Due to the apolar 
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Figure 6.3     FT-Raman spectra of lamb adipose tissue.    



nature of the C �     C group of lipids, the vibrational modes of this group are intensely 
represented by Raman spectroscopy. In addition,  cis  or  trans  isomers of unsaturated 
fatty acids are well identifi ed in Raman spectrum of oils and fats. As the  cis  con-
formation of the RCH �     CHR group has a Raman scattering signal at 1660       cm �     1 , 
the trans -double carbon bonds are characterized by the Raman mode observed at 
1670       cm �     1  (Baetan  et al. , 1998). 

 The C–H group related vibrational modes are the strongest and abundant spectral 
responses in Raman spectra of lipids. The 2800–3000       cm �     1  region of lipid Raman 
spectra is attributed to the C–H stretch, and both symmetrical and asymmetrical 
stretch modes contribute to this region ( Table 6.1 ). A minor shoulder-like Raman 
peak at 3004       cm �     1  is assigned to the  cis  conformer stretch of the ( � C–H) group. The 
other bending-, twisting- and deformation-related vibrational modes of C–H groups 
contribute to the total Raman spectra of lipids at 1439, 1302 and 1264       cm �     1 , respec-
tively. The ester group (C �     O) of lipids is characterized by a peak at 1746       cm �     1 . The 
phospholipid content of lipids can be screened through the PO 2  and POC groups 
related Raman stretch bands at 847 and 1090       cm �     1 , respectively. 

 As stated above, Raman spectroscopy has been found to be successful in probing 
the functional molecular groups of food samples, and spectral data can be converted 
into chemical information by means of band assignments. Raman spectroscopy pro-
vides fruitful information regarding the chemical nature of food molecules that can 
be used for assessment of the quality of food, including authentication or adultera-
tion of food products, and in the determination of process-induced changes. 

  Authentication of fats and oils 

 Among the foods, oils and fats are the most attractive samples to study with FT-Raman 
spectroscopy due to the phase homogeneity and molecular structure. Unlike proteins 
and saccharides, the deliberate molecular structure of lipids makes it reasonably simple 
to attribute FT-Raman responses to the corresponding molecular groups. Elimination 
of the fl uorescence background in Raman spectra of oils and fats by use of a near-IR 
fi eld operating Nd:YAG laser, providing well-resolved fl uorescence-free Raman bands, 
has led to extensive experimental studies on the authentication and quality control of 
edible fats and oils. In addition to qualitative structural analysis, Raman spectroscopy 
has also been employed to quantify the fat content in food products. 

 The saturation degree of fats and oils is traditionally determined by wet chemistry 
techniques, such as the iodine value (IV) tests conducted by the traditional titration 
method, which is a time-consuming and destructive technique and involves toxic 
chemicals in the analysis. As an alternative to the IV technique, FT-Raman spec-
troscopy has been employed to determine the degree of total unsaturation of pure 
oils and fats ( Sadeghi-Jorabchi et al, 1990, 1991 ; Barthus and Poppi, 2001 ; Asfeth, 
2005). The sensitivity of Raman spectroscopy in detecting double bond structure- 
related fundamental vibration modes, such as C �     C and  � C–H groups of fatty 
acids, makes it a suitable technique to correlate the level of unsaturation to spec-
tral responses. Since iodine value is an important quality parameter of fats and oils, 
FT-Raman spectroscopy can be employed to determine quality indices of fats of oils. 
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 Lipid oxidation is one of the challenging topics in food science. Oxidation of 
unsaturated fatty acids causes degradation of lipids and formation of off-fl avors and 
oxidation products which are unfavorable in the food industry. This important quality 
criterion of lipids has been tested by a variety of techniques, including gas chroma-
tography (GC), peroxide value, anisidine value or spectrophotometric measurements 
in the UV region. Employing FT-Raman spectroscopy, the oxidative deterioration in 
lipids can be studied at the molecular level, allowing the investigation of changes in 
the chemical structure during oxidation.  Muik  et al.  (2005)  characterized the spectral 
changes during oxidation of vegetable oils, using a FT-Raman set-up. Spectroscopic 
detection of the formation of aldehydes, isomerization of  cis  to  trans  double bonds 
and conjugation of double bonds due to thermal oxidation of vegetable oils were 
reported. The FT-Raman response was also correlated with a conventional parameter, 
the anisidine value, to investigate the extent of lipid oxidation. 

 The success and expertise in the use of FT-Raman spectroscopy in the determination 
of the total degree of unsaturation of fats and oils has recently been extended to the 
investigation of high fat containing foods such as fi sh and pork (Asfeth  et al. , 2005, 
2006;  Olsen  et al. , 2007 ). In these studies, the potential of Raman and FT-Raman 
spectroscopy for estimation of the fatty acid unsaturation in salmon and pork adipose 
tissue was investigated, and the technique was found to be a rapid and non-destructive 
means of predicting the level of unsaturation. The involvement of Raman spectroscopy 
in on-line measurement of the degree of total unsaturation in real-life samples, such as 
fi sh and animal carcasses, is of current interest in food science research. 

 Rapid detection of adulteration and authentication of commercial fats and oils 
is another application area of FT-Raman spectroscopy. For example, olive oil, with 
its fi ne fl avor and aroma as well as health benefi ts, has a high market price and is 
thus prone to adulteration with cheaper seed oils for economic gain. Instead of time-
consuming, expensive analytical techniques such as GC and wet chemistry, FT-Raman 
spectroscopy is a promising tool for detecting the authentication and adulteration of 
olive oil. Adulteration of virgin olive oil with olive pomace oil ( Yang and Irudayaraj, 
2001 ), and hazelnut oil ( Baeten  et al. , 2005 ) has been studied by FT-Raman spec-
troscopy. The basis of discrimination of oils using FT-Raman techniques is the differ-
ences occurring in the C     �     C and  � C–H related vibrational modes due to the mixing 
of oils with different saturation level. The advances in FT-Raman instrumentation and 
chemometric techniques make it suitable for predicting the oil content and quality of 
olives.  

  Authentication of carbohydrate and protein-based 
food systems 

 The non-destructive nature along with the excellent molecular specifi city of 
FT-Raman spectroscopy in characterizing proteins and carbohydrates with a high 
content of structural information have led to it becoming a promising protocol in the 
analysis of food products. The authentication and detection of adulteration of carbo-
hydrates with a high nutritional and economic value ( Paradkar and Irudayaraj, 2001, 
2002 ), such as honey, have been investigated using FT-Raman spectroscopy. 



 Since the spectral data convey chemical information regarding the structure of car-
bohydrates, discrimination of sugars through authentication analyses, which is con-
ducted by chemometric methods, relies on the detection of minute changes in the 
molecular structure. The molecular-level fi ngerprint information is best treated with 
multivariate statistical techniques to extract the most useful interpretation regard-
ing the sample under examination. In  Figure 6.4   , the spectral responses measured 
from both the control (non-irradiated) and the irradiated (25       kGray) bread samples 
are compared. The spectral change in the C–H region between 2800–300       cm �     1  can 
be seen. Figure 6.5    illustrates the discrimination of 25-kGy irradiated bread samples 
from the control samples obtained using a pattern recognition method. Twenty con-
trol (non-irradiated) samples and twenty samples irradiated at 25       kGray were used in 
this analysis. Discrimination was carried out employing a multivariate method, such 
as canonical variate analysis, to the spectroscopic data that refl ect statistically sig-
nifi cant variations in the C–H stretch region. The clear separation of the control from 
the irradiated bread samples ( Figure 6.5 ) implies the potential of FT-Raman spec-
troscopy along with a chemometric model in the discrimination of processed foods. 
Details of the discrimination model are provided elsewhere ( Kemsley, 1998 ). 

 Raman signals detected at 840, 1126 and 1462       cm �     1  can be attributed distinctively 
to carbohydrate molecules, and these spectral responses have been used to predict the 
distribution of carbohydrates in carrot roots ( Ozaki et al. , 1992 ). In addition to the 
carbohydrate distribution in plants,  in situ  analysis of carotenoids in carrot roots has 
been studied non-destructively using the FT-Raman set-up ( Baranska et al. , 2005 ). 
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Figure 6.4    FT-Raman spectra of irradiated and control bread samples.    
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 FT-Raman spectroscopy can also be employed to monitor changes in food process-
ing. The gelatinization and enzyme-catalyzed hydrolysis of dextranes of starch was 
monitored on-line by fi ber-optic coupled FT-Raman spectroscopy by  Schuster  et al.
(2000) . Gamma irradiation induced changes in the molecular structure of starch 
gels, and carbohydrates (including honey and fructose) were characterized using 
Raman spectroscopy ( Kizil and Irudayaraj, 2006, 2007 ). Gamma irradiation-induced 
changes in the C–H and skeletal vibrational modes of carbohydrates due to the attack 
of hydroxyl radicals were also characterized and used to classify sugars with respect 
to the extent of irradiation. 

 The structural complexity and functional properties of proteins are of primary inter-
est to biochemists and molecular biologists. Hence, Raman spectroscopy has been 
widely employed to predict the structure of proteins and to determine the structure–
function relations in the fi eld of biochemistry. From the viewpoint of food science, 
proteins contribute to the texture of food and consequently changes in the rheologi-
cal properties of food and the analysis of proteins in complex food matrices provide 
information about the texture and nutritional quality of food.  Badii and Howell (2002)  
investigated the changes in fi sh muscle during storage, and reported that denaturation 
and aggregation of proteins unfavorably affected the quality of the fi sh. 

 FT-Raman spectroscopy has also found an application in the nutritional classifi -
cation of cereal products ( Sohn  et al. , 2005 ), based on the differences in spectral 
responses corresponding to fat and protein contents. The protein content of milled 
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rice was predicted using FT-Raman spectroscopy ( Liao et al. , 2004 ) to monitor the 
vibrational modes of the amide functional group of proteins. 

  Conclusions 

 Raman spectroscopy is emerging as a feasible analytical tool for food scientists and 
processors. Although not as well-established as infrared analysis in the food indus-
try, Raman spectroscopy has already been employed for food authentication, trace-
ability and quality control. FT-Raman spectroscopy has advantages over other types 
of Raman spectrometers and infrared techniques in that it is non-destructive and the 
sampling protocols are simplifi ed, because an operator can collect Raman measure-
ments through glass containers or the sample may simply be analyzed in its raw form. 

 Applications of FT-Raman spectroscopy to fats and oils are likely to increase, as is 
its use in the analysis of complex food systems. Development of chemometrics and 
the application of multivariate statistical tools is expected to improve the sensitivity 
of the measurements and the versatility of this approach. 
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  Introduction 

 Public interest in food quality and production has increased in recent decades, prob-
ably related to changes in eating habits, consumer behavior, and the development 
and increased industrialization of food supply chains ( Christensen et al. , 2006 ). The 
demand for high quality and safety in food production obviously calls for high stand-
ards for quality and process control, which in turn requires appropriate analytical 
tools to investigate food. Fluorescence spectroscopy is an analytical technique whose 
theory and methodology have been extensively exploited for studies of molecular 
structure and function in the discipline of chemistry and biochemistry ( Strasburg and 
Ludescher, 1995 ). Even though fl uorescence is one of the oldest analytical methods 
used, it has just recently become quite popular as a tool in biological science related to 
food technology. An indication of that popularity is the increasing number of research 
publications about fl uorescence, as well as the introduction of new commercially 
available instruments for fl uorescence analysis – in particular, front-face fl uorescence 
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spectroscopy (FFFS). Indeed, the traditional right-angle fl uorescence spectroscopic 
technique cannot be applied to thick substances due to their large absorbance and the 
scattering of light, and when the absorbance of the sample exceeds 0.1 the emission 
and excitation spectra are both decreased and the excitation spectra are distorted. To 
avoid these problems, a dilution of samples is currently performed so that their total 
absorbance is less than 0.1. However, the results obtained on diluted solutions of food 
samples can not be extrapolated to native concentrated samples, since the organiza-
tion of the food matrix is lost. To avoid these problems, FFFS can be used. 

 There are many advantages in the use of analytical fl uorescence spectroscopy, as 
will become clear later in this chapter. Although many researchers shy away from 
this technique because of lack of knowledge of the fundamental principles of fl uo-
rescence, the application of fl uorescence in analysis of foods has increased during 
the last two decades. This could be explained by the use of chemometric tools for the 
extraction of information contained in the spectra. 

 This chapter will provide the reader with a review of the basic principles of fl uo-
rescence, including the use of this technique; in particular, the most common FFFS 
for the assessment of the quality of several food systems will be discussed in detail.  

  Fluorescence spectroscopy 

  Defi nition 

 Fluorescence is the emission of light subsequent to absorption of ultraviolet (UV) or 
visible light by a fl uorescent molecule or substructure called a  fl uorophore . Thus, the 
fl uorophore absorbs energy in the form of light at a specifi c wavelength and liberates 
energy in the form of light emitted at a higher wavelength. The general principles 
can be illustrated by a  Jablonski diagram  (Veberg, 2006), as shown in  Figure 7.1   . 

 The fi rst step (i) is  excitation , where light is absorbed by the molecule, which is 
transferred to an electronically excited state – meaning that an electron moves from 
the ground singlet state, S 0 , to an excited singlet state, S �1 . This is followed by a 
vibrational relaxation or internal conversion  (ii), where the molecule undergoes tran-
sition from an upper electronically excited state to a lower one, S 1 , without any radi-
ation. Finally, emission occurs (iii), typically 10 �     8  seconds after excitation, when the 
electron returns to its more stable ground state, S 0 , emitting light at a wavelength 
according to the difference in energy between the two electronic states. 

 This explanation is of course somewhat simplifi ed. In molecules, each electronical 
state has several associated vibrational states. In the ground state, almost all molecules 
occupy the lowest vibrational level. By excitation with UV or visible light, it is pos-
sible to promote the molecule of interest to one of several vibrational levels for the 
given electronically excited level. This implies that fl uorescence emission does not 
only occur at one single wavelength, but rather over a distribution of wavelengths cor-
responding to several vibrational transitions as components of a single electronic tran-
sition. This is why excitation and emission spectra are obtained to describe the detailed 
fl uorescence characteristics of molecules. The fact that fl uorescence is characterized 



by two wavelength parameters signifi cantly improves the specifi city of the method, 
compared with spectroscopic techniques based only on absorption. 

  Quantum yield (effi ciency) 

 Each molecule presents a specifi c property, which is described by a number, named 
the quantum yield  or  quantum effi ciency  ( � ). 

� � �
number of quanta emitted

number of quanta absorbed
quantumm yield (7.1)

    

 As illustrated in Equation (7.1), the higher the value of �  , the greater the fl uo-
rescence of a compound. A non-fl uorescent molecule is one whose quantum effi -
ciency is zero or so close to zero that the fl uorescence is not measurable. All energy 
absorbed by such a molecule is rapidly lost by collisional deactivation.  

  Excitation and emission spectra 

 Each fl uorescent molecule has two characteristic spectra; the excitation and emission 
spectra.

  Excitation spectrum 
 The  excitation spectrum  is defi ned as the relative effi ciency of different wavelengths 
of exciting radiation in causing fl uorescence. The shape of the excitation spectrum 
should be identical to that of the absorption spectrum of the molecule, and independ-
ent of the wavelengths at which fl uorescence is measured. However, this is seldom 
the case, because the sensitivity and the bandwidth of the spectrophotometer (absorb-
ance spectrum) and the spectrofl uorimeter (excitation spectrum) are different. A gen-
eral rule of thumb is that the longest wavelength peak in the excitation spectrum is 
chosen for excitation of the sample. This minimizes possible decomposition caused 
by the shorter-wavelength, higher-energy radiation. 

1hνex

S0

S�1

Energy

S

hνem

2

3

Figure 7.1    Jablonski diagram showing the basic principle of fl uorescence spectroscopy.    
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  Emission spectrum 
 The  emission spectrum  of a compound results from the re-emission of radiation 
absorbed by the molecule. The emission spectrum is the relative intensity of radia-
tion emitted at various wavelengths. The quantum effi ciency and the shape of the 
emission spectrum are independent of the wavelength of the excitation radiation. If 
the exciting radiation is at wavelength that differs from the wavelength of the absorp-
tion peak, less radiant energy will be absorbed and hence less will be emitted.   

  Stoke ’ s shift 

 According to the Jablonski diagram ( Figure 7.1 ), the energy of emission is lower 
than that of excitation. This implies that the fl uorescence emission occurs at higher 
wavelengths than the absorption (excitation). The difference between the excitation 
and emission wavelengths is known as  Stoke ’ s shift , as indicated with the arrow in 
 Figure 7.2   , marking the difference between the excitation and emission spectrum of 
tryptophan fl uorescence spectra scanned on UHT milk. 

Stoke’s shift 10
1 17

ex em

� �
	 	

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

(7.2)

   where  	ex  and  	em  are the maximum wavelengths for excitation and emission, 
respectively.   

 Normally, the emission spectrum for a given fl uorophore is a mirror image of 
the excitation spectrum, as seen to some extent in  Figure 7.2  for tryptophan. The 
general symmetric nature is a result of the same transitions being involved in both 
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Figure 7.2     Excitation (full line) and emission (dotted line) tryptophan fl uorescence spectra recorded on 
UHT milk.    



absorption and emission, and the similarities of the vibrational levels of S 0  and 
S1 . However, there are several exceptions, since several absorption bands can be 
observed in the excitation spectrum but only the last peak is observed in the emis-
sion spectrum, representing the transition from S 1  to S 0 . The fl uorescence of vitamin 
A, as seen in Figure 7.3   , is an example of this, with three absorption peaks and only 
one emission peak. 

 Normally, only emission or excitation spectra (i.e. one excitation or emission 
wavelength) are recorded when investigating the fl uorescence of a sample. However, 
it can be benefi cial and informative to obtain the entire fl uorescence landscape 
(also known as 2D fl uorescence spectroscopy) in order to fi nd the exact excitation 
and emission maxima, as well as the correct structure of the peaks. Furthermore, 
it facilitates more appropriate analysis of fl uorescence data from complex samples 
with more fl uorophores present. The fl uorescence decay curve of fl uorophores also 
contains detailed information regarding their physical and chemical environment, 
such as the size, shape and fl exibility of macromolecules ( Christensen et al. , 2006 ). 
Instrumentation for time-resolved measurements are, however, typically complex and 
expensive. 

 Another extra dimension of fl uorescence spectroscopy is  fl uorescence anisotropy . 
Anisotropy measurements are based on polarization of the light, and the orientation 
of transition moment of the fl uorophores ( Genot et al. , 1992 ). Knowing the fl uores-
cence lifetime and anisotropy, the rotation time of a molecule can be determined 
( Dufour  et al. , 1994 ). In particular, in combination with fl uorescence lifetime meas-
urements, fl uorescence anisotropy is widely used to study the interactions of biologi-
cal macromolecules. However, this type of fl uorescence measurement is not detailed 
in the present chapter.  
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Figure 7.3    Excitation (full line) and emission (dotted line) vitamin A fl uorescence spectra recorded on 
UHT milk.    
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  Factors affecting fl uorescence intensity 

 Several factors related to the nature and the concentration of fl uorophores of food 
samples infl uence the fl uorescence intensity, as illustrated in  Figure 7.4   . 

  Quenching 
 Fluorescence  quenching  represents any process leading to a decrease in fl uores-
cence intensity of the sample ( Lakowicz, 1983 ). It is related to the deactivation of 
the excited molecule by either intra- or intermolecular interactions. There are two 
types of quenching: statistic  and  dynamic . The fi rst occurs when the formation of 
the excited state is inhibited due to a ground-state complex formation in which the 
fl uorophore forms non-fl uorescent complexes with a quencher molecule. Dynamic 
or collisional quenching refers to the process when quenchers deactivate the behav-
ior of the excited state after its formation. The excited molecule will be deactivated 
by either intramolecular interaction (collision) or intermolecular activity (interaction 
with other molecules). One of the best-known quenchers is oxygen. A higher tem-
perature also results in larger amount of collisional quenching due to the increased 
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Figure 7.4     Factors affecting the fl uorescence signal from complex samples.    



velocities of molecules.  Resonance energy transfer  can also be considered as 
dynamic quenching, since an interaction between the donor and acceptor molecules 
could take place inducing a full or partial deactivation of the excited fl uorophore 
(donor). The energy transfer does not involve emission of light, but a dipole–dipole 
interaction between the donor and acceptor molecule. 

  Concentration and inner fi lter effect 
 The equation defi ning the relationship of fl uorescence intensity to concentration is: 

I l 1 10f 0
lc� � �φ 
( ) (7.3)

   where I f  is the fl uorescence intensity,  �  the quantum yield, I 0  the intensity of the inci-
dent light, 
  the molar absorptivity,  l  the optical depth of the sample, and  c  the molar 
concentration of the fl uorophore.   

 According to  Lakowicz (1983) , for low absorbance ( � 0.05), the equation can be 
written as: 

I 2.3 I l cf 0� φ 
 (7.4)

 Thus, the plot of I f  versus concentration should be linear at low concentrations and 
reach a maximum at higher concentrations. At higher concentrations, the observed 
fl uorescence signal decreases in relation to the concentration of the fl uorophore. The 
decrease is in a part caused by an attenuation of the excitation beam in the areas of 
the solution in front of the detection system, and by the absorption of the emitted 
fl uorescence within the solution. This is defi ned as the  inner-cell  or  inner fi lter effect . 

 The equation expressing the fl uorescence intensity indicates that there are three 
major factors other than concentration that could affect the fl uorescence intensity: 

  1.     The quantum effi ciency  � ; the greater the  � , the greater the fl uorescence 
intensity. 

  2.     The intensity of incident light  I0 ; a more intense source will yield greater fl uo-
rescence. In actual practice, a very intense source can cause photodecomposi-
tion of the sample. Hence, one compromise is a source of moderate intensity 
(such as a mercury or xenon lamp). 

  3.     The molar absorptivity of the compound,  
 . In order to emit radiation, a mol-
ecule must fi rst absorb radiation. Hence, the higher the molar absorptivity, the 
better the fl uorescence intensity of the compound will be. 

 It should be remembered that the overall fl uorescence intensity of a given sample is 
expressed as the sum of the fl uorescence contribution from each of the inherent fl uor-
ophores present in the sample. However, due to the complex systems of food products 
the fl uorescence intensity may not be additive, because the quenching phenomenon 
and interactions with the molecular environment of the fl uorophores may take place. 

  Molecular environment 
 The local environment of a fl uorophore has an important effect on the shape of the 
fl uorescence spectra. In more polar environments, the fl uorophore in excited state 
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will relax to a lower energy state of S 1 . This means that the emission of polar fl uoro-
phores will be shifted towards longer wavelengths (lower energy) in more polar sol-
vents. The structure of macromolecules and the location in macromolecules can also 
have a large effect on the fl uorescence emission and quantum yield of a fl uorophore. 

 The temperature, pH and color strongly affect the fl uorescence signal. Increased tem-
perature leads to increased movement of the molecules, and thereby more collisions, 
thus inducing a reduced fl uorescence signal. It is therefore important that all samples 
in an experiment present the same temperature. The pH value affects the fl uorescence, 
and most hydroxyl aromatic compounds fl uoresce better at high pH ( Guilbaut, 1989 ). 
The color of the sample can affect both the shape and the intensity of the spectra. Dark 
samples will reabsorb more of the fl uorescence than bright samples. 

  Scatter 
 Scattering of the incident light affects the fl uorescence signal. As mentioned in the 
previous section, the absorbance of the sample measured plays an important role in 
fl uorescence measurements. Especially in turbid solutions and solid opaque samples 
(like most foods), the amount of scattered and refl ected light affects the measure-
ments considerably, with respect to both the sampling (i.e. the optical depth of the 
sampling) and the obtained (fl uorescence) signal. Scattered light can be divided into 
Rayleigh and Raman scatter ( Figure 7.5   ). 

Rayleigh scatter  refers to the scattering of light by particles and molecules smaller 
than the wavelength of the light. Rayleigh is so-called elastic scatter, meaning that no 
energy loss is involved, so the wavelength of the scattered light is the same as that of 
the incident light. Rayleigh scatter can be observed as a diagonal line in fl uorescence 
landscapes for excitation wavelengths equaling the emission wavelength. The signal 
from fl uorophores with little Stoke ’ s shift will be situated close to the scattering line, 
and therefore be most affected by Rayleigh scatter. Due to the construction of grating 

Figure 7.5     Excitation–emission matrix, highlighting Rayleigh and Raman Scatter. Fluorescence landscape 
of pure water (from  Rinnan, 2004 ).    
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monochromators used for excitation in most spectrofl uorometers, some light at the 
double wavelength of the chosen excitation will also pass through to the sample. For 
this reason an extra band of Rayleigh scatter, so-called second-order Rayleigh, will typ-
ically appear in fl uorescence measurement for emission wavelengths at twice the given 
excitation wavelength. Rayleigh scatter can be disregarded by measuring and consider-
ing the fl uorescence signal only between the fi rst- and second-order Rayleigh scatter. 

Raman scatter  is inelastic scatter, due to absorption and re-emission of light cou-
pled with vibrational states. A constant energy loss will appear for Raman scatter, 
meaning that the scattered light will have a higher wavelength than that of the excita-
tion light, with a constant difference in wavenumbers. In liquid samples the solvent 
is decisive in the amount and nature of Raman scatter, while for solid samples it will 
typically be an expression of the bulk substances. Raman scatter can in most cases 
be neglected because of its weak contribution to the fl uorescence signal. 

  Instrumentation 

 The basic set-up for an instrument for measuring steady-state fl uorescence is shown 
in  Figure 7.6   . The spectrofl uorometer consists of a light source (generally xenon or 
mercury lamp); a monochromator and/or fi lter(s) for selecting the excitation wave-
lengths; a sample compartment; a monochromator and/or fi lter(s) for selecting the 
emission wavelengths; a detector, which converts the emitted light to an electric 
signal; and a unit for data acquisition and analysis. 

Monochromator
interference filter

Monochromator
interference filter

Sample holder

Emission

Right angle

Photodetector

Data acquisition and analysis

Front face

Excitation

Light

Figure 7.6    Basic set-up of a spectrofl uorometer.    
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 The sampling geometry can have substantial effect on the obtained fl uorescence 
signal. If absorbance is less than 0.1, the intensity of the emitted light is proportional 
to the fl uorophore concentration, and excitation and emission spectra are accurately 
recorded by a classical  right-angle fl uorescence  device. In this case, the excitation 
light travels into the sample from one side, and the detector is positioned at right 
angles to the centre of the sample. When the absorbance of the sample exceeds 0.1, 
the intensity of emission and excitation spectra decreases and excitation spectra are 
distorted. To avoid these problems, dilution of samples is currently performed so that 
their total absorbance will be less than 0.1. However, the results obtained on diluted 
solutions of food samples cannot be extrapolated to native concentrated samples 
since the organization of the food matrix is lost. In addition, the dilution may change 
the concentration of other relevant fl uorescent species below or close to the detec-
tion limit of fl uorescence. To avoid these problems, FFFS can be used ( Figure 7.6 ).
In this manner it is possible to measure more turbid or opaque samples, since the 
signal becomes more independent of the penetration of the light through the sample. 
However, when front-face sampling is used, the amount of scattered light detected 
will increase due to the higher level of refl ection from the surface topology of the 
sample and sample holder. To minimize these effects, it is recommended that the 
sample is not placed with its surface oriented at an angle of 45° to the incident beam, 
but rather at 30°/60° to the light source and the detector ( Lakowicz, 1983 ).

  Applications of fl uorescence in foods 
and drinks 

 Recently, the application of fl uorescence spectroscopy in combination with multidi-
mensional statistical techniques for the evaluation of food quality has increased. In 
most of the research papers, the obtained fl uorescence signal was assigned to specifi c 
fl uorophores after fi xing the excitation or the emission wavelength. 

  Dairy products 

 Dairy products contain several intrinsic fl uorophores, which represent the most 
important area of fl uorescence spectroscopy. They include the aromatic amino acids 
and nucleic acids (AAA      �      NA), tryptophan, tyrosine and phenylalanine in proteins; 
vitamins A and B 2 ; nicotinamide adenine dinucleotide (NADH) and chlorophyll; and 
numerous other compounds that can be found at a low or very low concentrations in 
food products. 

  FFFS for the authentication of milk 
  Dufour and Riaublanc (1997)  investigated the potential of FFFS to discriminate 
between raw, heated (70°C for 20 minutes), homogenized, and homogenized-and-
heated milks. Following principal component analysis (PCA) applied to the tryp-
tophan and vitamin A fl uorescence spectra, good discrimination between samples 



as a function of homogenization and heat treatment applied to milk samples was 
observed. They concluded that the treatments applied to milk induced specifi c modi-
fi cations in the shape of the fl uorescence spectra. Recently,  Kulmyrzaev  et al.  (2005)  
confi rmed these earlier fi ndings. In their research, the emission and excitation spectra 
of different intrinsic probes (i.e. AAA      �      NA, NADH and FADH) were used to evalu-
ate changes in milk following thermal treatments in the range of 57–72°C for 0.5–30 
minutes. The PCA applied on the normalized spectra allowed good discrimination 
of milk samples subjected to different temperatures and times. However, the above 
researchers only applied relatively low temperatures to milk samples, which did 
not allow monitoring of the development of Maillard browning reaction, which was 
pointed out by  Schamberger and Labuza (2006) ; the fl uorescence spectra of milks 
that were processed for 5, 15, 20, 25 and 30 seconds in 5°C increments from 110°C 
to 140°C were found to be well correlated with hydroxylmethylfurfural (HMF). 
Indeed, the R 2  values of  � 0.95 were found continuously throughout the emission 
wavelength range of 394 to 447       nm. In addition, the fl uorescence levels increased 
with higher time–temperature combinations. Schamberger and Labuza (2006)  con-
cluded that FFFS could be considered a very promising method for measuring 
Maillard browning in milk, and could also be used as an on-line instrument for mon-
itoring and control of the thermal processing of milk. These results were confi rmed 
by  Liu and Metzger (2007) , who applied FFFS for monitoring changes in non-fat 
dry milk (n      �      9) collected from three different manufacturers and stored at four 
different temperatures (4, 22, 35 and 50°C) for 8 weeks. Different intrinsic probes 
(fl uorescent Maillard reaction products (FMRP), ribofl avin, tryptophan and vitamin 
A) were investigated, and each of the considered spectral data sets allowed good dis-
crimination of the milk samples stored at 50°C from the others. In addition, good 
discrimination of milk samples as a function of the storage time was seen. In a sim-
ilar approach, Feinberg and coworkers (2006) also used fl uorescence spectroscopy 
to identify fi ve types of heat treatments (pasteurization, high pasteurization, direct 
UHT, indirect UHT and sterilization) of 200 commercial milk samples stored at 25 
and 35°C for 90 days. By applying factorial discriminant analysis (FDA), Feinberg 
and coworkers (2006) found that tryptophan fl uorescence spectra could be consid-
ered well-adapted to discriminate sterilized milks and probably pasteurized milks 
from the other milk samples. However, this intrinsic probe failed to discriminate the 
other types of milk. An explanation could be that fl uorescence spectra were recorded 
in the pH 4.6 soluble fraction of the milk sample, inducing a loss of information. 
In another approach, Herbert  et al.  (1999)  used FFFS to monitor milk coagulation 
at the molecular level. Three different coagulation processes have been studied: 
the glucono-� -lactone  ( GDL ), the  rennet-induced coagulation system , and a mixed 
GDL      �      rennet-induced coagulation system. Emission fl uorescence spectra of the 
protein tryptophanyl residues were recorded for each system during the milk coagu-
lation kinetics. By applying the PCA to the collection of normalized fl uorescence 
spectral data of the three systems, detection of structural changes in casein micelles 
during coagulation and discrimination of different dynamics of the three coagulation 
systems was achieved.  Herbert  et al.  (1999)  concluded that FFFS allows the investi-
gation of network structure and molecular interactions during milk coagulation. 
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 Most of the above-mentioned studies regarding discrimination of milks were per-
formed at a laboratory scale on extreme and controlled samples. However, milk prod-
ucts from mountain areas are reputed to have specifi c organoleptic and nutritional 
qualities ( Bosset  et al. , 1999 ;  Coulon and Priolo, 2002 ;  Renou  et al. , 2004 ), and the 
tracing of milk-production sites is therefore important in order to avoid fraud. Thus, 
it would be interesting to assess the potential of FFFS to discriminate between milks 
according to their geographical origin. Recently, a total of 40 milk samples – 8 pro-
duced in lowland areas (430–480       m), 16 produced in mid-level areas (720–860       m) and 
16 produced in mountain areas (1070–1150       m) – from the Haute-Loire department in 
France at key periods of animals feeding have been analyzed ( Karoui  et al. , 2005a ). 
Tryptophan fl uorescence spectra, AAA      �      NA spectra and ribofl avin spectra were 
recorded directly on these milks, with excitation wavelengths set at 290       nm, 250       nm 
and 380       nm, respectively. The excitation spectra of vitamin A were also recorded, with 
the emission wavelength set at 410       nm. By applying FDA to the spectral collection, a 
trend to a good separation between milks as a function of their altitudes was observed. 
The best results were obtained with AAA      �      NA fl uorescence spectra, since 81.5% 
and 76.9% of the calibration and validation spectra, respectively, were correctly clas-
sifi ed. However, some misclassifi cation between milks produced in mid-level areas 
and the other milk samples was observed. 

  FFFS for monitoring the quality of cheeses during ripening 
 Understanding the structure of cheese, particularly protein and fat structures, and 
the interactions of cheese components during ripening would provide useful infor-
mation in determining what constitutes a quality product.  Dufour  et al.  (2000)  and 
 Mazerolles  et al.  (2001)  used FFFS to monitor 16 semi-hard cheeses produced and 
ripened under a controlled scale. By applying PCA to the normalized tryptophan fl u-
orescence spectra, good discrimination of cheeses presenting a ripening time of 21, 
51 and 81 days was observed, while an overlap was observed between cheeses aged 
1 day and those aged 21 days. 

 Spectral patterns associated with the PCs provide the characteristic wavelengths 
that may be used to discriminate between spectra. Spectral patterns are similar to 
spectra, and may be used to derive structural information at the molecular level. On 
studying the spectral pattern, a red shift of aged cheeses was observed, suggesting that 
the environment of old cheeses was more hydrophilic than that of young (1-day-old) 
cheeses. This phenomenon has been explained by a partial proteolysis of casein as 
well as the salting phenomenon, which may induce some changes in the tertiary and 
quaternary structures of casein micelles. Regarding the fl uorescence spectra of vita-
min A, two shoulders located at 295 and 305       nm and a maximum located at 322       nm 
were observed ( Dufour  et al. , 2000 ). In addition, the shape of the spectra changed 
with the ripening time ( Figure 7.7   ). By applying PCA to the normalized vitamin A 
spectra, better discrimination of cheeses aged 21, 51 and 81 days from those aged 
1 day was achieved. 

 In order to determine the link between mid-infrared (MIR) and fl uorescence spec-
tra, the authors applied canonical correlation analysis (CCA) on one hand to the 



1700–1500       cm �     1  spectral region and tryptophan fl uorescence spectra, and on the 
other to the 3000–2800       cm �     1  spectral region and vitamin A spectra. A relatively 
high correlation rate was found, since the fi rst two canonical varieties had a squared 
canonical correlation coeffi cient higher than 0.58. The authors concluded that MIR 
and fl uorescence spectra provide a common description of cheese samples. 

  Karoui  et al.  (2006a)  continued this work by recording tryptophan, vitamin A and 
ribofl avin spectra of 12 semi-hard cheeses (Raclette) of 4 different brands, which 
were produced during summer period at an industrial level. By applying common 
component and specifi c weights analysis (CCSWA) to the spectral data sets and 
physicochemical data, good discrimination of the four brands was observed. The 
same research group ( Karoui and Dufour, 2006 ) evaluated the potential of FFFS to 
predict the rheological parameters of 20 semi-hard cheeses at the end of their ripen-
ing stage (60 days) from fl uorescence spectra recorded at a younger stage (2 days 
old). By using tryptophan fl uorescence spectra scanned on cheeses aged 2 days and 
at 20°C, the storage modulus (G � ), loss modulus (G � ), strain, tan ( � ) and complex 
viscosity ( � *) were predicted by using partial least squares (PLS) regression with 
leverage correction with R of 0.98, 0.97, 0.98, 0.98 and 0.97, respectively. Ribofl avin 
fl uorescence spectra gave slightly lower R of 0.88, 0.88, 0.92, 0.87 and 0.88, respec-
tively. One of the main conclusions of this study was that FFFS might be useful for 
rapid online determination of the texture of cheeses. 

  FFFS for the authentication of cheese at the retail stage 
 To study different varieties of soft, semi-hard, and hard cheeses during ripening and 
at the retail stage, Dufour and coworkers used a similar approach ( Herbert, 1999, 
2000 ;  Karoui and Dufour, 2003 ;  Karoui  et al. , 2003, 2004b, 2005b, 2005c ).

 The potential of FFFS to discriminate between eight groups of soft cheeses was 
evaluated by  Herbert  et al.  (2000) . In their research, tryptophan and vitamin A spec-
tra were used as intrinsic probes to discriminate between the investigated soft cheeses 
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Figure 7.7    Front-face fl uorescence spectra of Raclette cheeses recorded at four different times during 
ripening: 1 day (—), 21 days (— —), 51 days (- - - -), and 81 days (— · — · ).    
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as a function of their ripening times and/or cheese-making procedures. The environ-
ment of the tryptophan residues was found to be relatively more hydrophilic for the 
old cheeses than for those at the young stage. This phenomenon was attributed to 
partial proteolysis of caseins during ripening, resulting in an increase of tryptophan 
exposure to the solvent. To test the accuracy of FFFS in differentiating between the 
eight soft cheeses, the authors applied FDA to the most relevant PCs. The results 
obtained showed good discrimination of cheeses, with better results obtained with 
vitamin A spectra (96% and 93% for the calibration and validation samples, respec-
tively) than with tryptophan spectra (95% and 92% for the calibration and validation 
samples, respectively). However, in their investigations only samples taken from the 
center of the cheese were analyzed, which may have induced some limited interpreta-
tion in the case of the soft cheeses. Indeed, protein breakdown, lipolysis, pH, etc. dif-
fer signifi cantly between the surface and the center of soft ripened cheeses. Thus, the 
matrix structure of three retailed soft cheeses (M1, M2 and M3), each with different 
manufacturing processes, was studied from the surface to the center of the cheese 
using FFFS, among other techniques ( Karoui and Dufour, 2003 ). Cheese slices, 
5-mm thick, were cut from the surface to the center of the samples. PCA applied to 
the tryptophan fl uorescence spectra recorded for each cheese variety showed good 
discrimination of cheese samples as a function of their location. The environment 
of tryptophan residues was found to be more heterogeneous in the surface samples 
than in the center samples; this was attributed to the changes in the extent and type 
of protein–protein interactions in the protein network depending on the sampling 
zone. One of the limiting points of this study was the low number of cheeses. In 
addition, only tryptophan and vitamin A fl uorescence spectra were recorded for these 
cheese varieties. Therefore, it would be interesting to validate the relevance of this 
technique to differentiate soft cheeses according to their sampling zones by using a 
large number of samples, and to test other intrinsic probes (such as ribofl avin) which 
give an indication on the level of oxidation in cheeses.  Karoui  et al.  (2007a)  have 
thus recently used FFFS to investigate changes at the molecular level of both the 
external (E) and central (C) zones of 15 ripened soft cheeses produced according to 
traditional and stabilized cheese-making procedures. In order to extract all the infor-
mation contained in the fl uorescence spectra, CCSWA was applied to the tryptophan, 
vitamin A and ribofl avin spectral data sets. The plane defi ned by the common com-
ponents 1 ( q1 ) and 3 ( q3)  showed clear discrimination between the cheese varieties 
and sampling zones ( Figure 7.8a   ). Considering  q1 , the C-M1 and C-M3 cheese sam-
ples had negative score values, while the other cheese samples (E-M1, E-M2, C-M2 
and E-M3) exhibited mostly positive scores. In addition, good discrimination of 
E and C zones of M1 and M3 cheeses was observed according to the  q1 . However, 
E-M2 and C-M2 cheese samples were not well discriminated, although they were 
well separated from the other cheese varieties.  Figure 7.8a  also shows good discrimi-
nation between stabilized cheeses (E-M3, C-M3) and traditional cheeses (E-M1, 
C-M1, E-M2 and C-M2) independently of the sampling zones. The spectral patterns 
of tryptophan, ribofl avin and vitamin A fl uorescence spectra associated with the  q1

are shown in  Figures 7.8b, 7.8c and 7.8d , respectively.  Figure 7.8b  shows opposition 
between a negative peak located at 334       nm and a positive peak at 387       nm, indicating 



that the E-M1, C-M2, E-M2 and E-M3 cheese samples were in a hydrophilic environ-
ment. Regarding the spectral pattern of the ribofl avin, opposition between two peaks 
located around 460 and 495       nm and the one located at 533       nm was observed ( Figure 
7.8c ), indicating that the C-M1 and C-M3 cheese samples were less oxidized than the 
other cheese samples. Finally, the spectral pattern of the vitamin A ( Figure 7.8d ) was 
characterized by two positive peaks at 313 and 330       nm and a negative peak at 285       nm. 
From the obtained results, it was reported that CCSWA allowed very effi cient 
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management of all the spectroscopic information collected for the investigated soft 
cheeses. Each of the investigated probes provides information which can be used 
for recognizing the cheese variety and sampling zone. The CCSWA method sums 
up this information using two common components ( q1 , and  q3 ), taking into account 
the relation between the different fl uorescence data sets. The results obtained from 
CCSWA were not observed by the PCA performed separately on each of fl uorescence 
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spectral data set, illustrating that CCSWA methodology allowed very effi cient use of 
all the spectroscopic information provided by the three intrinsic probes. 

 In a second step, the accuracy of FFFS in the determination of some selected chem-
ical parameters collected from the E and C zones of 15 soft cheeses was assessed 
( Karoui  et al. , 2006b ). PLS regression applied to the normalized vitamin A fl uo-
rescence spectra provided the highest values of the determination coeffi cient (R 2 ) 
of 0.88, 0.86, 0.86 and 0.84 for fat, dry matter, fat in dry matter, and water-soluble 
nitrogen, respectively. The prediction of pH was successful only when using ribofl avin 
spectra. The authors pointed out that FFFS could be used as a rapid technique to pre-
dict the chemical composition of soft cheeses; however, more samples are needed to 
confi rm this assumption. 

 In a different approach,  Karoui et al.  (2005c)  attempted to discriminate 25 Gruyère 
and L ’ Etivaz Protected Designation of Origin (PDO) cheeses. Emission spectra were 
scanned following excitation at 250 and 290       nm, and excitation spectra following 
emission at 410       nm. By applying FDA, 100% correct classifi cation was obtained 
from the emission and excitation spectra. The authors concluded that FFFS could 
be an accurate technique for the determination of the geographic origin of cheeses. 
These fi ndings were fully confi rmed on Emmental cheeses originating from differ-
ent European countries and manufactured during both winter and summer seasons 
( Karoui  et al. , 2004a, 2004b, 2005b ). One of the strong conclusions of these studies 
is that FFFS allows a good discrimination between Emmental cheeses produced from 
raw milk and those made with thermized milk. 

  FFFS for monitoring the oxidation of dairy products 
 Increasing efforts have been devoted to the development of methods that detect and 
quantify early lipid oxidation in food systems. Dairy products are generally suscep-
tible to light, and they are exposed to it both during processing and in the grocery 
stores. This exposure causes off-fl avors in milk, degrades some of its ribofl avin, vita-
min C and vitamin A, and induces lipid oxidation ( Bosset  et al. , 1994 ). 

 In the milk industry several methods are used to detect photo-oxidation of dairy 
products, including peroxide values, sensory analysis, gas chromatography, etc. 
However, these methods involve the use of relatively large amount of solvents, are time 
consuming and/or expensive. FFFS is now recognized as a sensitive method for deter-
mining the level of oxidation in dairy products; indeed, good estimation of the sensory 
analysis and FFFS in both sour cream ( Wold  et al. , 2002 ) and cheese ( Wold  et al. , 
2005 ) has been achieved. Wold and coworkers (2005) showed that naturally occurring 
porphyrin and chlorophylls play an important role as photosensitizers in dairy prod-
ucts. The degradation of these components showed higher correlation with sensory 
measured lipid oxidation. 

 Recently, the feasibility of the use of FFFS as a non-destructive technique for moni-
toring oxidation at the molecular level of semi-hard cheeses made with cow ’ s milk and 
collected during both the grazing period (summer) and the stabling period (autumn) 
was examined at the surface (20       mm from the rind) and inner (40       mm from the rind) 
layers throughout the ripening stage (2, 30 and 60 days old) ( Karoui et al. , 2007b ). 
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By applying FDA to the 400–640       nm emission fl uorescence spectra recorded at the 
surface layer, correct classifi cation was observed for 100% and 91.7% for the cali-
bration and the validation spectra, respectively. With regard to the samples cut from 
the inner layers, the authors stated that the 400–640       nm emission fl uorescence spectra 
failed to discriminate cheeses that were either 2 or 30 days old. The main conclusion 
of this study was that throughout ripening the ribofl avin component was affected pri-
marily by oxygen and light ( Marsh  et al. , 1994 ), while the physicochemical modifi ca-
tion that takes place during ripening seemed to have a lesser effect than did light and 
oxygen. The authors concluded that the 400–640       nm emission fl uorescence spectra 
recorded following excitation set at 380       nm at the surface layers could be considered a 
promising tool for monitoring the oxidation of cheeses throughout ripening. 

  Meat and meat products 

 Research regarding the application of FFFS for the evaluation of meat products has 
focused on the measurements of fl uorescence from collagen, adipose tissues and 
protein ( Newman, 1984 ;  Jensen  et al. , 1989 ;  Frencia  et al. , 2003 ). 

  Connective tissue and fat 
 The  collagen  in connective tissue is known to be an important parameter of meat 
quality, as it is related to the tenderness and texture of the meat. Collagen exists in 
several different genetic forms, four of which have been found to be present in mus-
cle: Types I, III, IV and V. Types I, III and IV presented similar fl uorescent charac-
teristics when they were excited in the 330–380       nm spectral region ( Hildrum  et al. , 
2006 ).  Elastin , another important fl uorophore in meat, presents quite similar fl uores-
cence properties to those of collagen Types I, III and IV ( Egelandsdal  et al. , 2005 ). 

Adipose tissue  contains fl uorescent molecules that are specifi c for fat. Indeed, it 
has been shown by several authors (see, for example, Ramanujam, 2000;  Skjervold 
et al. , 2003 ) that the fat-soluble vitamins A, D and K exhibit fl uorescence in the 
387–480       nm spectral region after excitation at 308–340       nm. 

 Swatland ( Swatland, 1987 ;  Swatland  et al. , 1995a, 1995b ;  Swatland and Findlay, 
1997 ) could be considered the pioneer in the fi eld of meat, with a series of papers on 
different aspects of the use of FFFS, starting in 1987. His work focused on measur-
ing collagen and elastin fl uorescence from the connective tissues in meat. The author 
reported that after excitation at 365       nm, the fl uorescence emission spectra of adi-
pose tissue exhibited a maximum at 510       nm with a secondary plateau varying from 
430 to 450       nm ( Swatland, 1987 ). The obtained fl uorescence spectra of various meats 
were found to be correlated with biochemical and sensory analyses such as chewi-
ness ( Swatland  et al. , 1995a ), palatability ( Swatland  et al. , 1995b ) and toughness 
( Swatland and Findlay, 1997 ). 

 Most of the studies by Swatland and coworkers ( Swatland, 1987 ;  Swatland  et al. , 
1995a, 1995b ;  Swatland and Findlay, 1997 ) were performed using a univariate data 
analytical approach, by the comparison of single-wavelength or extracted fl uorescence-
peak features. Although interesting results were achieved, the use of multivariate analy-
sis and regression is needed for curve resolution and useful quantitative measurements 



due to the complexity of fl uorescence spectra. Egelandsdal and coworkers (1996) 
applied multivariate statistical analyses such as PCA and PLS regression to the fl uores-
cence spectra scanned on meat products after excitation set between 300 and 400       nm. 
Indeed,  Egelandsdal  et al.  (1996)  studied isolated perimysial sheets from a type I mus-
cle, and found a high correlation between perimysial breaking strength and fl uores-
cence emission spectra recorded after excitation at 335       nm.  Wold  et al.  (1999a, 1999b)  
then confi rmed these previous investigations and suggested that it would be possible 
to measure the amount of connective tissue in ground meat by using an excitation 
wavelength of 380       nm. These latter authors also showed that both connective tissue and 
intramuscular fat content could be measured using an excitation wavelength of 332       nm. 
Recently,  Egelandsdal  et al.  (2002)  studied six different batches of beef  longissimus 
dorsi  samples originating from 151 animals by using FFFS and Warner-Bratzler (WB) 
peak values. By applying PLS regression, poor to good (R      �      0.45–0.84) correlations 
between WB peak values and the emission spectra were obtained. In addition, minor 
differences in predictability were observed using excitation wavelengths of either 332 
or 380       nm. The emission wavelengths containing the most relevant information about 
WB peak values were between 360 and 500       nm. Emission wavelengths around 375       nm, 
following excitation at 332       nm, were found to be related to a component in the perimy-
sial tissue, most likely present in collagen I or III. 

 In another study,  Møller et al.  (2003)  used FFFS to predict the age of Parma hams 
produced from two muscles (semimembranosus and biceps femoris) and aged for 3 
months (young), 11 and 12 months (matured), and 15 and 18 months (aged). Using 
PLS regression, prediction of the age was considered as good, with a relative error of 
prediction of approximately 1 month; also, a good correlation between fl uorescence 
and chemical, sensory and physical parameters was found. 

  Egelandsdal  et al.  (2005)  tried to throw more light on the phenomena affecting the 
fl uorescence signal and the ability of the FFFS technique to quantify collagen contents. 
Beef masseter  and  latissimus dorsi  and pork  glutens medius  muscles, among others, 
were chosen for their wide differences in color and connective tissue quality and con-
tent. PLS regression was applied to their fl uorescence spectra in order to predict col-
lagen (measured as hydroxyproline), and good results were obtained (root mean square 
error of prediction (RMSEP) 0.55%). Similar prediction results were also obtained 
with complex sausage batters consisting of different kinds of muscles, and presenting a 
large span in myoglobin and realistic ranges in collagen and fat. One of the interesting 
results obtained in this study was that FFFS gave lower prediction errors for collagen 
content than did near-infrared (NIR) refl ectance when applied to the same batters. 

  Tenderness and muscle types 
 Differences in the level of collagen within a muscle or between different muscles led to 
a huge difference in tenderness ( Light et al. , 1985 ). Using excitation wavelengths set 
between 332 and 380       nm, FFFS is a promising technique for estimating tenderness in 
such muscles ( Hildrum  et al. , 2006 ). Recently, tryptophan fl uorescence spectra scanned 
on two beef muscles ( longissimus thoracis  and  infraspinatus ) after 2 and 14 days  post 
mortem  showed a maximum located around 336       nm ( Dufour and Frencia, 2001 ). In 
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addition, the maximum emission of aged muscles showed a shift to higher wave-
lengths (red shift). Therefore, to extract relevant information from the spectral data, 
the authors used multivariate statistical analysis such as PCA. The obtained results 
showed good discrimination of samples according to the muscle type and aging 
( Figure 7.9   ). However, with only a limited number of meat samples, the models suf-
fered from over-fi tting and consequently were not very robust against the inclusion or 
exclusion of samples. Further analyses with more samples are necessary to substan-
tiate these models. This would allow more variability of the chemical properties and 
thus development of general mathematical models for better accuracy of the FFFS 
technique. Dufour and coworkers ( Frencia  et al. , 2003 ) therefore assessed the poten-
tial of FFFS to discriminate between fi ve muscle types presenting different level of 
collagen contents and those at two points in time (2 days and 14 days post mortem). 
Applying FDA to the tryptophan fl uorescence spectra, a correct classifi cation rate 
of 82% was obtained. The authors concluded that FFFS is a powerful technique that 
allows a relatively good identifi cation of muscle types according to maturation. 

 Preliminary results have shown that results obtained at the molecular level by 
FFFS are related to the macroscopic levels (sensory and rheology data sets). Indeed, 
 Frencia  et al.  (2003)  have used a descriptive technique based on CCA to investigate 
the correlation between fl uorescence spectra (spectrofl uorometer with a front-face 
device or coupled to a fi ber-optic), mechanical properties (texturometer) and sensory 
attributes. The results showed strong correlation between the different methods, as 
depicted in  Table 7.1   . The authors concluded that a common description of the sam-
ples was possible from both the fl uorescence and the rheology or sensory data. 

 In a similar approach,  Lebecque  et al.  (2003)  analyzed 25  longissimus thoracis
samples from animals of different ages (between 2.5 and 8 years) and sexes. Sensory 
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analysis and tryptophan fl uorescence spectra were performed on muscle samples after 
7 and 12 days of aging. By applying CCA to the two methods, the fi rst two canonical 
variates were correlated with squared canonical correlations that were equal to 0.57, 
implying that the phenomena observed at the molecular and macroscopic levels were 
related to the change in the texture of meat during aging. The obtained results were 
confi rmed later by  Allais et al.  (2004)  on meat emulsion and frankfurters, since good 
correlation was obtained from fl uorescence spectra and rheology methods. 

  Lipid oxidation 
Lipid oxidation  is one of the factors limiting the quality and acceptability of meat and 
meat products ( Veberg, 2006 ). As explained above, lipid oxidation can be determined 
by several methods, such as 2-thiobarbituric acid, sensory analysis, and dynamic head-
space gas chromatography combined with mass spectrometry.  Veberg  et al.  (2006) 
used FFFS and other destructive methods to determine the level of lipid oxidation, and 
explored the usefulness of this technique for detection of low levels of lipid oxidation 
in turkey meat. They divided 55 meat samples into two groups and stored them for 
9 months at � 20°C and  � 10°C in a vacuum or exposed to air. The emission spectra in 
the range of 410       nm to 750       nm measured after excitation at 382       nm showed a maximum 
intensity at around 468–475       nm. These fl uorophores have been ascribed to the reac-
tions that occur between aldehydes and amino acids and/or lipid radicals and amino 
acids ( Yamaki  et al. , 1992 ). The fl uorescence intensities for turkey meat stored in air at 
� 10°C were highest, followed by those meat in storage in a vacuum at  � 10°C, in air at 
� 20°C, and in a vacuum at  � 20°C. By applying PLS regression between fl uorescence 
spectra and the values obtained by the other traditional techniques, good correlations 
between fl uorescence spectra and thiobarbituric acid reactive substances (TBARS), 
hexanal, 1-penten-3-ol, total components and sensory measured rancidity and intensity 
were found. One of the interesting conclusions of this study is that FFFS could be con-
sidered as a sensitive and non-destructive method for measurement of early lipid oxi-
dation in turkey meat. The obtained results confi rmed the previous fi ndings of  Olsen 
et al.  (2005) , in which two model matrices of pork back fat and mechanically recov-
ered poultry meat were freeze-stored in air at  � 20°C for 26 weeks. They found that 
FFFS and gas chromatography coupled with mass spectrometry could detect oxidative 
changes in pork back fat earlier than the sensory panel and the electronic nose could. 
The authors reported that correlation of fl uorescence spectra with sensory analyses is 
poorer than that of gas chromatography with mass spectrometry. In a similar approach, 

Table 7.1    Canonical correlation coeffi cient (R) for the fi rst canonical variates of canonical 
correlation analysis (CCA) performed on the sensory, rheology, and spectral data 

   R 

 Sensory analysis/spectroscopy with fi ber-optic  0.93 
 Sensory analysis/spectroscopy with front-face device  0.95 
 Texturometer/spectroscopy with front-face device  0.95 
 Spectroscopy with front-face device/with fi ber-optic  0.96 
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 Gatellier  et al.  (2007)  monitored lipid oxidation of chicken meat by using FFFS and 
TBARS over 9 days. In their research study, three chicken genotypes representative of 
French production were compared: Standard (fast-growing line), Certifi ed (medium-
growing line) and Label (slow-growing line). These were stored in darkness at 4°C. 
Good correlation between emission spectra recorded after excitation at 380       nm and 
TBARS was found. In addition, an effect of genotype on fl uorescence emission spectra 
was pointed out, since the fl uorescence intensity of the emission spectra of Certifi ed 
and Label animals after 7 days of refrigerated storage was signifi cantly higher than 
that of Standard chicken meat samples. 

  Fish 

 The lipid fraction of marine fi sh has been shown to contain a high level of polyun-
saturated fatty acids. During storage and/or processing, the degradation of polyun-
saturated fatty acids can lead to the development of primary and secondary products, 
resulting in the formation of fl uorescent compounds and the loss of essential nutri-
ments. Indeed,  Gardner (1979)  has shown that relatively higher fl uorescence inten-
sity was observed at higher wavelength maxima as the quality of fi sh decreased. 
The 493/463       nm and 327/415       nm ratios have proved to be a more effective index of 
fi sh quality than other common assessment methods.  Hasegawa  et al.  (1992)  used 
FFFS for the quantitative assessment of oxidative deterioration in freeze-dried fi sh. 
Two excitation wavelengths (370 and 450       nm) exhibiting maximum emissions at 
460 and 500       nm, respectively, were used, and an increase in the fl uorescence inten-
sity at 500       nm was noted, while that at 460       nm remained unchanged for fi sh samples 
stored at 25°C in the dark. The fl uorophores observed at 460       nm have been related to 
the reaction between reducing sugars (such as glucose and ribose found in fi sh) and 
amino acid compounds which induce the activation of the Maillard reaction, while 
that observed at 500       nm has been attributed to the lipid oxidation products. 

 In a similar approach,  Olsen  et al.  (2006)  used an excitation wavelength of 382       nm 
to record spectra in the 450–750       nm region on four different batches of salmon pâté 
stored at 4°C for 4, 8 and 13 weeks. Citric acid or calcium disodium ethylene-diamine 
tetraacetate were added as metal chelators to two batches, whereas no chelator was 
added to the third batch. The three investigated batches contained oil, while a fourth 
one was made with the same amounts of ingredients but without any oil. The obtained 
results showed an increase in the fl uorescence intensity with increased storage time 
for all the batches. In addition, the shape of the spectra changed largely between sam-
ples containing oil and those without oil. Indeed, samples containing oil exhibited the 
highest intensity in the range of 470–475       nm, while those with no added oil presented 
maxima between 440–450       nm. By applying PCA to the spectral data collection, a 
clear difference between samples according to storage time and the presence (or not) 
of oil was observed. The largest variation in the data sets was attributed to whether the 
samples contained oil or not; the storage time was the second most important factor 
that led to this discrimination. In a second step, the authors applied PLS regression to 
estimate the age of salmon pâté. The correlation coeffi cients for the sensory attributes, 
dynamic head-space data, fl uorescence spectra and electronic nose sensor responses 



were 0.64, 0.94, 0.93 and 0.70, respectively. The corresponding RMSEP were 3.8, 1.7, 
1.8 and 3.5, respectively, illustrating that FFFS could be a suitable technique to meas-
ure lipid oxidation. This observation is confi rmed by the highest level of correlation 
found between fl uorescence spectra and sensory attributes, among the other analytical 
techniques.

 Recently, FFFS has been used to monitor fi sh freshness for four different spe-
cies – cod, mackerel, salmon and whiting fi llets – at 1, 5, 8 and 13 days of storage 
( Dufour  et al. , 2003 ). Emission spectra of AAA      �      NA, tryptophan and NADH were 
scanned after excitation at 250, 290 and 336       nm, respectively. The fi rst two excitation 
wavelengths showed maxima located at 338 and 336       nm, respectively, while the last 
excitation wavelength showed two maxima located at 414 and 438       nm. For all three 
excitation wavelengths, the shape of the spectra illustrated some differences accord-
ing to the storage time, suggesting that a fl uorescence spectrum may be considered 
as a fi ngerprint. Applying FDA to the tryptophan fl uorescence spectra allowed 56% 
correct classifi cation of fi sh samples according to their storage times. Better clas-
sifi cation was obtained from AAA      �      NA and NADH, since 92% and 74% correct 
classifi cation was observed, respectively. The authors concluded that intrinsic fl uo-
rescence spectra could be considered as fi ngerprints that may allow discrimination 
between fresh and aged fi sh fi llets. 

 Freezing is an effi cient way of storing fi sh. It is also an excellent way to extend 
the storage life of fi sh, a fragile foodstuff. During freezing, storage and thawing, 
fi sh muscle may undergo protein denaturation and lipid oxidation due to a variety 
of causes ( Kozima, 1983 ). When freezing, storage and thawing are performed prop-
erly, the sensory properties of the products are very similar to those of the fresh one. 
Consequently, it is not easy to differentiate between a fresh and a frozen-thawed fi sh. 
In addition, nowadays many consumers prefer fresh fi sh despite its higher cost. For 
this reason, the trading of frozen-thawed products as fresh occurs, and is a fraudulent 
practice. Much effort has been expended in devising methods to establish whether 
or not a fi sh has been previously frozen. A series of physical, chemical and sensory 
parameters have been intensively highlighted by using popular and well-known ana-
lytical methods in order to differentiate frozen from fresh fi sh samples. Enzymatic 
methods, which involve assays of mitochondrial enzymes such as  � -hydroxyacyl-
CoA-dehydrogenase or HADH, have been used by several authors (Gottesmann and 
Hamm, 1983; Garcia de Fernando  et al. , 1992 ;  Hoz  et al. , 1992 ;  Pavlov  et al. , 1994 ; 
 Fernandez  et al. , 1999 ). Physical methods, which are based on the changes in dielec-
tric properties of tissues using the fi sh freshness tester or torrymeter, have been used 
by  Kim  et al.  (1987) . Physiological ( Yoshioka and Kitamikado, 1983 ), microbiologi-
cal ( Vyncke, 1983 ) and organoleptic methods ( Bennett and Hamilton, 1986 ) have 
also been utilized to differentiate frozen-thawed fi sh from fresh fi sh. 

 All these methods are tedious and destructive, relatively expensive and time-
consuming, and require highly skilled operators. Recently, attention has focused on 
the development of non-invasive and non-destructive instrumental techniques such 
as FFFS. Indeed,  Aubourg  et al.  (1998)  used fl uorescence spectroscopy to monitor 
changes that occurred in sardines stored at  � 18°C and  � 10°C. Sardines stored at 
� 18°C were sampled after 0.5, 2, 4, 8, 12 and 24 months, and those stored at  � 10°C 
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were sampled at 3, 10, 25, 60 and 120 days. Fluorescence was measured at two exci-
tation emission maxima, 327/463       nm and 393/463       nm. The authors used the fl uores-
cence ratio, defi ned as the fl uorescence intensity at 327/463       nm over the fl uorescence 
intensity at 393/463       nm, determined in aqueous and organic solutions. This ratio was 
found to increase throughout the whole storage time at the two temperatures when 
it was determined in the aqueous solution. One of the most limiting points of this 
study is that the authors used only maxima of emission and excitation wavelengths, 
which could induce some loss of information contained in the fl uorescence spec-
tra. Recently,  Karoui  et al.  (2006c)  demonstrated the ability of FFFS to differentiate 
between fresh and frozen-thawed fi sh. A total of 24 fi sh (12 fresh and 12 frozen-
thawed) were analyzed by using excitation wavelengths set at 290 (tryptophan) and 
340       nm (NADH). The authors tested different freezing and thawing rates. The emis-
sion spectra of NADH of fresh fi sh showed a maximum at 455       nm and a shoulder at 
403       nm, while frozen-thawed fi sh was characterized by a maximum located at 379       nm 
and a shoulder at 455       nm ( Figure 7.10   ). 
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Figure 7.10     Normalized NADH fl uorescence spectra (excitation 340       nm, emission 360–570       nm) of fresh 
( … ) and frozen-thawed (—) fi sh fi llets.    



 By applying PCA to NADH spectra, good discrimination between fresh and frozen 
fi sh samples was observed. Indeed, according to PC1, accounting for 84.9% of the total 
variance, negative scores were observed for mostly fresh samples, while positive values 
were observed for frozen-thawed fi sh samples ( Figure 7.11   ). The authors confi rmed 
this high level of discrimination by applying FDA to the fi rst fi ve PCs of the PCA per-
formed on the NADH spectra. Indeed, 100% correct classifi cation was obtained for the 
calibration and validation data sets, respectively. One of the interesting conclusions of 
this research was that NADH fl uorescence spectra may be considered a promising tool 
for differentiating between fresh and frozen-thawed fi sh samples. 

  Egg and egg products 

 The modern poultry industry is not satisfi ed with the traditional system of handling 
and processing eggs, which is based on candling and visual inspection. Currently, 
the conveyer operator cannot inspect 120 000 eggs per hour and estimate the fresh-
ness, weight, bacterial infection, presence of technical spoilage and eggshell defects 
without elimination of subjectivity, fatigability and destruction. That is why the prob-
lem of automation of egg quality control is so diffi cult. In order to ensure high and 
consistent egg quality, an attractive and alternative strategy for determining the state 
of egg freshness can be achieved by sensor technologies. These techniques (such as 
NIR, MIR, fl uorescence spectroscopies, etc.) appear to be very promising for non-
destructively determining egg freshness, since they are relatively inexpensive. Such 
methods cannot eliminate the need for more detailed physicochemical analyses, but 
they may help to screen for samples that require further examination. 

Freshness  makes a major contribution to the quality of eggs and egg products. 
One of the main concerns of the egg industry is the systematic determination of egg 
freshness, because consumers may perceive variability in freshness as lack of qual-
ity. Egg white and egg yolk are extensively utilized as ingredients because of their 
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Figure 7.11    Principal component analysis similarity map determined by principal components 1 (PC1) 
and 2 (PC2) for the NADH fl uorescence spectra of fresh ( � ) and frozen-thawed ( � ) fi sh fi llets.    
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unique functional properties, such as gelling and foaming. Foams are used in the 
food industry in the manufacture of bread, cakes, crackers, ice creams, etc. Hen egg 
yolk has good emulsifying properties. The foaming and emulsifying properties of 
albumen and yolk, respectively, are affected by protein concentration, pH and ionic 
strength. The changes that occur in eggs during storage are many and complex, and 
affect the functional properties of egg yolk and egg albumen. These changes include 
thinning of albumen, increase of pH, weakening and stretching of the vitelline mem-
brane, and increase in water content of the yolk. Freshness can be explained to some 
extent by objective sensory, (bio)chemical, microbial and physical parameters, and 
can therefore be defi ned as an objective attribute. Knowledge of the various descrip-
tors of properties that are encountered in eggs immediately after laying must be 
known, as well as the changes in properties that take place over time. This informa-
tion can be gained by performing controlled storage experiments that extend from 
the time after laying; loss in freshness and spoilage can thus be monitored. 

  Posudin (1998)  assessed the potential of FFFS to determine the freshness of eggs 
by using ultraviolet radiation for the quality evaluation of eggs with differing levels 
of pigmentation. The emission spectra of different eggs showed two maxima located 
at 635 and 672       nm after excitation at 405, 510, 540 and 557       nm. These excitation 
wavelengths have been related to the pigments of porphyrin and porphyrin deriva-
tives of fl orin and oxofl orin. The obtained results showed that the intensity at 672       nm 
depends on the egg freshness. Indeed, an eggshell emits vivid red auto-fl uorescence 
by ultraviolet radiation, because of the presence of porphyrin. The auto-fl uorescence 
of a fresh egg is stronger than that of an old one, since the intensity of auto-
fl uorescence depends on the amount of porphyrin on the shell surface. From these 
preliminary results, the author concluded that fl uorescence spectroscopy could be 
a promising approach for quantitative estimation of porphyrin in eggs and thus to 
determine egg freshness. Recently, and for the fi rst time, FFFS was used to monitor 
egg freshness during storage ( Karoui  et al. , 2006d, 2006e ). The authors reported that 
FMRP (excitation, 360       nm; emission, 380–580       nm) recorded on thick and thin albu-
mens and vitamin A scanned on egg yolk (emission, 410       nm; excitation, 270–350       nm) 
could be considered as powerful tools for the evaluation of egg freshness stored at 
room temperature, while tryptophan fl uorescence spectra recorded on thick and thin 
albumens and egg yolk failed to discriminate between fresh and aged eggs. 

 Using excitation at 360       nm, the emission spectra recorded on fresh thick egg albu-
men exhibited two maxima located at 410 and 440       nm, respectively ( Figure 7.12   ). 
Similar results were obtained on thin albumen of fresh eggs. The very characteristic 
fl uorescence spectra of thick and thin albumen of eggs stored for a long time (i.e. 18 
days or more) at room temperature showed a shoulder located at 414       nm and a maxi-
mum at approximately 438       nm. In addition, as the spectra showed large differences 
between fresh thin/thick egg albumens and those stored for a long time (29 days), 
the authors considered the spectra as fi ngerprints for freshness identifi cation. Indeed, 
thick and thin albumens of fresh eggs within 2–3 days of laying had the highest 
intensity at 410       nm, while those of aged eggs had the lowest. The authors concluded 
that the shape of FMRP is correlated with the storage time: thick albumen of fresh 
eggs had the lowest ratio of fl uorescence intensity F.I.440       nm/F.I.410       nm (e.g. 1.0), 



while that of eggs stored for 29 days had the highest (i.e. 1.30). The changes in the 
F.I.440       nm/F.I.410       nm ratio have been ascribed to the change in the viscosity of both 
thick and thin egg albumens, and the formation of furosine during storage ( Birlouez-
Aragon et al. , 1998 ; Kulmyrzaev and Dufour, 2002). Indeed, it has been reported 
that during egg storage, a decrease in the viscosity of thick albumen was observed 
( Lucisano  et al. , 1996 ). This phenomenon has been attributed to the separation of 
the � -fraction of ovomucin, rich in carbohydrate from the ovomucin–lysozyme com-
plex. However, in the study by  Karoui  et al.  (2006d, 2006e)  eggs were stored at room 
temperature, and little attention has been given to the infl uence of temperature and 
relative humidity variations on fl uorescence measurements, although  Stadelman
et al.  (1954)  observed a linear decrease of  � 1.15 Haugh Units per 10°C increase 
in testing temperature. In addition, only a relative small number of eggs (n      �      79) 
have been investigated and a relative short time (29 days). Therefore, Karoui and 
coworkers have continued this work by investigating changes at the molecular level of 
126 eggs stored at 12.2°C and 87% RH for 1, 6, 8, 12, 15, 20, 22, 26, 29, 33, 40, 47 
and 55 days ( Karoui  et al. , 2007c ). Of the intrinsic fl uorophores tested, only PCA 
applied to the vitamin A fl uorescence spectra allowed a good identifi cation of eggs 
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Figure 7.12    Normalized fl uorescence spectra of fl uorescent Maillard reaction products (FMRP) recorded 
following excitation at 360       nm on thick albumen of eggs stored at room temperature within 2–3 (—), 
16 ( … ) and 29 (– – –) days after being laid.    
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as a function of their storage time. By applying FDA to the AAA      �      NA spectra, cor-
rect classifi cation rates of 69.4% and 63.9% were observed for the calibration and 
validation sets, respectively. Quite similar results were obtained with AAA      �      NA 
scanned on egg yolks. The best results were obtained with vitamin A fl uorescence 
spectra, where correct classifi cation rates of 97.7% and 85.7% in the calibration and 
validation sets were obtained, respectively. The authors concluded that vitamin A fl u-
orescence spectra provide useful fi ngerprints, mainly allow the identifi cation of eggs 
during storage at low temperature, and could be considered as a powerful intrinsic 
probe for the evaluation of egg freshness. 

 Considering that the storage of eggs under modifi ed atmospheric conditions is 
important for preserving their desirable quality, Karoui and coworkers have con-
tinued this work by testing the ability of vitamin A fl uorescence spectra to moni-
tor changes at the molecular level of 225 eggs stored at 12.2°C and 87% RH in an 
atmosphere containing 2% (n      �      108) and 4.6% (n      �      99) of CO 2  for 55 days ( Karoui
et al. , 2007d ). Again, vitamin A fl uorescence spectra allowed good discrimination of 
eggs according to both storage time and conditions, while more overlapping between 
egg samples was observed when the other intrinsic probes were investigated. The 
similarity map defi ned by the principal components 1 (PC1) and 3 (PC3) of eggs 
held in an atmosphere containing 2% of CO 2  is shown in  Figure 7.13   . According to 
PC1, accounting for 90.5% of the total variance, eggs aged 22 days or less presented 

�3.E�03

�1.E�03

1.E�03

3.E�03

�2.E�02 �2.E�03 2.E�02 PC1 (90.5%)

P
C

3 
(1

.0
%

)

Figure 7.13     Principal component analysis similarity map determined by principal components 1 (PC1) 
and 3 (PC3) for vitamin A fl uorescence spectra of yolk of eggs held at 12.2°C and 87% relative humidity in 
an atmosphere containing 2% of CO 2  for 1 ( � ), 6 ( � ), 8 ( � ), 12 ( 	 ), 15 (✳), 20 ( � ), 22 ( � ), 26 (-), 
29 ( � ), 33 (◆), 40 ( � ), 47 ( � ) and 55 ( ● ) days after being laid. Eggs aged 1 day were gathered from the 
farm and analyzed immediately upon arrival at the laboratory.    



negative score values while those of 26 days or more had positive scores. In addition, 
the eggs were well separated for each storage time, except for those samples aged 20 
and 22 days and those aged 26 and 29 days, where some overlapping was observed. 
The authors concluded that vitamin A fl uorescence spectra could be considered a 
good indicator of egg freshness.  

  Edible oils 

 Olive oil is an economically important product of the Mediterranean countries. It has 
a fi ne aroma and pleasant taste, with excellent health benefi ts. The quality of olive oil 
ranges from the high-quality extra-virgin olive oil (EVOO) to the low-quality olive-
pomace oil. EVOO is obtained from the fruit of the olive tree by mechanical pressing 
and without refi ning processes. Its acidity cannot be greater than 1%. Owing to its 
high quality, it is the most expensive type of olive oil. For this reason, it may be misla-
beled or adulterated for economic reasons. Mislabeling often involves false informa-
tion regarding the geographic origin or oil variety ( Aparicio et al. , 1997 ). Adulteration 
involves the addition of cheaper oils; the most common adulterants found in virgin 
olive oil are refi ned olive oil, residue oil, synthetic olive oil–glycerol products, seed 
oils (such as sunfl ower, soy, maize and rapeseed) and nut oils (such as hazelnut and 
peanut oil) ( Baeten et al. , 1996 ;  Downey  et al. , 2002 ;  Sayago  et al. , 2004 ). Owing to 
the low price of olive-pomace oil, it is sometimes used to adulterate EVOO. For this 
reason, a rapid method to detect such a practice is important for quality control and 
labeling purposes. 

 Several techniques can be used to detect olive oil adulteration, including colori-
metric reactions, and determination of the iodine value, saponifi cation value, den-
sity, viscosity, refractive index and ultraviolet absorbance ( Gracian, 1968 ). However, 
these methods may be time-consuming, and require sample manipulation. To over-
come these handicaps, other techniques have been applied. The most noteworthy are 
spectroscopic techniques such as NIR, MIR, nuclear magnetic resonance (NMR) and 
fl uorescence spectroscopy. 

  Zandomeneghi  et al.  (2005)  recorded the fl uorescence spectra of EVOO using right 
angle and FFFS. The former method showed considerable artefacts and deformation, 
while the latter provided spectra that are much less affected by self-absorption. The 
authors attributed this to the self-absorption phenomena when using right-angle fl uo-
rescence, even when the spectra are corrected for inner fi lter effects. In another study, 
 Sayago  et al.  (2004)  applied fl uorescence spectroscopy for detecting hazelnut oil adul-
teration in virgin olive oils. Virgin olive, virgin hazelnut and refi ned hazelnut oil sam-
ples and a mixture of them at 5, 10, 15, 20, 25 and 30% adulteration were analyzed 
after excitation at 350       nm. By performing linear discriminant analysis (LDA), 100% 
correct classifi cation was achieved. In a similar approach,  Kyriakidis and Skarkalis 
(2000)  used an excitation wavelength of 360       nm to differentiate between common 
vegetable oils, including olive oil, olive residual oil, refi ned olive oil, corn oil, soy-
bean oil, sunfl ower oil and cotton oil. All the oils studied showed a strong fl uores-
cence band at 430–450       nm, except for virgin olive oil, which exhibited a low intensity 
at both 440 and 455       nm, a medium band around 681       nm and a strong band at 525       nm. 
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The latter two bands have been ascribed to chlorophyll and vitamin E compounds, 
respectively. The very low intensity of the peaks at 445 and 475       nm is due to the high 
content of phenolic antioxidants, which provide more stability against oxidation. All 
refi ned oils showed only one intense peak at 445       nm, which is due to fatty acid oxida-
tion products formed as a result of the large percentage of polyunsaturated fatty acids 
present in these oils. 

 In recent years, instrumental improvements and the availability of software spe-
cially designed to extract the information contained in spectra have contributed to 
the development of fl uorescence spectroscopy. Hence, it is possible to record one fl u-
orescence excitation–emission matrix for each sample – i.e. a set of emission spectra 
recorded at several excitation wavelengths.  Sikorska  et al.  (2004a, 2005)  used syn-
chronous fl uorescence spectroscopy with excitation wavelengths from 250 to 450       nm 
and emission spectra in the range 290 to 700       nm. The peak located at 320       nm after 
excitation at 290       nm has been attributed to tocopherols, while the band located at 
670       nm in emission and 405       nm in excitation belongs to pigments of the chlorophyll 
group. In order to compare the set of synchronous fl uorescence spectra of differ-
ent oils  Sikorska  et al.  (2005)  applied the k-nearest neighbors (k-NN) method, and 
good discrimination between oil samples with a very low classifi cation error ranging 
between 1 and 2% and a low standard deviation value was obtained. 

 In a different approach,  Guimet  et al.  (2004)  applied PARAFAC and unfold PCA 
in order to assess the potential of FFFS to discriminate between virgin and pure olive 
oils; the ranges studied were at excitation wavelength ( 	ex ) 300–400       nm, emission 
wavelength ( 	em ) 400–695       nm, and  	ex       �      300–400       nm,  	em  400–600       nm. The fi rst 
range was found to contain chlorophylls, whereas the second range contained only 
the fl uorescence spectra of the remaining compounds (oxidation products and vita-
min E). In 2005, Guimet and coworkers applied PARAFAC to detect the adulteration 
of EVOO with olive-pomace oil at low levels (5%). Discrimination between the two 
types of oils was achieved by applying both LDA and discriminant multi-way PLS 
regression; the latter gave 100% correct classifi cation. 

 In another study,  Poulli  et al.  (2005)  used synchronous fl uorescence to analyze 
73 samples, including 41 edible and 32 lampante virgin olive oils, collected in October 
and November 2002. Emission spectra in the range 350–720       nm at excitation wave-
lengths varying from 320 to 535       nm were recorded. By applying PCA and hierarchi-
cal cluster analysis, good classifi cation separating the two types of oils was obtained. 
Recently, the same research group assessed the potential of total synchronous fl u-
orescence spectra to detect adulteration of VOO (virgin olive oil) with other oils 
( Poulli  et al. , 2007 ). By applying PLS regression to the excitation spectra recorded in 
the 250–720       nm with a wavelength interval of 20       nm, the authors found that FFFS is 
useful for detection of olive-pomace, corn, sunfl ower, soybean, rapeseed and walnut 
oils in VOO at levels of 2.6%, 3.8%, 4.3%, 4.2%, 3.6% and 13.8%, respectively. 

 The potential of fl uorescence spectroscopy to monitor frying oil deterioration has 
also been demonstrated by using fi ve selected excitation wavelengths varying from 
395       nm to 530       nm ( Engelsen, 1997 ). By applying PLS regression, the author showed 
good correlation between fl uorescence spectra and quality parameters describing the 
deterioration (e.g. anisidine value, iodine value, oligomers and vitamin E).  



  Cereals and cereal products 

 The potential of fl uorescence spectroscopy for monitoring cereals has increased over 
the past few years with the propagated application of chemometric tools and with 
technical and optical developments of the spectrofl uorometer.  Zandomeneghi (1999)  
used FFFS (excitation, 275       nm; emission, 280–575       nm) to differentiate between dif-
ferent cereal fl ours (rice, creso, maize, pandas). The same research group also uti-
lized visible excitation set at 445       nm (emission, 460–600       nm) to differentiate between 
fl ours of fi ve different wheat varieties, and good discrimination was observed. In 
another study, excitation wavelengths set at 275, 350 and 450       nm presenting fl uores-
cence emission maxima at 335, 420 and 520       nm, respectively, were utilized to classify 
botanical tissue components of complex wheat fl our and rye fl our; the bands were 
attributed to AAA, ferulic acid and ribofl avin components, respectively. The last fl u-
orescent component was confi rmed by Zandomeneghi and coworkers (2003), who 
attributed the band observed at 520       nm to ribofl avin, where a standard solution at dif-
ferent concentration was used, while the band between 430 and 530       nm was found to 
be proportional to the lutein content of the fl our ( Zandomeneghi  et al. , 2000 ). 

 Ferulic acid and ribofl avin spectra have been reported to have good accuracy when 
monitoring wheat fl our refi nement and milling effi ciency by using fl uorescence imag-
ing, and successful classifi cation was obtained, suggesting that FFFS may be used to 
classify wheat cultivars ( Symons and Dexter, 1991, 1992, 1993, 1996 ). These results 
have recently been confi rmed by  Karoui  et al.  (2006f) . In our study, tryptophan fl uo-
rescence spectra of 59 samples (20 complete Kamut®, semi-complete Kamut® and 
soft wheat fl ours, 28 pasta and 11 semolinas manufactured from complete Kamut®, 
semi-complete Kamut® and hard wheat fl ours) were scanned after excitation at 
290       nm. PCA performed on the fl ours ’  spectra clearly differentiated complete Kamut® 
and semi-complete Kamut® samples from those produced from complete and semi-
complete soft wheat fl ours, while good discrimination of pasta samples manufactured 
from complete Kamut® and complete hard wheat fl ours from those made with semi-
complete Kamut® and semi-complete hard wheat fl ours was achieved. The best dis-
crimination was obtained from tryptophan spectra recorded on semolinas, since the 
four groups were well discriminated. Indeed, by applying FDA to the spectral collec-
tion, 86.7% and 87.9% correct classifi cation rates were obtained for the calibration 
and validation samples, respectively. In a similar approach,  Ram et al.  (2004)  assessed 
the potential of FFFS to differentiate between red and white wheat kernels. Emission 
spectra (370–570       nm) were recorded after excitation at 350       nm, and a clear difference 
was observed between the two group samples; this difference has been attributed to 
the morphological variation in the pericarp, and nuclear organization of the two varie-
ties of wheat. The authors concluded that FFFS has the potential to be a rapid, low-
cost and effi cient method for the authentication of cereal products. 

  Beer and wine 

 Beer is a complex mixture consisting mainly of water and ethanol with about 0.5% 
dissolved solids. Therefore, beer analysis is important for evaluation of organoleptic 
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characteristics, quality, nutritional aspects and safety.  Apperson  et al.  (2002)  reported 
that fl uorescence spectra of beer arise from different components such as amino 
acids, polyphenols and iso- � -acids. Indeed, fl uorescence spectra recorded on 21 dark 
and light beer samples exhibited two peaks with excitation/emission maxima located 
at 290/340       nm and 340/430       nm ( Christensen et al. , 2005 ). The fi rst peak was attrib-
uted to protein and the latter to the complex polyphenol and iso- � -acids. By compar-
ing spectra recorded on light beer presenting three different levels of bitterness (8.8, 
16.1 and 28.5 International Bitter Units (IBU)), beer samples presenting the highest 
level of bitter did not differ signifi cantly from the other two, suggesting that bitter 
acids are not the main contributors to the fl uorescence signals. PLS regression was 
subsequently applied to the fl uorescence spectra in order to assess the potential of 
this technique to determine the color and bitterness in terms of IBU. The best results 
were obtained by using three excitation wavelengths, set at 260, 270 and 290       nm, 
since a lower root mean square error of cross-validation (RMSECV) of 2.77       IBU 
than with the full spectrum (3.56) was observed. 

 In another study,  Sikorska  et al.  (2004b)  used fl uorescence to characterize intrinsic 
probes of eight different Polish beers. Three-dimensional spectra were obtained by 
measuring the emission spectra in the range from 290 to 700       nm at excitation wave-
lengths ranging from 250 to 500       nm. Fluorescence spectra showed a relatively intense 
band with excitation at about 250       nm and emission at 350       nm, another with excita-
tion at 350       nm and emission at 420       nm, and a fi nal one, presenting the least intense 
emission band, with excitation at 450       nm and emission at 520       nm. These peaks were 
ascribed to aromatic amino acids, NADH, vitamins B2, B6 and B12, and this was 
confi rmed later by the same research group ( Sikorska  et al. , 2006 ;  Sikorska, 2007 ).
By applying PLS regression to the spectra recorded after excitation set at 450       nm 
and the ribofl avin content determined by reference techniques, good correlation was 
observed as an R of 0.97 was found. The obtained results confi rmed that FFFS could 
be used to quantify vitamin B 2  in beer. However, owing to the low number of sam-
ples, more research is necessary before claiming the potential of this technique, and 
it would be interesting to correlate the spectral characteristic of beers to known beer 
classifi cations, as well as specifi c beer properties to the ability of FFFS to quantify 
AAA      �      NA. 

 Recently, the phenolic content of grape berries has been considered to be an impor-
tant parameter for wine quality, as it is responsible for the color, fl avor and structure 
of wine. Phenolic compounds, and anthocyanins in red grape varieties, are usually 
evaluated spectrophotometrically on solvent extracts of grape berries. The method 
is time-consuming, and may produce certain artefacts due to pigment instability 
and loss of material. Furthermore, the composition and evolution of berry pheno-
lics with ripening depend on grape variety, viticultural practices and environmental 
factors. Therefore, anthocyanins have been chosen as markers of phenolic matura-
tion because their evolution with ripening is equivalent to that of skin tannins.  Agati  
et al.  (2007)  used FFFS to differentiate between two grape varieties at two different 
times. Excitation spectra were recorded in the 280–650       nm range for emission set at 
685       nm, whereas emission spectra were scanned between 630 and 800       nm with excita-
tion at 436       nm. The excitation spectra showed two maxima located at 440 and 480       nm, 



corresponding to the principal absorption peaks of chlorophylls  a  and  b  and of car-
otenoids. A reduction of chlorophyll fl uorescence intensity with increasing matu-
rity of the berry was noted. Thus, phenolic maturity in vineyards can be determined 
by using a suitable portable device based on fl uorescence spectroscopy. In another 
study,  Dufour  et al.  (2006)  assessed the potential of FFFS to discriminate 120 wine 
samples produced in France and Germany. Emission (275–450       nm) and excitation 
(250–350       nm) spectra were recorded directly on the wine samples. The emission spec-
tra were characterized by a maximum at 376       nm and a shoulder at 315       nm, while the 
excitation spectra showed two peaks located at about 260 and 320       nm. By perform-
ing PCA on the collection of excitation spectra, good discrimination between French 
and German wines was observed. Correct classifi cation of typical and non-typical 
Beaujolais amounting to 95% was observed for the emission fl uorescence data set. 
The authors concluded that FFFS may provide useful fi ngerprints and allow the iden-
tifi cation of wines according to variety and typicality. 

  Sugar 

 In combination with multivariate statistical analyses, fl uorescence spectroscopy has 
proved to be a promising screening method for predicting quality parameters in beet-
sugar samples ( Munck et al. , 1998 ). Indeed, it has been shown that commercial sugars 
exhibit characteristic fl uorescence, which can be used to obtain information regard-
ing minor constituents in the sugar. Spectrofl uorometry has successfully been applied 
to the beet-sugar manufacturing process with the use of multivariate data analysis 
( Munck  et al. , 1998 ). The same approach with multiple excitation and emission wave-
lengths used by  Carpenter and Wall (1972)  has also been employed, but chemomet-
ric evaluation of the excitation–emission landscapes is used to extract the relevant 
information from the data. In a study of beet-sugar samples, it was possible to classify 
white-sugar samples according to factory and to predict quality parameters such as 
amino nitrogen, color and ash from the fl uorescence data of these samples ( Nørgaard, 
1995 ). The fl uorescence data of thick juice samples showed more ambiguous results 
owing to the more complex sample composition. Another study of beet-sugar sam-
ples utilized the three-dimensional structure of the fl uorescence excitation–emission 
landscapes to resolve spectral excitation and emission profi les of fl uorophores in sugar 
with a multi-way chemometric model, PARAFAC ( Bro, 1999 ). Four fl uorescent com-
ponents were found to capture the variation in the fl uorescence data of 268 sugar sam-
ples collected from a beet-sugar factory in a single campaign, and two of them showed 
spectra with a close similarity to the pure fl uorescence spectra of the amino acids tyro-
sine and tryptophan. The concentrations of the four components estimated from the 
sugar samples could be correlated with several quality and process parameters, and 
they were characterized as potential indicator substances of the chemistry in the sugar 
process, which has been confi rmed by the use of HPLC analysis combined with fl uo-
rescence detection on thick juice samples and evaluation by PARAFAC ( Baunsgaard 
et al. , 2000a ). Seven fl uorophores were resolved from thick juice. Apart from tyro-
sine and tryptophan, four of the fl uorophores were identifi ed as high molecular weight 
compounds, which were related to colorants absorbing at 420       nm. Three of the high 
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molecular weight compounds were found to be possible Maillard reaction polymers. 
The last of the seven fl uorophores indicated a compound with polyphenolic character-
istics. In a fl uorescence study of 47 raw cane sugars which were collected from many 
different locations and campaign years, three individual fl uorophores were found; one 
of them, representing maximum excitation and emission at 275 and 350       nm, respec-
tively, is characterized as an ultraviolet color precursor that participates in color 
development during storage. The other two (340, 420       nm and 390, 460       nm excitation 
/emission in the visible wavelength area), are considered to be potential colorants, 
which shows a link with their fl uorescence behavior ( Baunsgaard et al. , 2000b ). 

 Recently, FFFS has been used to monitor adulteration of honey with cane-sugar 
syrup ( Ghosh  et al. , 2005 ). Five honey samples extracted from  Apis fl orae  hives and 
ten commercial cane-sugar samples were investigated. Using an excitation wave-
length of 340       nm, pure honey samples were characterized by two prominent features – 
a shoulder located at around 440       nm and a maximum located at 510       nm, which has 
been ascribed to fl avins – while cane-sugar syrup samples exhibited a maximum 
located around 430       nm. The peaks located at 440 and 430       nm in pure honey and 
sugar syrup samples have been attributed to NADH. Synchronous fl uorescence was 
then applied to differentiate between pure honey and sugar syrup samples, and good 
discrimination between the two groups was observed. The spectra for cane-sugar 
syrup were characterized by a shoulder around 305       nm and a prominent band around 
365       nm, while honey samples had a strong peak around 460       nm and a much weaker 
peak around 365       nm. The authors observed an increase in intensity at 365 and 425       nm, 
as well as the ratio of fl uorescence intensity (FI), FI 365 /FI 425 , with the increase of 
cane-sugar syrup concentration; thus the ratio of the intensity of synchronous fl uo-
rescence of spectra at 365       nm to that of 425       nm has been suggested as a potential 
method to monitor the adulteration of honey with cane sugar syrup. In another study, 
FFFS was also used to determine the botanical origin of honeys ( Ruoff  et al. , 2005 ; 
 Karoui  et al. , 2007e ). Fluorescence spectra were scanned on 62 honey samples 
belonging to seven fl oral origins after excitation at 250       nm (emission, 280–480       nm), 
290       nm (emission, 305–500       nm) and 373       nm (emission, 380–600       nm), and emis-
sion set at 450       nm (excitation, 290–440       nm). By applying FDA to the four data sets 
(concatenation), correct classifi cation rates of 100% and 90% were observed for the 
calibration and validation samples, respectively. In addition the seven honey types 
were well discriminated, indicating that the molecular environments, and thus the 
physicochemical properties, of the investigated honeys were different. One of the 
main fi ndings of this study is that FFFS might be a suitable and alternative technique 
to classify honey samples according to their botanical origins; this was confi rmed 
recently by  Ruoff  et al.  (2006) , who studied 371 honey samples originating from 
Switzerland, Germany, Italy, Spain, France, Slovenia and Denmark. By using chemo-
metric tools, the error rates of the discriminant models ranged from 0.1% to 7.5%.  

  Fruit and vegetables 

 Chlorophyll fl uorescence has been used as an intrinsic probe to determine the physi-
ological status of whole plants and plant organs ( Song  et al. , 1997 ). This component 



has been considered an effi cient probe for monitoring apples during maturation, rip-
ening and senescence ( Song et al. , 1997 ). Recently, fl uorescence spectroscopy has 
been considered to have the potential to assess the mealiness of apples ( Moshou
et al ; 2005 ), since relatively good correlation was obtained between mealiness and 
fl uorescence spectra. Other authors have used the chlorophyll fl uorescence of apples 
as a potential predictor of superfi cial scald development during storage ( DeEll et al. , 
1996 ), and for the estimation of anthocyanins and total fl avonoids in apples ( Hagen
et al. , 2006 ). In another study,  Lötze  et al.  (2006)  used fl uorescence imaging as a non-
destructive method for the pre-harvest detection of bitter pit in apples; the same tech-
nique had already been utilized to determine apple quality ( Seiden et al. , 1996 ;  Noh 
and Lu, 2007 ). Two excitation wavelengths, set at 265 and 315       nm, were chosen, as 
they yielded the richest spectra of two juice-apple varieties (Jonagold and Elstar). The 
spectra showed two excitation–emission maxima (315/440 and 265/350       nm) that have 
not been attributed to any component in apple juice ( Seiden et al. , 1996 ). Applying 
PCA to the two juice-apple varieties, good discrimination was observed – which was 
not achieved with titrable acidity or soluble solids data. The authors pointed out that 
an increase in the ripening process of apples involves an increase in the soluble fl uo-
rescent compounds. Good correlation between soluble solids and fl uorescence spec-
tra was observed independently of the apple varieties, indicating the possibility of 
modeling the progression in maturity with information obtained from spectra, while 
fl uorescence was found to correlate poorly to the amount of titrable acids in juice. 

  Identifi cation of bacteria of agro-alimentary interest 

 The identifi cation of microorganisms of agro-alimentary interest in food and food 
products by conventional phenotypic procedures based on morphology and biochem-
ical tests involves a large quantity of reagents, and in some cases is unable to discrim-
inate microorganisms at the strain level. In this context,  Leblanc and Dufour (2002) 
assessed the potential of different intrinsic probes (i.e. tryptophan, AAA      �      NA, and 
NADH) to discriminate between 25 strains of bacteria in dilute suspensions. The 
best results were obtained by using AAA      �      NA spectra, where correct classifi cation 
rates of 100% and 81% were observed for the calibration and validation samples, 
respectively. The authors noted that fl uorescence spectroscopy is able to discrimi-
nate and identify bacteria at genus, species and strain levels. They concluded that the 
fl uorescence technique could also have application in the fi eld of monitoring bac-
terial growth. This assumption was later demonstrated by the same research group 
( Leblanc and Dufour, 2004 ). In their studies, the spectra of three bacteria strains 
(L. lactis, S. carnosus  and  E. coli ) were recorded at different growth phases. By 
applying PCA to the spectra scanned on each bacteria, three groups corresponding 
to three main phases of growth were identifi ed (lag phase, exponential phase and 
stationary phase). The authors then gathered the spectra recorded on the three bacte-
ria into one matrix, and this new matrix was analyzed by PCA. The obtained results 
showed good discrimination of spectra according to bacteria and metabolic profi le. 

 Recently, Dufour and coworkers utilized the same technique for the identifi cation 
of lactic acid bacteria isolated from a small-scale facility producing traditional dry 
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sausages ( Ammor  et al. , 2004 ). Again, fl uorescence spectroscopy demonstrated 
its ability to discriminate between  Lactobacillus sakei  subsp.  carnosus  and 
Lactobacillus sakei  subsp.  sakei . In another approach,  Leriche et al.  (2004)  isolated 
30 Pseudomonas  spp. strains from milk, water, cheese center and cheese surface from 
two traditional workshops manufacturing raw-milk Saint Nectaire cheese. By apply-
ing FDA to the two data sets, clear linkages between groups of isolates were noted. 
In the fi rst workshop, the milk was implicated being as the sole source of cheese con-
tamination, whereas in the second workshop the milk and cheese-center isolates were 
found to be similar, but different from surface-cheese isolates. The authors attributed 
this contamination at the cheese surface to the water used during the ripening proc-
ess (washing of the cheese surface). From the results obtained, it was stated that it is 
possible to characterize, differentiate and trace  Pseudomonas  spp. strains using the 
fl uorescence technique. These fi ndings were reinforced by the high correlation (using 
CCA) observed between the data sets obtained from the metabolic profi ling and fl uo-
rescence spectroscopy. 

 Regarding this fi eld,  Kunnil  et al.  (2005, 2006)  used different excitation wavelengths 
(280, 310, 340, 370 and 400       nm) for the identifi cation of three different  Bacillus
spores mixed with one of the three different samples of domestic dust. By apply-
ing PCA, fl uorescence spectroscopy showed a strong promise in correctly identify-
ing bacterial spores. Moreover, the authors succeeded in correctly clustering together 
different samples of  Bacillus  spores before and after the spores had been washed and 
redried.

  Advantages and disadvantages of fl uorescence 
spectroscopy 

  Advantages 

 Fluorescence spectroscopy is a relevant analytical technique because of its extreme 
sensitivity and excellent specifi city. Indeed, spectrofl uorometric methods can detect 
concentrations of component as low as one part in 10 10 , with a sensitivity 1000 
times greater than that of most spectrophotometric methods. The main reason for 
this increased sensitivity could be explained by the fact that in fl uorescence the emit-
ted radiation can be increased or decreased by changing the intensity of the exciting 
radiant energy. 

 Regarding the specifi city of fl uorescence, it can be explained by two factors; the 
fi rst is that fewer fl uorescent compounds exist compared with absorbing ones, since 
all fl uorescent compounds must absorb radiation but not all compounds that absorb 
radiation emit; the second is that two wavelengths are used in fl uoremetry, whereas 
only one is used in spectrophotometry. In addition, two substances that absorb radi-
ation at the same wavelength will probably not emit at the same wavelength. The 
difference between excitation and emission peaks ranges from few to several wave-
lengths. It is worth noting that the emission spectrum is highly dependent on the 
excitation wavelength; both excitation and emission spectra can be obtained. Thus, 



the advantages of fl uorescence spectroscopy are the absence of interference, and that 
higher-order data can be obtained from it. 

  Disadvantages 

 The most severe disadvantage of fl uorescence spectroscopy is the strong depend-
ence of light scatter, and there are no means for making mathematical corrections, 
because no information regarding the amount of scatter is contained in the spectrum. 
Another disadvantage is its dependence on environmental factors such as tempera-
ture, pH, ionic strength, viscosity, temperature, etc., which have to be defi ned and 
controlled during analyses in order to obtain reproducible measurements. 

 The ultraviolet radiation used for excitation may cause photochemical changes 
and/or destruction of the fl uorescent compound, which will induce a decrease in 
the fl uorescence intensity. For this reason, precautions should be taken by (i) using 
the longest-wavelength radiation, (ii) scanning the excitation and emission spectra 
immediately after fi xing the emission or the excitation wavelength, (iii) not allowing 
the radiation to strike the sample for a long time, and (iv) protecting photochemically 
unstable solutions (such as quinine sulfate) from sunlight and ultraviolet laboratory 
light by storing them in black bottles. 

 Another disadvantage of the method is the quenching phenomenon, which is 
the reduction of fl uorescence by a competing deactivating process resulting from the 
interaction between a fl uorophore and other substances present in the system. The 
general mechanism of quenching can be denoted as follows:

 M      �      h �                  →  M* (Light absorption) 
 M*                 →  M      �      h �  (Fluorescence emission) 
 M*      �      Q                 →  Q*      �      M (Quenching) 
 Q*                 →  Q      �      energy 

 Oxygen is one of the most notorious quenchers. Other common quenching is observed 
in luminescence processes, such as impurity quenching, temperature and concentration. 
Indeed, as the temperature increases, the fl uorescence intensity decreases. Tryptophan, 
quinine and indoleacetic are among the compounds whose fl uorescence varies greatly 
with temperature. 

  Conclusions 

 As illustrated in this chapter, intrinsic fl uorophores recorded on intact food systems 
contain valuable information regarding the composition and nutritional values of 
food products. The huge potential for the application of fl uorescence spectroscopy 
combined with multivariate statistical analyses for the evaluation of food quality has 
also been demonstrated. The method is suitable as an effective research tool, and 
can be a part of evaluation procedure for food quality. While chemical and physical 
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parameters may be good indicators of food quality, their assessment is less certain, 
and requires much more precise accumulated knowledge of the biochemistry of food 
products; fl uorescence spectroscopy is a powerful and sensitive means of rapid food 
quality control. Therefore, the success of the presented method strongly suggests the 
application of this technique on-line in the food industry.   
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  Introduction 

 The isotopic content and distribution in molecules from plants and animals are infl u-
enced by environmental factors and synthetic routes, and thus can be used to trace 
the origin of a given compound by comparison with a chemically identical molecule 
coming from another source. Methods for detecting the “ synthetic ”  or  “ natural ”  origin 
of a chemical species are based on isotopic analysis. Isotope ratio mass spectrometry 
provides the overall molecular isotope content, but cannot directly measure the iso-
topic ratios at several positions in a given molecule. One of the most notable contri-
butions of high-resolution nuclear magnetic resonance (NMR) to food authentication 
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is its use in measuring the isotopic content, at the natural abundance level, of spe-
cifi c molecular sites in a given species. The technique, known as SNIF-NMR® for 
site-specifi c natural isotope fractionation studied by NMR, was developed in the 
early 1980s by Professors Gerard and Maryvonne Martin at the University of Nantes 
( Martin and Martin, 1990 ). This improves the performance of isotopic methods and 
supplies genuine proof of the “ natural ”  or  “ synthetic ”  origin of a molecule ( Martin 
and Martin, 1995 ). 

 The earliest use of SNIF-NMR was to detect the  “ chaptalization ”  or enrichment 
of wines. The addition of beet sugar, cane sugar or concentrated rectifi ed must 
to the grape must or wine before or during fermentation is often used in order to 
increase the natural ethanol content in wine and thereby increase its market value. 
This leads to consumer deception, since sugar addition is not declared on the prod-
uct. A common type of economic fraud, when successful, is the misrepresentation of 
cheap wine or the mixing of excellent and expensive wines with low-quality wines, 
often originating from other geographical regions or even countries ( Brescia  et al. , 
2003 ). For this reason, the SNIF-NMR method was offi cially adopted in 1987 by 
the International Offi ce of Vin and Wine, and by the Commission of the European 
Community ( Regulation EC 2676/90, 1990 ). 

 Nowadays, it is used in a number of other areas – for authentication, identifi ca-
tion, detection of adulteration, compliance with standards of international trade, and 
deduction of the chemical transformation matrix (especially valuable in the absence 
of experimental data for the reaction pathway, which is often far too complex to be 
measured anyway). The methods are particularly well developed for alcohol in fer-
mented and distilled beverages, for carbohydrates in fruit juice, for triacylglycerol 
lipids and their derivatives (fatty acids and glycerol) from marine, animal and plant 
oils, and for essential oils used in fl avors and fragrances. Qualifi cation for  “ appel-
lation d ’ origine controllée ”  for products may be based in the future on SNIF-NMR 
analysis. In general, the information associated with the site-specifi c isotope ratios of 
chemical species extracted from a food product or ingredient can provide insight into 
the botanical and/or geographical origin of the species, making SNIF-NMR a power-
ful tool for food and beverage authentication.  

  Natural isotope fractionation 

 Stable isotopes occur naturally, and most elements are found in a composition of one 
overwhelmingly abundant isotope and one or more isotopes of low abundance. The 
isotopes most commonly measured in assessments of origin are ratios of the light 
element isotopes 2 H/ 1 H,  13 C/ 12 C,  15 N/ 14 N,  18 O/ 16 O and  34 S/ 32 S, and the heavy ele-
ment isotopes 87 Sr/ 86 Sr ( Rossmann, 2001 ). 

 The isotopic content and distribution in molecules from plants and animals are infl u-
enced by the climate, the isotopic distribution in the nutrients absorbed, and the meta-
bolic pathways involving the molecules. It is therefore well recognized that, regarding 
products synthesized in natural conditions, stable isotopes present in natural abundance 
are an important source of information regarding the history of each chemical species. 



Stable carbon isotope ratio analysis  ( SCIRA ) has been used successfully for many 
years in monitoring processed fruit and vegetable products ( Rau et al. , 2005 ). SCIRA 
compares carbon isotope ratio values in samples for different photosynthesis cycles 
of the plants, with different ratios indicating that samples were produced by different 
photosynthesis cycles. Plants such as rice, with a Calvin-Benson photosynthetic cycle 
(C3 ), are reported to have  13 C/ 12 C values ranging from  � 21 ‰  to  � 32 ‰ . Plants such 
as sugar cane, having a Hatch-Slack photosynthetic cycle (C 4 ), are reported to have 
values ranging from  � 12 ‰  to  � 19 ‰  (Calvin and Bassham, 1962;  Smith and Epstein, 
1971 ). In addition to the dual-inlet  isotope ratio mass spectrometer  ( IRMS ),  AOAC 
(1995)  specifi es that automated  15 N and  13 C is permitted for use in fast detection of 
stable carbon isotope ratios ( Brookes  et al. , 1991 ). As  automated N/C analyzer-mass 
spectrometry  ( ANCA-MS ) is fast and easy to perform, it is recognized as an effective 
tool to measure the 13 C/ 12 C values of any liquid or solid. Since the success of SCIRA 
in distinguishing between cane- and corn-based alcohol in sake samples (Martin G.E. 
et al. , 1983), stable carbon isotope ratios have been employed to detect adjunct ingre-
dients in other alcoholic beverages such as wine ( Weber  et al. , 1997 ), brandy ( Hogben 
and Mular, 1976 ;  Simpkins and Rigby, 1982 ;  Pissinato  et al. , 1999 ), whiskey ( Parker 
et al. , 1998 ) and beer ( Brooks et al. , 2002 ). It was also concluded by Brooks and col-
leagues (2002) that the stable carbon isotope ratio of an alcoholic beverage is an indi-
cator of the quantity of C 3  and C 4  ingredients used in its production. 

 However, variations in isotope content also exist between different molecular sites 
within the same species, and in a number of cases SNIF-NMR can provide direct 
access to this information. In theory, most elements are potential targets for site-
specifi c isotope content determination. From the point of view of NMR spectros-
copy, the nucleus studied must fulfi ll a number of requirements – for instance,  18 O 
has a nuclear spin quantum number, I, of zero, and is therefore NMR inactive and 
thus cannot be used to measure 18 O/ 16 O ratios by this technique. Other elements such 
as deuterium (I      �      1),  13 C and  15 N (I      �      1/2) are accessible to NMR spectroscopy. In 
general, the major applications of the SNIF-NMR technique have so far been devel-
oped for deuterium, for which there is a wide range of interesting examples of food 
authentication.

  Determining site-specifi c ratios by nuclear 
magnetic resonance (NMR) 

 Isotopic distribution in products is defi ned in terms of their isotopic abundances, A, 
or isotopic ratios, R, as in the following equation: 
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 A and R are expressed as percentages (%) or parts per million (ppm), depending 
on the nature of the atomic constituent being considered. Similarly, a site-specifi c 
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isotopic ratio, R i , can be defi ned as the ratio of heavy to light atoms of the same 
element in a specifi c site i. For example, in natural organic compounds there are on 
average 150 deuterium atoms ( 2 H or D) among 1 million hydrogen atoms. The deu-
terium content and its distribution in organic materials is not random, and nor is it 
always the same (Martin G.J.  et al. , 1983a;  Fauhl and Wittkowski, 2000 ). Therefore, 
deuterium/hydrogen (D/H) ratios measured at the methyl site (D/H) I  and methylene 
site (D/H) II  of ethanol in wine differ signifi cantly according to the origin of the sugar 
from which the alcohol is produced (Martin G.J.  et al. , 1983a;  Masud  et al. , 1999 ). 
Besides ethanol, this has been shown to be the case for other molecules, such as 
glucose or glycerol ( Hermann, 1999 ;  Zhang  et al. , 2000 ;  Pionnier  et al. , 2003 ). The 
characteristic site-specifi c distribution of deuterium within a molecule can be visual-
ized by means of high-resolution  2 H nuclear magnetic spectroscopy. 

 For deuterium, a site-specifi c ratio would represent the ratio of the number of 
deuterium atoms to the number of protons ( 1 H) in a specifi c site i, given as: 
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 In this case, the number of D atoms in site i can be considered equivalent to the 
number of monodeuterated isotopomers of type i – an isotopomer being defi ned 
as equivalent chemical species of different isotopic content. The overall isotope 
ratio R

–
 is then the weighted average of the isotope ratios R  i of its n monodeuterated 

isotopomers i. 
 Site-specifi c ratios Ri can be determined directly from Equation (8.2) ( Regulation 

EC 2676/90, 1990 ;  Regulation EC 2347/91, 1991 ), provided that the overall isotope 
ratio is available from SIRMS measurements. This is an external referencing method. 
Mass spectrometry measurements are not required for an internal standard, but are 
used in the NMR determination. In this internal referencing procedure, a precisely 
known quantity of a working standard, WS, is added to a weighted amount of sample 
X. The isotope ratios of each site i can then be calculated from the following equa-
tion ( Colquhoun and Lees, 1997 ): 
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   where PWS and P
x
i are the stoichiometric numbers of protons in WS and site i of 

X, M WS  and MX; m ws  and mx are the molecular weights and masses of WS and X, 
respectively; tx is the purity (w/w) of the sample X; and Ti, is the ratio of the areas of 
the 2 H-NMR signal of site i of X and of the working standard WS.   

 For example, ethanol (CH 3 CH 2 OH) has three monodeuterated isotopomers at a 
natural abundance level. The deuterium can be located on the methyl site (I), on the 
methylene site (II) or on the hydroxyl site (III) of the ethanol molecule.  Figure 8.1 
shows the typical  2 H-NMR spectra of ethanol with tetramethylurea (TMU) certifi ed 



as a reference standard. As shown, the signals I, II, III and IV refer to the work-
ing standard CH 2 DCH 2 OH, CH 3 CHDOH, CH 3 CH 2 OD and TMU, respectively. 
According to the EU and AOAC protocol ( Regulation EC 2676/90, 1990 ;  Martin 
et al. , 1996 ), the parameters (D/H) I , (D/H) II , and R can be calculated by: 
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   where (D/H) I  is the isotope ratio associated with molecule I, (D/H) II  is the isotope 
ratio associated with molecule II, m st  is the weight of TMU, m A  is the weight of the 
ethyl alcohol sample, tDm is the alcoholic strength of the ethyl alcohol sample and 
(D/H)st  is the isotope ratio of internal standard (TMU) supplied by the Community 
Bureau of References. 

 A relative parameter, R, can be obtained directly from the NMR spectrum using 
the intensities I I , and III of the CH 2 D and CHD signals. The symbol r describes the 
internal distribution of deuterium and represents the deuterium content of the meth-
ylene site, with the methyl site chosen as a reference and given the statistical value 
of 3 ( Hsieh et al. , 2005 ). If  2 H were randomly distributed in the ethanol molecule, r 
would be equal to 2 ( Table 8.1   ). Experimental values of r are generally greater than 
2 and differ according to the source of the alcohol, reinforcing the premise of a non-
statistical distribution of deuterium depending on origin. 
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Figure 8.1    The typical  2 H-NMR spectra of natural ethanol; the signals I, II, III and IV refer to the working 
standards CH 2 DCH 2 OH, CH 3 CHDOH, CH 3 CH 2 OD, and TMU, respectively ( Hsieh  et al ., 2005 ).
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   2 H-NMR for quantitative determinations 
of site-specifi c ratios 

 Owing to the very low natural abundance of  2 H, it is very unlikely, in nature, that iso-
topomers of small molecules containing more than one deuterium atom will be found. 
It is even more unlikely that two deuterium atoms will be located in such close prox-
imity as to be subject to spin–spin coupling. Therefore, all signals in  1 H-decoupled 
2 H-NMR spectra appear as singlets, which is helpful for carrying out the quantifi ca-
tion needed to calculate the site-specifi c hydrogen isotope ratios (D/H) I  of each posi-
tion in the molecule ( Schneider, 2007 ). Deliberate deuterium labeling has been used 
to study chemical or biochemical reaction mechanisms, and since deuterium chemical 
shifts are almost identical to the corresponding proton chemical shift, the investigation 
of specifi cally labeled sites in the  2 H spectrum can provide valuable information to 
help elucidate a complex  1 H spectrum of the same compound. An advantage of SNIF-
NMR, however, is that it measures D/H ratios at the natural abundance level without 
recourse to lengthy labeling experiments. For a given natural substance, SNIF-NMR 
gives information about the chemical pathway of biosynthesis and in some cases also 
about the geographical origin of the sample ( Martin and Martin, 1999 ).

  Choice of isotopic probe for SNIF-NMR analysis 
2 H-NMR investigation of site-specifi c natural isotope fractionation (SNIF-NMR) is 
presently the only way to access directly and simultaneously the hydrogen isotope 
ratios (D/H) I  associated with different positions, I, in a given molecule. During the 
various exchange phenomena that are likely to intervene in the course of photosyn-
thetic pathways, the fi rst stored molecule formed is far from being homogeneous 
( Zhang  et al. , 1994 ). Unfortunately, some compounds, such as polymeric and even 
simple carbohydrates, are not suitable for direct observation by  2 H-NMR. A fur-
ther source of systematic variations in results can be traced back to sample prepa-
ration (extraction, purifi cation, derivation) of the isotopic probe to be used. In this 
context, ethanol, obtained by fermenting the sugars in strictly standardized 
conditions, offers a very attractive probe that enables carbohydrates with different 

Table 8.1     The  2 H fi ngerprints of fermentative ethanol in Taiwanese rice-
spirits using different varieties of rice ( Hsieh  et al. , 2005 )  

   Rice-spirits  Isotopic variable 

 (D/H) I  (ppm)  (D/H) II  (ppm)  r *  

 TK-8  98.9  �  0.3 c   122.1  �  0.2 b   2.5 a

 TCS-10  99.7  �  0.3 b   119.0  �  0.3 c   2.4 b

 MS  108.7  �  0.3 a   126.8  �  0.3 a   2.3 c

  *  relative intramolecular deuterium distribution  
  TK-8, rice-spirit made from Taikeng 8; TCS-10, rice-spirit made from 
Taichung sen 10; MS, a molasses spirit.  



molecular structures to be compared ( Martin and Martin, 1981 ). Since the natural 
abundance isotopic ratios of the non-exchangeable hydrogens of sugars depend on 
their physiological and environmental conditions of photosynthesis ( Martin and 
Martin, 1990 ), the isotopic distribution in the alcoholic fermentation products may 
refl ect the origin of the carbohydrate precursors. It was found that the site-specifi c 
isotopic ratio of the methyl group of ethanol (D/H) CH3

  mainly depends on those of 
the non-exchangeable hydrogens of sugars, while that of the methylene group is 
strongly related to that of the fermentation medium (Martin G.J.  et al. , 1983b;  Martin 
et al. , 1986 ). Thus, ethanol is a good isotopic probe for the recognition of the origin 
of its precursor, based on the (D/H) CH3

  value. The ethanol probe is used in offi cial 
analytical methods for the control of commodity authenticity ( Martin  et al. , 1996 ). 

 By resorting to this common probe, it could be shown that plant physiological prop-
erties and environmental factors exert signifi cant infl uence on the kinetic and thermo-
dynamic isotope effects associated with hydrogen transfers, intervening in different 
photosynthetic pathways ( Martin and Martin, 1990 ). In addition, the isotopic probe 
must be suitable for  2 H-NMR spectroscopy in terms of sensitivity, integration of NMR 
signals, and availability of an internal reference. Besides ethanol, acetic acid, lactic 
acid and vanillin could also be used as isotopic probes applied with SNIF-NMR. 

  Preparation of sample for NMR measurement 

 Tetramethylurea (TMU), with known isotopic content, is used as an internal stand-
ard. A 1.3-ml TMU solution is placed into a previously weighed bottle and weighed 
to the nearest 0.1       mg. Then 3.2       ml of the ethanol sample is poured into the bottle and 
again weighed to the nearest 0.1       mg (mA). Finally, 150        � l C 6 F 6  is added and homog-
enized by shaking ( Martin  et al. , 1996 ).  

  NMR instrumentation 

 An NMR spectrometer fi tted with specifi c  “ deuterium ”  probe tuned to characteris-
tic frequency V 0  of fi eld B 0  is particularly desirable for a deuterium frequency of 
61.4       MHz or higher, which corresponds to a nominal  1 H frequency of 500       MHz 
(9.4       T). A fi eld-frequency locking device, usually a fl uorine lock, is required to avoid 
fi eld drift and subsequent broadening of the signals occurring; also an automatic sam-
ple changer (optional); appropriate data-processing software; and 10-mm or 15-mm 
diameter high-precision NMR sample tubes are also required. 

  Determination of isotope parameters 

 In order to determine the isotope parameters, the sample (i.e. ethanol) is fi rst trans-
ferred into a 10-mm or 15-mm tube, which is then placed into the probe. For obtain-
ing NMR spectra, the following conditions should be maintained: 

●      a constant probe temperature of 28–29°C 
●      an acquisition time of at least 6.8       s for 1200       Hz spectral width (16       K memory) 

(i.e. ca . 20       ppm at 61.4       MHz or 27       ppm at 46.1       MHz)  
●      a 90° pulse. 
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 The following must also be carried out: 

●      adjustment of the acquisition time (the delay time before acquisition must be 
the same as the dwell time)  

●      quadrature detection by setting offset O1 between the OD and CHD signals of 
ethanol

●      determination of the value of decoupling offset O2 from the proton spectrum 
obtained through the decoupling coil on the same tube (good decoupling is 
achieved when O2 is set to the middle of the frequency interval existing bet-
ween the CH 3  and CH 2  groups; note that O1 and O2 represent the frequency 
positions for observation and decoupling channels, respectively, on Bruker 
spectrometers)

●      application of broadband decoupling to remove line splitting due to  2 H  ~   1 H 
interactions (the probability of bideuterated species at the natural abundance 
level is extremely low, therefore  2 H ,2 H coupling can be ignored)  

●      assessment of the number of scans – for each spectrum, the number of 
scans per spectrum (N S ) must be suffi cient to obtain signal-to-noise ratio as 
specifi ed in B 0  (e.g. for B 0       �      7.05       T, V 0       �      46.05       MHz and for B 0       �      9.4       T, 
V0       �      61.4       MHz); the set of NS accumulations was repeated 10 times (NE      �      10 
times) (N S  values depend on types of spectrometer and probe used;  Table 8.2    
lists some typical N S  used for various spectrometers). 

 Most NMR users are very familiar with the need for good magnetic homogene-
ity in order to obtain sharp, well-resolved peaks. To obtain this, shimming is usu-
ally performed by optimizing the deuterium lock signal from the deuterated solvent 
in which the sample is dissolved ( Cross  et al. , 1998 ). The application of the SNIF-
NMR method to deuterium is limited by the fact that normal NMR instruments use 
deuterium as a lock, so there are two choices when observing  2 H-NMR signals – i.e. 
running the instrument unlocked or using the  19 F lock. Running it unlocked requires 
shimming by using the free induction decay (FID) of any nucleus present in the 
sample that yields a reasonable signal-to-noise ratio in one pulse. In the deuterium 
SNIF-NMR experiment, the obvious choice is to shim on the proton FID. This is 
accomplished by setting the acquisition parameters of the instrument to observe the 
single-pulse FID in a continuous mode. In this mode the spectrometer displays the 
FID and the integrated area from a single pulse, then erases those data and displays 
the result from the next pulse. As these pulses are acquired, the shims are adjusted by 

Table 8.2     Typical number of scans per spectrum used for 
various spectrometers 

 Spectrometer  N S  for 10-mm probe 

  7.05 Tesla  304 
  9.40 Tesla  200 
 11.70 Tesla  104 

  N S , number of scans.  



the operator to obtain the best FID shape and the greatest integrated area. The NMR 
analysis, without lock, presents the problem of instrument drift, which is particularly 
signifi cant when analysis must cover a long period of time (more than 2 hours, as 
is the case with natural abundance deuterium determination). The  19 F lock confi gu-
ration has some evident drawbacks, as a special channel (receiver, transmitter, and 
probe), usually very expensive, must be installed and tuned to  19 F, and an appropriate 
fl uorine-containing solution must be added in the probe coil, in some cases physi-
cally separated from the sample under study (i.e. in a capillary inside the sample 
tube). Vignali  et al.  (2007)  described an inexpensive external unit that allows the 
use of the commercial high-resolution NMR spectrometer for 2 H observation with 
a 1 H lock system. The external unit does not require any tuning, is extremely easy to 
use, and could be a cheaper and more straightforward alternative to the more expen-
sive  19 F lock confi guration.  Vignali  et al.  (2007)  obtained the  1 H lock, which was 
used with a Bruker AMX-400 NMR spectrometer to successfully determine the site-
specifi c  2 H contents of ethanol and acetic acid. 

 In a comparative exercise designed to assess the infl uence of spectrometer per-
formance on the precision of the quantitative data obtained ( Guillou et al. , 1988 ), 3 
ethanol samples of different origins were distributed to 15 laboratories operating very 
different spectrometer systems, with basic magnetic fi elds varying from 4.7 to 9.4       T. 
The study gave a repeatability of 0.8% and a confi dence interval (95%) of 0.25%. It 
also showed that the reproducibility of 2–3% obtained on the different NMR systems 
could be reduced to 1% when dedicated and highly automated procedures were used 
( Martin and Trierweiler, 1994 ). 

 Such considerations of precision and accuracy are important, particularly for a 
technique in which the results have offi cial implications. Certifi ed reference materi-
als (a set of three ethanol samples of different origins in sealed NMR tubes, CRM 
123) are available from the Community Bureau of Reference of the European 
Commission for instrument calibration ( Martin  et al. , 1994 ), and since the early 
studies the use of dedicated analytical systems for SNIF-NMR, as discussed below, 
have become more widespread. 

  Examples for detection of adulteration 

 The following discussion will highlight some of the more commonly performed tests 
by SNIF-NMR. 

  Adulteration of fruit juice 
 The use of SNIF-NMR has been extended to fruit juices ( Martin and Martin, 1995 )
to detect the undeclared addition of sugar, either as beet sucrose or modifi ed sugar 
syrups, to the juice or concentrate. For example, because certain sweeteners such as 
cane, corn and beet sugars cost less than freshly squeezed orange juice, they could 
be added to the juice illegally to extend it in conjunction with the addition of ground-
water. Selling juice that has been adulterated with these sweeteners and sold as 100% 
pure, without the declared addition of these compounds on the label, may result in 
prosecution by regulatory agencies. 
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 At the beginning of the 1980s,  Martin  et al.  (1982, 1983b)  proposed a new method 
to distinguish between certain types of sugars. The measurements are performed by 
2 H-NMR. The analysis measures ethanol obtained from the fermentation of sugars and 
starches. The method is based on the measurement of the ratio of deuterium/hydrogen 
(D/H) at the methyl position (defi ned as (D/H) I ) and methylene position (defi ned as 
(D/H)II ) of the ethanol. It has been established that the (D/H) I  ratios of ethanol are 
related to the sugars used for fermentation and the water in which this occurs. For 
example, ethanol from apples has a typical (D/H) I  of 100.9       ppm, and ethanol from sugar 
beets has a (D/H) I  of 94.1       ppm ( Martin  et al. , 1982 ). Therefore, if sugar beets have 
been added to apple juice, 2 H-NMR analysis will detect this adulteration. This method 
is called SNIF-NMR, and has been adopted by the AOAC as the standard method for 
detecting beet-sugar addition to fruit juice ( Martin  et al. , 1996 ;  Pupin  et al. , 1998 ). 

  Sample treatment: the SNIF-NMR concept 
 The SNIF-NMR concept has been developed ( Figure 8.2   ) as a completely integrated 
push-button system that covers each step of the analytical chain. Fermentation is a 
necessary step in the SNIF-NMR analysis of fruit juices because ethanol is the probe 
molecule for authenticity testing of fruit juice. 

 A fruit juice concentrate, for example, is fi rst diluted to a standard °Brix value using 
water of known isotopic content. Fermentation of the resulting solution is then carried 
out with a standard yeast strain ( Martin  et al. , 1983a ), and takes between 3 and 5 days, 
depending on the type of fruit being analyzed. A commercial enzyme kit is used at the 
end of this step to ensure complete transformation of all the sugar. The ethanol is then 
distilled off using a computer-controlled Cadiot column fi tted with a Tefl on spinning 
band (the automatic distillation control system ,  ADCS ). The ADCS was developed spe-
cifi cally for laboratories using  2 H-NMR to analyze wines, spirits and fruit juices. The 
recovery yield of ethanol is calculated from the alcohol content determined before and 
after distillation. This must be greater than 95% by mass to avoid any occurrence of 
isotopic fractionation. The software includes automated calculation of the distillation 
yield and isotopic effect, and enables a fractionation and effi ciency check. Finally, a 
data-processing module provides on-line calculations of isotopic parameters and inter-
pretation of the results using a reference knowledge base ( Colquhoun and Lees, 1997 ).  

  Calculations 
 An interpretation strategy to assess orange, grapefruit and apple authenticity has 
been proposed by  Martin  et al.  (1996) . Each fruit type, from an authentic database 
and beet-sugar adulteration, can be quantifi ed by: 

Adulteration %
D/H min D/H x

D/H min 92
100%I I

I
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( ) ( )
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�
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   where (D/H) I x is the value measured on the product to be analyzed after normaliza-
tion for the deuterium content of juice water, and [(D/H) I min] is the minimum quan-
tity of added sugar (percent total sugars) using the lowest D/H I  ratio for authentic 
juices of the same origin. 
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 If (D/H) I x      �      (D/H) I min, then no signifi cant addition of beet sugar is detected. If 
(D/H)I x      �      (D/H) I min, then calculate the amount of added beet sugar (%). 

 If added cane or corn sugar (% C) is also detected with  13 C analysis, (D/H) I x must 
be corrected for the infl uence of cane or corn sugar (% C 4 ) as given by: 

Corrected D/H x D/H x %C 100 110 D/H minI I 4 I( ) ( ) ( ) ( )⎡
⎣⎢

⎤
⎦⎥� � 	 �/ (8.8)

 Minimum (D/H) I  (ethanol) values proposed are 103–107       ppm for orange juice, 
102–106       ppm for grapefruit juice, 99–106       ppm for grape juice and 107–111       ppm for 
pineapple juice ( AOAC, 1998 ).

  Adulteration of wine 

 Adulteration of wine and brandy can happen in many different ways – for exam-
ple, by addition of non-grape ethanol (the main fraud in brandy production); addi-
tion of non-grape sugar, water, or other unauthorized substances; undeclared mixing 
of wines from different wards, geographical areas or countries; and mislabeling 
of variety and/or age of the wine or brandy. Authentication of wines and brandies is 
an important problem to which SNIF-NMR method analysis has made a signifi -
cant contribution. It has been shown that very different internal natural distributions 
of the deuterium isotope exist in ethanol samples of various origins. Quantitative 
2 H-NMR, at the natural abundance level, provides a new and effi cient tool for 
investigating these distributions, and original selective parameters are introduced. 
Comparison of D/H ratios and the ratio R between the intensities of methyl and meth-
ylene signals in deuterium spectra enables discrimination between natural and enriched 
wines, and also makes it possible to differentiate wines based on the geographical ori-
gin. SNIF-NMR analysis of ethanol has proved that the isotopic ratio of the (D/H) CH3

is strongly representative of the source of the fermented sugar (e.g. grape, beet, maize, 
wheat). Therefore, detection of sugar adulteration presents few problems. Besides, the 
R parameter varies from about 2.2 for gins and rums, which are obtained from corn 
and sugar cane, respectively, to 2.7 for ethanols extracted from sugar beet, and bour-
bon whiskies are unambiguously differentiated from malt scotch whiskies ( Martin 
et al. , 1983a ).  Ogrinc  et al.  (2001)  investigated the authenticity and geographical ori-
gin of wines produced in Slovenia by a combination of IRMS and SNIF-NMR meth-
ods. A total of 102 grape samples of selected wines were carefully collected in three 
different wine-growing regions of Slovenia in 1996, 1997 and 1998. The stable isotope 
data were evaluated using principal component analysis (PCA) and linear discriminant 
analysis (LDA). The isotopic ratios to discriminate between coastal and continental 
regions, namely the deuterium/hydrogen isotopic ratio of the methylene site in the etha-
nol molecule (D/H) II  and  �13 C values (delta ( � ) means the difference between observed 
and calculated values), including  �18 O values in the PCA and LDA, made it possible to 
distinguish between the two continental regions Drava and Sava. It was found that  �18 O 
values are modifi ed by meteorological events during grape ripening and harvest. The 
usefulness of isotopic parameters for detecting adulteration or watering and to assess 
the geographical origin of wines is improved only when they are used concurrently. 



 In addition, good results concerning the characterization of wine authenticity and 
the classifi cation of wines according to the geographical origin were also obtained by 
means of stable isotope ratios determined by SNIF-NMR ( Brescia et al. , 2003 ). The 
European Union adopted this method for controlling chaptalization ( Regulation EC 
2676/90, 1990 ). Subsequently, a reasonable and representative database of authentic 
wines from the wine-growing countries of the European Union was established, and 
is constantly growing ( Regulation EC 2347/91, 1991 ).

  Adulteration of acetic acid 

 The denominations of vinegars, such as wine vinegar, cider vinegar, alcohol vine-
gar, cereal vinegar, malt vinegar, honey vinegar and whey vinegar, are obtained by 
bacterial or chemical oxidation of ethanol resulting from the fermentation of various 
sugars. All of them must be genuine products. Products derived from blends of fi nal 
products or from the fermentation of mixtures of raw materials are illegal in many 
countries, especially Spain ( Royal Decree, 1993 ).

 The most common fraudulent practice in the elaboration and commercialization 
of vinegar is the mixture of different proportions of wine vinegar and alcohol vin-
egar. These blends are sold under the denomination of wine vinegar, as if they were a 
pure product. Another common type of fraud is the addition of acetic acid of a non-
biological origin to different types of vinegar in order to comply with vinegar indus-
try regulations. These adulterated products do not represent any safety risk for 
human health, but they constitute a fraud for consumers and are unfair practices for 
other vinegar producers ( Sáiz-Abajo et al. , 2004 ). 

 The fi rst of the adulterations mentioned above can currently be eliminated thanks 
to the research initiated by  Remaud  et al.  (1992)  and completed by  Belton  et al.
(1996) ,  Vallet  et al.  (1998) ,  Hermann (2001) ,  Boffo and Ferreira (2006)  and  Vignali 
et al.  (2007)  based on SNIF-NMR. For the analysis, the vinegar is extracted with 
ethyl ether in a Soxhlet apparatus and the acetic acid is distilled off using a spinning 
band Cadiot column similar to that used for the distillation of alcohol for the iso-
topic analysis of fruit juice. The (D/H) I  content of the methyl site of the acetic acid 
is measured from the 2 H-NMR spectrum using  N , N -tetramethylurea (TMU) as the 
working standard ( Remaud et al. , 1992 ). 

 This method is based on the deuterium-to-hydrogen ratio at a specifi c position 
(methyl group) of acetic acid obtained by fermentation, through different biosyn-
thetic mechanisms which result in different isotopic ratios. The SNIF-NMR tech-
nique enables detection of the addition of 5% of synthetic acetic acid to any vinegar 
sample, which makes such addition unprofi table.  

  Adulteration of honey 

 Honey is a valued sweet and viscous substance produced by bees from fl ower nectar 
or from honeydew. Floral honey is composed mainly of the carbohydrates fructose 
and glucose. While demand for honey is increasing, production is in decline for a 
variety of socioeconomic reasons. Extension of honey by the addition of other sweet 

2H-NMR for quantitative determinations of site-specifi c ratios 259



260 Isotopic-spectroscopic Technique

substances such as sucrose solution and high-fructose corn syrup (HFCS) at some 
stage during production or processing could be an attractive means of economic 
adulteration. Identifying this type of adulteration is important for fi nancial reasons. 

 Many different analytical techniques are employed in authenticity testing of honey. 
Among them are NMR spectroscopy ( Lindner  et al. , 1996 ), HPLC ( Swallow and 
Low, 1990 ;  Nozal  et al. , 2001 ), GC ( Low and South, 1995 ) and carbon isotope ratio 
analysis ( White  et al. , 1998 ;  Garcia-Wass, 2002 ). The most widely used is high-
performance liquid chromatography (HPLC), but this methodology does not detect 
low levels of adulteration and nor is it adequate for the more sophisticated falsifi ca-
tions. This stable carbon isotope ratio analysis (SCIRA) has been used to detect adul-
teration in honey. Some researches report that SNIF-NMR involved only honey from 
acacia, chestnuts and lavender. As was shown in previous work ( Cotte  et al. , 2007 ), 
the (D/H) I  ratio is specifi c to a given fl oral origin. 

 However, by comparing the carbon isotope ratios in the protein and the sugars of 
honey, both should be the same if they come from the same source. Some laborato-
ries can determine whether the honey was adulterated, and can estimate the percent-
age of adulteration by the difference in the  13 C/ 12 C ratios between the sugar in the 
honey and its protein. Nevertheless, these techniques, except for NMR spectroscopy, 
are time-consuming and will destroy samples; NMR spectroscopy can produce more 
precise results for authenticity confi rmation of honey quality, even though the method 
most commonly chosen these days is isotope ratio analysis ( Padovan  et al. , 2003 ). 

  Adulteration of organic acid 

 Owing to the common adulteration of food with substances such as organic acid, a 
methodology for measuring the natural deuterium distribution in citric acid by the 
SNIF-NMR method is presented. Although citric acid is not a favorable probe for the 
SNIF-NMR method, dioxine exhibits a unique signal, well separated from those of 
triethyl citrate (TEC). TEC is commercially available, offers the advantage of being 
very stable and relatively well adapted, and is the usual and offi cial reference for 
SNIF-NMR analysis. Besides, TEC is retained as a molecular probe for  2 H-NMR. 
The method provides effi cient criteria for characterizing the authenticity of lemon 
juices ( Gonzalez  et al. , 1998 ). The combination of C 13  and deuterium measurements 
of extracted citric acid is proposed as a routine method for optimum detection of 
exogenous citric acid in all kinds of fruit juices. The correlation between  �13 C val-
ues of sugars and of both acids is very specifi c, and reinforces the discriminating 
power of the SNIF-NMR method. The deuterium content of TEC was calibrated 
with respect to TMU by means of  2 H-NMR, and the sample lemon juice showed 
a D/H ratio of 148       ppm ( Gonzalez et al. , 1998 ). Moreover, it has been shown that 
the simultaneous use of the 13 C/ 12 C ratios of citric acid and other fruit-juice com-
ponents (such as sugars or other organic acids) also determined by IRMS leads to 
a lower detection limit. It can be found that the citric acid isolated from authentic 
fruit juices systematically shows higher D/H values than its non-fruit counterpart, 
which reached 149       ppm produced by fermentation of various sugar sources ( Jamin
et al. , 2005 ). Although different kinds of microorganisms are used in lactic acid and 



ethanol fermentation, the same intermediate, pyruvate and the same enzymatic 
reduction with NADH are involved. Isotopic characterization of lactic acid in C 4
sugars had higher (D/H) values for the non-exchangeable sites of the carbohydrates 
that reached 148       ppm ( Zhang  et al. , 2003 ). The typical mean values and dispersion 
ranges of the isotopic parameters computed for lactic acid and for ethanol obtained 
by fermentation pyruvate of C 3  and C 4  materials or synthesized from fossil sources 
illustrated the analytical potential of the isotopic methods. 

  Adulteration of nicotine 

 The geographical limits of tobacco plant growth are from approximately latitudes 
60°N to 40°S. Most countries within these limits have some tobacco production. 
Because the tobacco is distinct in different countries, it is possible to establish the iso-
topic fi ngerprint of the nicotine molecule extracted from tobacco leaves which have 
been harvested in different countries and undergone different curing processes, by 
using the SNIF-NMR method (site-specifi c deuterium content). Besides, with its three 
stable isotope pairs ( 2 H/ 1 H,  13 C/ 12 C,  15 N/ 14 N) and 12 distinguishable deuterium iso-
topomers, nicotine is potentially an attractive probe for a multi-element and multi-site 
approach to tobacco characterization ( Figure 8.3   ). The biosynthesis and metabolism 
of tobacco alkaloids have been extensively investigated, leading to a clear under-
standing of the biosynthesis of 3-pyridyl derivatives and especially nicotine, the most 
characteristic product of tobacco ( Leete, 1983 ). Therefore, nicotine must be chemi-
cally degraded into nicotinic acid so that the intramolecular distribution of carbon 
and nitrogen isotopes can be studied ( Figure 8.4   ). Regarding carbon and nitrogen 
ratios of nicotine, these showed European nicotine to be more depleted in nitrogen 15 
(�15 N      �       �     8.0 ‰ ,         �      1.3) than the others ( �15       N      �       �     4.5 ‰ ,         �      1.2). Interestingly, 
the African and commercially available nicotine had nearly the same  �15 N values 
(�15 N      �       �     4.3 ‰ ,         �      0.6) ( Jamin  et al. , 1997 ). From a general point of view, it has 
been shown that the deuterium distribution in plant metabolites provides information 
regarding the environment of the plant ( Cotte et al. , 2007 ). The results showed that the 
isotope ratios of sites 1, 3 and 12 were negatively correlated. The deuterium content 
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Figure 8.3    Nicotiana tabacum nicotine molecule contains 23 non-equivalent sites associated with 
12 monodeuterated isotopomers. Ratios of the protons at each site to those at other sites throughout 
the molecule lead to site-specifi c natural isotope fractionation (SNIF-NMR®), which results in the 
ability to differentiate the natural  Nicotiana tabacum  nicotine (Jamin, 1997). 
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of sites 1, 3 and 12, which were related to the water in the biosynthetic medium, 
decreased ( Jamin  et al. , 1997 ). A non-statistical distribution of the stable isotopes of 
carbon and hydrogen in the nicotine molecule was observed and interpreted in terms of 
biosynthetic origin. A combination of compositional and isotopic analytical variables 
is expected to improve the performance of tobacco authentication, since botanical, 
technological and geographical factors can be considered simultaneously. Therefore, 
such a strategy will provide complementary information on the isotopic fractionation 
effects associated with the biosynthetic pathway in the fi eld environment. 

  Conclusions 

 The outlook for food authentication indicates that research into relatively novel tech-
niques such as SNIF-NMR®, which is perhaps the most sophisticated and specifi c 
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technique for determining food authenticity, is required. In principle, any compound 
that can be extracted from a food matrix without incurring isotopic fractionation and 
in suffi cient quantity that a suffi ciently well-resolved spectrum can be obtained is a 
potential target for SNIF-NMR. However, the fi nancial cost of purchasing and oper-
ating such a high-specifi cation NMR instrument is signifi cant, and time-consuming 
sample preparation is required before analysis can take place. These techniques are 
not likely to fi nd widespread application in the food industry unless the instrument 
and running costs are lowered.   
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  Introduction 

Authenticity  has been defi ned by the Codex Alimentarius as the retention of all physi-
cal, chemical, organoleptical and essential nutritional characteristics of original food 
products ( Anonymous, 2004 ). Conversely, non-authentic products have by defi nition 
been subjected to alterations of their properties. These alterations frequently induce 
slight but often measurable changes of their isotopic distribution. Consequently, ana-
lytical techniques such as  isotope ratio mass spectrometry  ( IRMS ), which allows the 
accurate determination of the  stable isotopes ratios  ( 2 H/ 1 H,  13 C/ 12 C,  15 N/ 14 N,  18 O/ 16 O, 
34 S/ 32 S), have become increasingly popular and are among the most favored tools for 
assessing the authenticity of food products. As described in a recent review of tech-
niques to assess authenticity ( Cordella et al ., 2002 ), stable isotope determinations, 
used either alone or in combination with other chemical or physical variables, were 
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cited in almost half of all studies related to this theme. The aim of this chapter is to 
present an introduction to the basic principles underlying the application of IRMS to 
food authenticity and to review the literature recently published on this subject. 

  Theory and principles 

 The distribution of light stable isotopes observed in processed foodstuffs is the result 
of changes introduced in the isotopic composition of raw materials by the many 
isotopic fractionations  occurring at almost every step of the food elaboration process – 
such as chemical or biochemical reactions, distillation and evaporation. The distribu-
tion of stable isotopes in raw products refl ects the enrichment of the nutrients given 
to the plant or animal organisms which synthesized them, and the fractionations 
introduced by the metabolism. Furthermore, global geochemical phenomena govern 
the enrichment of organic and inorganic matter in the environment. The major fac-
tors affecting the specifi c isotopes in processed food, raw materials and in the envi-
ronment are further presented in following paragraphs. 

 The isotopic enrichments measured by IRMS are expressed in per mil units ( ‰ ) 
against international standards in the delta ( � ) notation, as given in the following 
equation, taking carbon as an example: 

�13
13 12
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13 12
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C
C/ C

C/ C
1 1000‰ ‰[ ]

⎛

⎝
⎜⎜⎜⎜

⎞

⎠

⎟⎟⎟⎟⎟
� � 	 (9.1)

 Primary international standards are  Vienna Standard Mean Ocean Water ,  V-SMOW
(18 O/ 16 O, D/H),  Pee Dee Belemnite ,  PDB  ( 13 C/ 12 C), atmospheric air ( 15 N/ 14 N), and 
Canyon Diablo Troilite ,  CDT  ( 34 S/ 32 S). Their  �  values are zero according to defi ni-
tion. As some of these primary standards are no longer commercially available, 
secondary standards with precisely known delta values are proposed for the same 
isotopes.

  Oxygen and hydrogen 

 Temperature is the major factor governing the enrichment of oxygen ( �18 O) and 
hydrogen ( �2 H) in precipitations globally. Temperature gradients induce correspond-
ing �18 O and  �2 H gradients, and models can be developed to refl ect these gradients. 
As shown by  Sturm  et al . (2005) , the equation  �18 O ‰       =      0.695T annual       �      13.6, which 
is based on previous work by ( Dangaard, 1964 ), was able to predict its enrichment 
relatively well in precipitations at mid- and high latitudes. However, at lower lati-
tudes the isotopic content of precipitation was found to be more closely related to the 
amount of rainfall, with the rainy season demonstrating depleted values. In addition 
to this global trend, local effects of continentality and altitude also alter the isotope 
distribution of precipitation signifi cantly.  Continentality  describes the progressive 
isotopic depletion of clouds moving inland from the coast. This effect is stronger in 
winter than in summer. The second signifi cant local effect is the elevation or altitude 



effect, which is due to cooling of the vapor masses as they rise over the landscape. 
The depletion of �18 O and  for �2 H varies between about  � 0.15 and  � 0.5 ‰ , between 
about � 1 to  � 4 ‰  per 100-m rise in elevation. Data regarding the isotopes in precipi-
tations as well as further explanations of the underlying mechanisms are available at 
 http://isohis.iaea.org . The isotopic enrichment of exchangeable oxygen and hydrogen 
in plants and animals is usually shifted in relation to that which is found in the local 
precipitations, because the enrichment of all sources of absorbed water is altered by 
plant or animal metabolism. The abundances of hydrogen and oxygen isotopes in the 
environment are correlated and obey the same rules. Similarly, in food products the 
exchangeable oxygen and hydrogen enrichments in the same sample are correlated 
parameters. Therefore, only one of them is usually measured. 

  Carbon 

 Plants can be classifi ed into three categories according to their metabolism. Most 
plants, including all trees, have Calvin cycle metabolism, and are often referred to 
as C3 plants  after the number of carbon atoms of the fi rst organic acid synthesized 
during photosynthesis. A typical food plant representative of C3 metabolism, such 
as sugar beet, demonstrates  �13 C enrichments ranging from  � 26 to  � 30 ‰ . Plants 
growing in tropical regions rely on the Hatch-Slack metabolism, and are called  C4
plants . Maize, sugar cane and sorghum are typical representatives of C4 food plants, 
and their �13 C enrichments range from  � 12 to  � 14 ‰ . Finally, plants growing in arid 
climates and relying on the Crassulacean acid metabolism are called  CAM plants . As 
CAM metabolism is similar to C4 metabolism, CAM plants (e.g. pineapple, cactus 
and vanilla) have  �13 C enrichments in a range between those of C3 and C4 plants. 
Because of isotope effects, the biosynthetic pathways of C3, C4 or CAM plants pro-
duce metabolites with typical enrichments. This fact is used in several authentication 
methods. When differentiation based on the overall enrichments of typical C3, C4 
or CAM plants metabolites is not suffi cient, one further level of complexity can be 
reached by examining the site-specifi c enrichment of a given target molecule. Indeed, 
each carbon atom has a specifi c enrichment refl ecting the isotopic fractionation 
occurring at every step of the biosynthetic process, and the differences in enrichment 
between different sites of a molecule are only governed by the plant ’ s metabolism 
and not by the environment. 

 In terrestrial animals, the enrichments are mostly linked to the type of feed 
ingested and are further altered by the animal ’ s metabolism. Moreover, the enrich-
ment within the same animal is not evenly distributed in space and between metabo-
lites. For example, the  �13 C enrichment of animal proteins is about 3 ‰  higher than 
that of their lipids because of fractionation occurring during the lipid biosynthesis. 
In eggs, for example, the average  �13 C value of the egg membrane was found to be 
1 to 4 ‰  lower than that of egg white, which in turn was about 2 ‰  lower than that of 
egg yolk ( Sakamoto  et al ., 2002 ). 

 In marine organisms, the predominant metabolic process affecting the  �13 C of 
organic carbon is the fi xation of inorganic carbon dissolved in seawater. The enrich-
ments of marine foods lie between  �13 C  � 22 ‰  and  � 15 ‰ .
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  Nitrogen 

 The fi xation of atmospheric nitrogen ( �15 N of 0.0 ‰  per def.) is accomplished by 
symbiotic bacteria which thrive on the roots of some plants. These bacteria convert 
nitrogen into ammonium. The fi xation process itself does not induce a large frac-
tionation (about 0–2 ‰  shift); however, further assimilation of ammonium into the 
nitrogen metabolism can have a considerable effect, with a range from 0 to a 27 ‰  
shift. The bacterial nitrifi cation/denitrifi cation processes of the biomass also yield 
depleted nitrogen with  � 10 to  � 40  �15 N ‰  vs air. Conversely, fractionation during 
mineralization is close to zero. Synthetic fertilizers, which exhibit enrichments close 
to 0 ‰  vs air, induce correspondingly depleted nitrogen values in the agricultural 
products on which they have been used. The  �15 N enrichments in plants is also infl u-
enced by the plant species (e.g., clover is known to be depleted in  15 N), the type of 
soil in which the plant is grown (which can infl uence all of the mineralization, nitri-
fi cation and denitrifi cation processes that occur), and the type of fertilizer that has 
been applied (mineral or organic N). In animals, the  �15 N enrichments are known to 
increase with increasing feeding position in the food chain (trophic level). In marine 
systems, predatory fi sh have higher values ( � 8.5 ‰ ) than omnivorous fi sh ( � 7 ‰ ), 
and omnivorous fi sh themselves have higher values than marine particulate organic 
matter ( � 5 ‰ ) ( Fry, 1988 ).  

  Sulfur 

 The rules underlying sulfur  �34 S enrichment in plant and animal products are less 
clearly understood than for the other isotopes. It is known that natural fractionation 
occurs at several steps during the metabolism of sulfur. Fractionation occurs fi rst dur-
ing exchange reactions between sulfates and sulfi des, followed by kinetic isotopic 
effects due to the bacterial reduction of sulfate, and fi nally by precipitation of sulfates 
in seawater. The isotopic composition of sulfur from plants is infl uenced by the geo-
logical structure, the atmospheric deposition of sulfur, and the use of sulfur-containing 
fertilizers and sulfate-rich sea sprays in coastal locations ( Wagner, 2005 ). No changes 
of sulfur isotopic enrichments have been recorded in animals along the trophic chains.   

  Equipment and instruments 

  Isotope ratio mass spectrometer 

 Mass spectrometers for isotope ratio measurements uses dedicated static magnetic 
sector fi elds and multi-collection with discrete  Faraday cups  for the simultaneous 
quantifi cation of all ion beams with precision in the determination of isotopes in the 
sub ppm range ( Figure 9.1   ). The ion source is optimized for the ionization of simple 
gases like CO 2 , N 2 , CO, H 2  and SO 2 . Consequently, all samples have to be converted 
into simple gases prior to transfer into the isotope ratio MS (IRMS). This concen-
trates the isotope information into a few ion beams, which is one of the fundamental 
steps in reaching the very high precisions required to detect natural isotope variations. 



The variety of isotope ratio MS applications originates from the different strategies 
of converting organic and inorganic matter into gases. Technologies such as gas chro-
matography (GC), liquid chromatography (LC) and elemental analyzer (EA) can be 
coupled in parallel with a single isotope ratio MS, as they all use the same open split 
interface for the fi nal transfer to the mass spectrometer. 

  Ionization 
 Ion sources applied in IRMS use a  “ closed source design ” , which ensures a high 
yield of ions. The only major exit for gas molecules and ions is the entrance slit into 
the analyzer. Ion production effi ciencies of modern isotope ratio MS range from 500 
to 2000 molecules per ion, i.e. the number of molecules required to yield one ion. 
On the other hand, molecules which are not ionized must leave the ion source fast 
enough to maintain the performance of transient signals applied from chromato-
graphic preparation devices. 

 Molecules are ionized by bombardment with electrons (electron impact ionization, 
EI) forming positively charged ions such as CO 2

�  (M      �      e � → M�  •       �      2e � ). Electrons 
are released from a hot fi lament made from tungsten, rhenium or thoriated iridium. The 
electrons are accelerated by electrostatic potentials to strike the gas molecules with a 
collision energy of between 50 and 150       eV, and a homogeneous magnetic fi eld of 100 
to 500 Gauss is used to keep the electrons on a spiral path to increase the ionization 
probability. Ions are extracted vertical to the direction of the electron beam by a fi eld 
generated by a repeller potential, an outside extraction lens, or a combination of both. 

 Two basic modes for the extraction of ions from the ion source are available. In the 
dual inlet  mode, a low extraction potential minimizes the translational energy spread 
of ions entering the ion optics, resulting in the highest stability of the isotope ratios 
measured. In contrast, longer residence times of ions in the source result in ion molecule 

Ion source

Magnet

m/z 2 (H2)

m/z 4

Universal triple
collector for

N2, CO, O2, CO2, SO2

m/z 3 (HD)
with energy filter

Under continuous flow conditions
4He is about 107 times more
abundant than HD

Figure 9.1    Isotope ratio mass spectrometer with ion source, magnet and the array of Faraday cups for 
simultaneous isotope detection.    
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reactions which reduce the isotope ratio linearity, i.e. the constancy of an isotope ratio in 
relation to changing signal intensities. This requires static signals with matching signal 
heights of sample and reference gases, as used in dual inlet applications. In the  con-
tinuous fl ow  mode, high extraction potentials result in very low residence times of the 
formed ions and deliver the required isotope ratio linearity for all chromatography-based 
applications, which submit transient signals in a helium carrier stream into the IRMS. 

 After extraction from the source region, the ions are typically accelerated by 
2.5–10       kV to form an ion beam which enters the magnetic sector analyzer through 
the entrance slit.  

  Mass separation 
 Electromagnets are generally used in commercial isotope ratio mass spectrometers to 
allow a fast switch of the magnetic fi eld from the masses of H 2  to CO, and N 2  to CO 2
(see Table 9.1   ), but also to monitor background ions like m/z 18 (H 2 O) and m/z 15 
(CH4 ), which are indicators for the quality of different continuous fl ow conversion 
techniques. The magnetic fi eld defl ects the accelerated ions vertical to their fl ight 
direction and vertical to the magnetic fi eld. Ions with the same kinetic energy and 
charge are defl ected in relation to their masses, such that an ion with a small mass 
describes a smaller radius than an ion with a higher mass. Small instruments serve a 
mass range of up to m/z 70 with separation of adjacent masses. Larger instruments 
expand this range to m/z 130 and higher. They apply a higher accelerating voltage, 
giving higher sensitivity, higher resolution and better peak shapes than instruments 
with a lower accelerating voltage.  

  Multiple ion collection 
 The measurement of isotope ion currents is performed simultaneously for each iso-
tope, using dedicated Faraday cups with individual amplifi er electronics. This is done 
in order to cancel out ion beam fl uctuations due to temperature drifts or electron beam 
variations. It is the only way that the required high precision can be achieved. Standard 
collector set-ups to individual arrays of multiple discrete Faraday cups along the focal 
plane allow a great variety of simultaneous isotope and molecular ratio measurements. 

  Universal triple collector 
 The most commonly used collector array is a combination of two wide Faraday cups 
with a narrow Faraday cup in the middle, as shown in  Figure 9.2   . This combination 

Table 9.1     Most common masses for isotope ratio determination  

 Isotope  Corresponding pure gas  Ions (m/z) 

�2 H  H 2  2, 3 
�15 N  N 2  28, 29, 30 
�18 O  CO  28, 29, 30 
�13 C,  � 18 O  CO 2  44, 45, 46 
�34 S  SO 2  64, 66 



allows the universal measurement of all isotope ratios in C, N, O and S required in 
life sciences. The amplifi cation of the different ion currents is defi ned by high-ohm 
resistors that amplify all the signals into the dynamic range of the integration and 
conversion electronics. For example, the amplifi cations of the three masses of CO 2
(44, 45, 46) are respectively 1, 100 and 333, according to the natural abundance of 
the major isotopes 12 C , 13 C,  16 O,  17 O,  18 O.  

  Hydrogen collector 
 For the measurement of HD/H 2 , two additional cups are used either on a separate 
focal plane on a small radius at a magnet fi eld strength similar to that used for C, N, 
O isotopes, or on the same focal plane as the universal triple collector. In this case, a 
lower magnetic fi eld strength should be applied. The latter allows the positioning of 
an energy discrimination fi lter in front of the m/z 3 cup. In continuous fl ow applica-
tions measuring HD/H 2  in helium as a carrier gas, the contribution of low-energy 
m/z 4 (He �  • ) ions would interfere with the very small signal of HD ions on m/z 3. 
Therefore, an energy discrimination fi lter rejects all ions with kinetic energies lower 
than the used acceleration voltage. This way, a clean m/z 3 ion beam is channeled to 
the collector ( Brand, 2007 ).

  Data acquisition and processing 
 Continuous and simultaneous data acquisition from all relevant ion beams without any 
loss of information from any collector is one of the basic features of isotope ratio mass 
spectrometers. In classical applications with static signals, the ion currents can be accu-
mulated over several seconds, then digitalized and stored. In continuous fl ow applica-
tions, transient chromatographic signals require a time resolution  � 5       Hz. Fast switching 
buffer systems ensure the continuous integration of each chromatographic trace. 

Faraday
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CO2
CO, N2
SO2
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2 3
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Filter

1 · 109 Ω 3 · 108 Ω 3 · 1010 Ω 1 · 1011 Ω 1 · 1012 Ω

Figure 9.2    Typical Faraday cup arrangement for measurement of the isotope ratios of the most common 
gas species.    
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 Several mathematical corrections on the acquired data are conducted by the isotope 
software and data system. Electronic and chemical backgrounds are determined and 
subtracted according to applications with static or transient signals. Interferences from 
other isotope species of the same mass require the determination of additional masses 
to allow the quantifi cation of the interfering species and its correction. Algorithms for 
a fully automated correction of isobaric ion contributions are implemented in modern 
IRMS data systems. For example, three collectors for masses 44, 45 and 46 are neces-
sary for the determination of d 13 C (see  Table 9.2   ). To determine and cancel the isobaric 
interference of 12 C 16 O 17 O on m/z 45, the m/z 46 signal has to be measured. This infor-
mation is used, together with the knowledge of the theoretical relationships between 
17 O and  18 O in CO 2 , in order to correct the m/z 45 signal ( Santrock  et al ., 1985 ). 

 When molecules like H 2 O and H 2  are ionized in a mass spectrometer they have the 
ability to protonate other molecules, forming MH �  ions. This leads to a higher signal 
in the M      �      1 ion beam, and would result in an artifi cially higher isotope ratio if no 
correction was applied. Consequently, water backgrounds have to be low and stable 
in IRMS in order to be cancelled out by the sample-to-reference comparison. When 
H2  is ionized in the IRMS, some H 3

�  ions are formed which cause isobaric interfer-
ence to the HD ion. Since H 3

�  formation is related to the amount of H 2  applied, the 
H3

�  factor can be determined and corrected for. The H 3
�  factor is required to be low 

and very stable over long periods of time. 
 When chromatography is used as part of the continuous fl ow IRMS application, 

separation of the isotope species of a given compound (isotopomers) can take place 
in the GC column. Because of the lower molar volume of the heavier components 
and the resulting differences in mobile/stationary phase interactions, heavier com-
ponents can elute slightly earlier from a chromatographic column ( Matucha  et al .,
1991 ).  Figure 9.3    shows the chromatographic elution profi les of CO 2  derived from 
an organic compound by combustion isotope ratio MS. The difference in elution time 
is usually less then 0.1       s. The software measures the separation and corrects it during 
calculation of the isotope ratios. Continuous fl ow applications make special use of 
the chromatographic isotope separation effect by displaying the typical S-shaped ratio 
traces during analysis. This information is used to check the integrity of a GC peak. 

  Sample preparation devices and interfaces 

 In isotope ratio MS, all organic and inorganic compounds have to be converted into 
simple gases such as CO 2 , N 2 , CO, H 2  and SO 2 . The technology of a preparation 

Table 9.2     Isobaric interferences when measuring  �  13 C and 
�  18 O from CO 2   

 Ion (m/z)  Isotope composition 

 44 12 C 16 O 16 O 
 45 13 C 16 O 16 O,  12 C 16 O 17 O 
 46 12 C 16 O 18 O,  12 C 17 O 17 O,  13 C 16 O 17 O 



device is closely related to the interface and its transfer mode. The latter is either a 
dual inlet system with a change-over interface for the viscous fl ow transfer of off-
line prepared sample gas, or open split interfaces with continuous fl ow transfer sub-
mitting transient sample peaks transported in a helium gas stream. 

  Viscous fl ow isotope ratio MS 
 The classical way of analyzing samples in an IRMS is by the expansion of a clean 
gas from a container into the sample volume of a dual inlet system. The reference 
volume of the dual inlet system is fi lled with a reference gas of known isotope ratio. 
Both gases are transferred under viscous conditions through stainless-steel capillar-
ies to a change-over valve. Sample and reference are admitted alternatively to the ion 
source or a waste-line pump by the change-over valve. By compression or expansion 
of the sample and reference volumes, the transferred amount of gas is adjusted to 
achieve matching signal intensities to rule out any signal size dependent effects.  

  HDO water equilibration 
 In a water equilibration system which is linked to a dual inlet mass spectrometer 
system, samples are fi lled in glass containers, which are either linked via individual 
valves to a manifold system or closed by septa for later transfer using an autosam-
pler. The sample containers are then carefully evacuated and the headspace is fi lled 
with CO 2  for d 18 O determination or H 2  for d 2 H determination. The samples are kept 

13
CO2

12
CO2

(R � 3 · 1010)

(R � 3 · 108)

Volts

2.0

1.0

5 10 s

44/45

0.0

3.0

�3.0

5 10 s

Figure 9.3    Chromatographic elution profi les of CO 2  derived from an organic compound by combustion 
isotope ratio MS (top) resulting in the typical S-shaped isotope ratio trace of masses 45/44 (bottom).    
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at a stable temperature for a defi ned period of time so that isotopes in the water can 
equilibrate with the gas in the headspace. For H 2  gas analysis, a platinum catalyst 
is required. Equilibration takes about 8 hours for  18 O and less than 1 hour for  2 H. 
Temperature stability, gas tightness and effi cient removal of water during the gas 
transfer into the dual inlet system are mandatory. Equilibration systems can be 
used for samples with high contamination of organic materials, as only the water 
exchanges its isotope information with the gas. Samples applied are usually in the 
range of a few milliliters. Other preparation devices such as carbonate preparation 
devices, which can also be linked to a dual inlet system, are not usually used for food 
authenticity control and will not be described here.  

  Continuous fl ow isotope ratio MS 
 Continuous fl ow isotope ratio MS is defi ned by the use of a helium carrier gas 
stream coupled with an open split interface for the transfer of sample into the IRMS. 
Chromatographic separation is usually involved in continuous fl ow applications either 
before or after the conversion process. In compound-specifi c isotope analysis, complex 
mixtures of organic compounds are separated by gas chromatography (GC) or by liquid 
chromatography (LC) prior to the on-line conversion of each compound into a simple 
gas like CO 2 . The design of the interface makes it possible to preserve the chromato-
graphic resolution of the complete sample. In bulk stable isotope analysis, the entire 
sample is converted into simple gases using conventional elemental analyzers (EA) 
or special high-temperature elemental analyzers (TC/EA). The simple gases produced 
(CO2 , N 2 , H 2 , CO and SO 2 ) are thereafter subjected to chromatographic separation. 
This allows the analysis of more than one gas, and accordingly a multiple isotope ratio 
analysis, by applying just one single sample to fl ash combustion or high-temperature 
conversion. A comparison of the experimental set-ups for bulk stable isotope analysis 
(BSIA) and compound specifi c isotope analysis (CSIA) is shown in  Figure 9.4   . 
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 In all continuous fl ow applications coupled to isotope ratio MS, an open split inter-
face is mandatory to provide the required long-term pressure stability in the gas ion 
source of the isotope ratio MS. Reference gases of known isotope ratio are applied 
through a separate open split, thus eliminating all effects on both the sample and 
the reference. The precision of the measurement is greatly improved by relating the 
isotope ratios of the sample directly to those of the reference at each run. Additional 
functions, such as combustion, reduction, high-temperature conversion, chromatog-
raphy, removal of water and helium dilution, can be part of such interfaces. From the 
open split, the analyte gases transported in the helium carrier are transferred through 
fused silica capillaries into the isotope ratio MS. Hence, more than one interface can 
remain coupled in parallel to the isotope ratio MS. 

  Basic interface technology 

  Open split 
 For high-precision isotope ratio determination, the ion source pressure must be kept 
absolutely constant. For this reason, each continuous fl ow system has to be inter-
faced to the IRMS via an open split. The basic principle of an open split is to pick 
up a minor part of the helium/sample stream by a transfer capillary at ambient pres-
sure – i.e. an open tube or a wide capillary – and transfer it into the IRMS. A helium 
stream added separately ensures protection from ambient air. Retracting the transfer 
capillary into a zone of pure helium allows either cutting out parts of the chromato-
gram or carrying out maintenance of the interface, such as release of CO 2  trapped in 
d15 N mode. In all modes a constant fl ow of helium into the IRMS and consequently 
constant ion source conditions are maintained. 

  Dilution 
 Because there is considerable variability in nature in the relative amounts of C, N, H, O 
and S, and because the ionization effi ciencies of the analyte species (CO 2 , N 2 , H 2 , CO 
and SO 2 ) differ signifi cantly, applications in EA-IRMS have to be managed in a large 
and variable dynamic range. Helium can be used to dilute large sample peaks. The dilu-
tion happens in the open split, at the very last point before transfer into the ion source, 
in order to eliminate any possible effects on the integrity of the sample gas ( Figure 9.5   ). 
Because the carrier gas fl ow rates of EA are of the order of 90       ml min �     1 , a dilution of 
1 : 100 of the direct output of the EA would require 9000       ml min �     1  of dilution gas. To 
miniaturize the open split design and to reduce helium consumption a pre-split removes 
most of the EA effl uent, and therefore dilutions up to 1 : 100 can be served with low 
amounts of helium. In combination with the dynamic range of the IRMS, a wide total 
sample size range can be covered, as similar but even more automated dilution tech-
niques are available when using devices with the multiple loop injection technique. 

  Referencing 
 In IRMS, measurement of isotope ratios requires that sample gases be measured relative 
to a reference gas of known isotope ratio. This is the only way to achieve the required 
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precision of < 1.5       ppm for, for example,  13 C (0.15 ‰  in the  � -notation). For the purpose 
of sample-standard referencing, a cylinder of calibrated reference gas can be used for 
extended periods of time. An inert fused silica capillary supplies the reference gas in the 
� l        min �     1  range into the miniaturized mixing chamber. Under software control, this cap-
illary is lowered into the mixing chamber for, for example, 20       s, thus creating a helium–
reference gas mixture which fl ows into the IRMS via a second gas line. This generates 
a rectangular, fl at-topped gas peak without changing any pressures or gas fl ows ( Figure 
9.6   ). The use of reference gases instead of reference bulk material for standardization 
reduces the operational costs by almost 50% while increasing the sample throughput by 
almost 50%. The reference gas consumption is negligible, and thus gases can be kept 
trickling continuously, ensuring constant conditions in the supply lines and pressure reg-
ulators. The reference gases used are pure nitrogen (N 2 ), carbon dioxide (CO 2 ), hydro-
gen (H 2 ), carbon monoxide (CO) and sulfur dioxide (SO 2 ) ( Werner and Brand, 2001 ). 

  Elemental analyzer – isotope ratio MS (EA-IRMS) 
 The most widely used continuous fl ow application is the coupling of an elemental 
analyzer (EA) to an isotope ratio MS (IRMS). It is estimated that almost half of all 
IRMS systems currently in use are coupled to an EA. Most importantly, the complete 
sample is fi rst converted into gases, followed by their chromatographic separation. 
This allows isotope ratio analysis of more than one element in the sample, resulting 
in multiple element isotope ratio analysis. 
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Figure 9.5     Use of the open split to obtain an adequate dilution.    



 Two basic conversion techniques are applied:  Dumas combustion , using a conven-
tional EA, and quantitative high-temperature conversion, using a specifi c EA (i.e. 
the TC/EA). This technique is also known as high-temperature carbon reduction or 
quantitative high-temperature pyrolysis ( Werner  et al ., 1999 ).  

  Combustion for  13 C,  15 N and  34S determinations 
 The fi rst fully automated elemental analyzer was introduced in 1968. Almost 20 
years later, the fi rst direct coupling of the EA to an IRMS was reported. It needed 
another 10 years for the breakthrough of this technique to provide C and N isotope 
ratios from a single sample as well as providing S isotope ratios from inorganic and 
organic bulk samples. 

 The complete sample conversion is achieved by an additional pulse of oxygen for 
optimum combustion delivered into the reactor before admitting the sample, which 
is wrapped inside a tin capsule. The exothermic character of the reaction of the tin 
leads to a temperature of up to 1800°C for a few seconds, providing a fl ash com-
bustion. NO x  formed during combustion is subsequently reduced on copper to N 2 . 
H2 O produced by the combustion is removed in a chemical trap, followed by the 
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separation of the gases in a packed isothermal GC column. The isotope ratios 
13 C/ 12 C,  15 N/ 14 N and  32 S/ 34 S can be measured simultaneously on the produced N 2 , 
CO2  and SO 2 . The typical confi guration of an EA-IRMS is shown in  Figure 9.7   . 

 Although EA-IRMS is slightly less precise than the dual inlet viscous fl ow tech-
nique, its greater ease of use and simplicity are signifi cant advantages when com-
pared with the time-consuming and frequently operator-biased off-line preparation 
of clean gas samples required by the dual inlet techniques. The low-cost and high-
throughput analysis with a quite high overall precision has revolutionized the isotope 
ratio analysis of bulk samples. 

 A standard sample size for bulk carbon and nitrogen isotope ratio analysis is in the 
range of 20 to 100        � g. Below 20        � g, the carbon blank from the tin capsules starts to 
get into the same range as the sample itself. Hence, samples smaller than 20        � g can 
be admitted using silver capsules, which have a considerably lower carbon blank. 

 For small nitrogen contents, the gas tightness of the autosampler providing the 
solid samples as well as the purity of the oxygen applied play the most important 
role. Specifi c autosamplers and sample introduction techniques with almost no nitro-
gen blank allow achievement of the low  � g level, and even levels of less than 1        � g of 
nitrogen in samples like specifi c soil and sediment samples.  

  Quantitative high-temperature conversion for  2 H and  18 O 
 Quantitative high-temperature conversion, also referred to as high-temperature pyrol-
ysis, is a new technique in which oxygen present in a compound is converted to CO, 
and hydrogen contained in a compound is converted to H 2  ( Figure 9.8   ). The process 
is rapid and quantitative in a reducing environment at high temperatures, typically 
exceeding 1400°C. In combination with an open split interface for referencing, and 
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automated dilution, this set-up facilitates the conversion reaction, isothermal separa-
tion of reaction gases, transfer into the IRMS and referencing against standard gases 
( Figure 9.9   ). The high-temperature conversion reactor consists of a glassy carbon 
tube with a glassy carbon fi lling, ensuring that neither sample nor reaction gases 
come into contact with oxygen-containing surfaces (e.g. Al 2 O 3 ) while at high tem-
peratures. This is the only technology that enables memory-free conversion reactions 
with no restrictions on compound type. 

 The chromatographic separation of H 2  and CO, in combination with a modern iso-
tope ratio MS capable of HD on-line operation and fast magnet jump, gives way to 
simultaneous hydrogen and oxygen isotope ratio determination of all organic com-
pounds. Due to its high operation temperature, restrictions of individual sample 

Cn CHX OY

H2

CO

n-y

H2 99.985%

HD 0.015%

12C16O 99.8%
12C18O 0.2%

δ2H analysis

δ18O analysis

x/2

y
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classes do not exist. Selected inorganic compounds can also be analyzed, such as 
nitrates, phosphates, sulfates and even biotites. The most prominent high-temperature 
application is the isotope ratio analysis of hydrogen and oxygen in water samples. For 
this application, an autosampler for liquid samples and a septum-equipped injector is 
used on top of the EA. Typical sample amounts for water are  � 0.5        � l. The analysis 
of smaller water samples depends on the quality of the syringe transfer and injection 
technique. Both isotope ratios can be determined within the same injection, making 
this set-up perfectly suitable for high-throughput doubly-labeled water analysis or 
screening of water resources. The typical measurement time is about 5 minutes per 
sample for oxygen and less than 3 minutes for hydrogen isotope ratio determination. A 
determination of both isotope ratios in one run takes about 6 minutes ( Werner, 2003 ). 

  Gas chromatography–isotope ratio MS (GC-IRMS) 
 Beside the bulk analysis of samples for isotope ratio MS investigation, the  com-
pound-specifi c isotope analysis  ( CSIA ) carries unique additional isotope information 
regarding natural and also synthetic processes. Such a GC combustion interface con-
sists of a state-of-the-art gas chromatograph for capillary fused silica columns, which 
can separate highly complex compound mixtures ( Figure 9.10   ). Samples are submit-
ted by a variety of available injector types, such as the split/splitless injector for fl ash 
evaporation in an inert chamber with split or total sample transfer onto the capil-
lary column. The design of the vaporization chamber ensures wide linearity even 
with relatively large sample sizes. Cold on-column and programmable temperature 
vaporizing injectors give access to a discrimination-free and thermal degradation-
free sample introduction into the capillary column with the highest GC performance. 
Detectors such as the fl ame ionization detector  ( FID ) can be run in parallel for addi-
tional sample information in modes like  15 N and  18 O application. 

 Today, all injection modes can be automated by using autosamplers for liquid 
and gas head-space injections. In addition, more specifi c automated GC injection 
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techniques, such as heated head-space, solid-phase microextraction (SPME), thermal 
desorption, and purge and trap, can be applied to cover the full range of GC samples. 
More specifi c loop injection systems also coupled with cryogenic pre-concentration 
techniques give access to low ppm- and even ppb-level trace gases (e.g. CO 2 , CH 4 , 
N2 O and CO). 

 The conversion of compounds into the simple gases H 2 , CO 2 , N 2  or CO, which is 
mandatory for high-precision compound-specifi c isotope ratio analysis, subsequently 
erases any direct structural information. The integration of a quadrupole mass spe-
cifi c detector together with a GC combustion interface allows the parallel acquisition 
of structural information and high-precision isotope ratio determination within a sin-
gle GC analysis.  

  Combustion for  13 C and  15 N determination 
 GC-combustion IRMS for the determination of  13 C/ 12 C was fi rst proposed in 1984, 
and the capability of analyzing  15 N/ 14 N was added in 1992. All compounds eluting 
from a GC column are oxidized in a capillary reactor to CO 2 , N 2 , and H 2 O at 940 to 
1000°C. NO x  produced in the oxidation reactor is reduced to N 2  in a capillary reduc-
tion reactor at 650°C. The H 2 O formed in the oxidation process is usually removed 
by an on-line water-removal system using a water permeable polymeric capillary. For 
the analysis of  15 N/ 14 N, all CO 2  is retained in a liquid nitrogen trap before transfer 
into the isotope ratio MS through an open split interface ( Brand  et al ., 1994 ;  Merritt 
et al ., 1995 ). 

 Due to the capillary design of the reactor, which ensures maintenance of the GC 
resolution, all solvents have to be removed before the oxidation furnace. Ideally, a 
backfl ush system reverses the fl ow through the oxidation reactor towards an exit 
directly after the GC column to cut off all eluting solvent. After elution of the pre-
dominant solvent peak, the backfl ush is set off for a direct transfer of each compound 
eluting from the GC column straight through the reactors into the isotope ratio MS. 

  High-temperature conversion for  2 H and  18O determination 
 Quantitative pyrolysis or high-temperature conversion (GC-TC) was introduced in 
1996 for the determination of  18 O/ 16 O ratios, and was followed by D/H ratio deter-
mination in 1998. This occurred simultaneously with the development of an isotope 
ratio MS using an energy fi lter for the m/z 3 collector suppressing the low energy 
4 He �  ions, which would otherwise corrupt the HD �  signal. 

 Quantitative pyrolysis by high-temperature conversion of organic matter for the 
conversion of organic O and H to CO and H 2  requires an inert and reductive environ-
ment at very high temperatures, to prevent any H- or O-containing materials from 
reacting or exchanging with the analyte. Because quantitative conversion is achieved 
in the reactor, no additional clean-up is required. 

 For the determination of  18 O/ 16 O, the analyte must not come in contact with the 
ceramic tube which is used to protect against air, and for stability. The pyrolysis 
takes place in an inert platinum inlay. Due to the catalytic properties of the platinum, 
the reaction can be performed at 1280°C. Depending on the number of C, O and H 
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atoms in the molecule, CO and H 2  plus a carbon deposit are formed. Although all 
organic structures can be converted with good GC performance and precision for 
d18 O analysis, some compounds show an offset, which requires internal referencing 
by compounds with a known isotope ratio. 

 For the determination of D from organic compounds, the reaction is performed 
in an empty ceramic tube at 1450°C. Tests have shown that such high tempera-
tures are required to ensure quantitative conversion. The use of a catalyst must be 
avoided to eliminate the risk of adsorption of H 2 , which would lead to temperature-
dependent fractionation. The GC-TC reactor is catalyst-free, and therefore eliminates 
fractionation during high-temperature conversion. Even CH 4  can be converted with 
completely reproducible and linear results ( Burgoyne and Hayes, 1998 ). The confi g-
uration of the GC-TC-IRMS system is shown in  Figure 9.11   .

  Liquid chromatography–isotope ratio MS (LC-IRMS) 
 With the introduction of compound-specifi c isotope analysis by GC coupled to iso-
tope ratio MS, the immediate demand for similar applications using HPLC was 
created. In GC combustion the carrier is helium, which does not interfere with the 
essential combustion step prior to isotope ratio MS. On the other hand, the liquid 
mobile phase has prevented a similar direct conversion. Earlier LC isotope ratio MS 
approaches were based on the removal of the liquid phase prior to combustion, thus 
risking fractionation of the isotope ratios of the eluted compounds. The new concept 
for coupling HPLC with IRMS leaves the compounds in the effl uent and oxidizes 
them in the liquid phase. The resulting CO 2  compound peaks are then separated from 
the effl uent and analyzed with the IRMS ( Krummen  et al ., 2004 ). The confi guration 
of the LC-IRMS system is shown in  Figure 9.12   . 

 Such a preparation device using the aqueous phase as a carrier can be used in 
either of two operational modes, for compound-specifi c isotope analysis (HPLC 
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mode) and for bulk stable isotope analysis ( � -EA mode). In the HPLC mode, sam-
ples are injected by a loop injection valve in front of the HPLC column. The mixture 
of organic compounds in the sample is separated at the HPLC column, and the con-
stant fl ow of the mobile phase is maintained through the oxidation system. The direct 
injection mode ( � -EA mode) provides a fast analysis of all water-soluble materials 
which are injected after the HPLC column, and is thus a bulk measurement. 

 A constant aqueous mixture of oxidation reagent (peroxodisulfate) and phosphoric 
acid is added to the mobile phase prior to the capillary oxidation reactor, which oper-
ates at 100°C. All organic compounds are converted individually and quantitatively 
into CO 2  without isotope fractionation. When leaving the oxidation reactor, the mobile 
phase is cooled and individual CO 2  peaks are separated from the liquid phase by a 
membrane exchanger. The CO 2  is transferred into a counterfl ow of helium with close 
to 100% degassing effi ciency. The individual CO 2  peaks transported in the He stream 
are subsequently dried in an on-line gas-drying unit (Nafi on™) and then admitted to 
the isotope ratio mass spectrometer via an open split, as illustrated in Figure 9.12 .
LC-IRMS give direct access to compound-specifi c d 13 C information of all water-
soluble molecules, such as sugars, amino acids, short-chain organic acids and alcohols. 

  Multiple loop injection–isotope ratio MS 
 Continuous fl ow (CF) preparation devices and interfaces with multiple loop injection 
apply strategies of the  “ classical ”  dual inlet systems to achieve high analytical preci-
sion and accuracy. Multiple analyses of sample gas pulses without interruption of the 
sample transfer increases the statistical signifi cance of the fi nal mean value. Internal 
reproducibility of the individual measurements, which is a commonly used meas-
ure of analytical quality, is added to CF-IRMS. Drawbacks of the dual inlet system, 
like off-line sample preparation and purifi cation, ineffective use of the sample gas, 
contamination with other gases, lengthy data acquisitions, and cost, are overcome. 
All sorts of head-space samples, including water equilibration, carbonates and 
atmospheric gases (e.g. CO 2 , O 2 , N 2 ) can be handled. 
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 The gas sampling system includes a two port needle which adds a gentle fl ow 
of helium into the sample vial, thus diluting and displacing sample gas. Water is 
removed from the sample gas through diffusion traps. The loop injector aliquots the 
sample gas onto a GC column, which separates the molecular species. The dual inlet 
principle of repetitive measurements of sample and standard gas is not only retained 
but also generalized. The sample volume is the sample vial (instead of a metal bel-
lows), and the reference gas volume is a pressurized gas tank. The sample gas is 
transported in helium, which allows GC separation and facilitates fractionation-free 
transport of the sample aliquots ( Figure 9.13   ). In a typical experiment, 10 aliquots of 
the sample will be taken from the sample vial, dried and cleaned online, and meas-
ured against reference gas pulses. The sample consumption is much lower than for 
the dual inlet system, while comparable precisions are achieved, including an analy-
sis of internal reproducibility. 

 Multiple loop injection adds the unique property in continuous fl ow to evaluate 
and adjust the response of an unknown sample gas. If the signal height of the fi rst 
sample peak exceeds a pre-defi ned threshold, the diluter is activated, resulting in a 
three-fold reduction in signal height for the subsequent sample peaks. This allows 
the analysis of samples that would otherwise be too large to be measured. The dilu-
tion is performed in the open split, just before transfer into the ion source, eliminat-
ing any possible effects on the integrity of the sample gas ( Figure 9.14   ). 

 An application of the multiple loop injection technique is the measurement of the 
D/H and 18 O/ 16 O ratios of water. There is a very diverse range of applications, rang-
ing from studies of variations in natural isotope abundance in the hydrologic cycle to 
authenticity control of beverages, to metabolic studies using D- or  18 O-enriched trac-
ers in humans and animals. This extreme range of sample types demands a fl exible, 
general-purpose analytical solution, which can provide high precision, high accuracy 
and high throughput analysis of  18 O/ 16 O and D/H. Aqueous samples of  � 0.5       ml are 
placed in 10-ml screw top vials using disposable pipettes. For D/H, a platinum cata-
lyst is added. The vials are sealed with septa, and all air is removed from the sample 
vials by an automated, autosampler-assisted fl ushing procedure which uses a mixture 
of either H 2  or CO 2  in helium. The H 2  or CO 2  in the fl ushing helium stream is used 
as equilibration gas. After the required equilibration time (D, 40       min;  18 O, 20       h) the 
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whole batch of samples is analyzed. The use of repetitive loop injection (1–2       min per 
replicate) achieves analytical precision comparable to that of a dual inlet system. 

  Recent applications in food authenticity 

 The following sections are written based on a literature search on the application of 
light stable isotopes to authenticity by considering publication dates starting from 
1999 to the present day. Literature in this fi eld published before this date has been 
comprehensively reviewed by  Rossmann (2001) and   Kelly (2003 ), and is not covered 
here.

  Tracing the geographical origin of foods 

 As mentioned in a previous review ( De la Fuente and Juarez, 2005 ), natural isotope 
fractionation might be the best answer regarding the question of assessing the geo-
graphical origin of food. This technique has been used recently for matrices such as 
milk and milk products, fruits, vegetables, juices, meat, cereals, wine and pistachios, 
as reported here. 

  Meat 
 In a preliminary study of lamb meat, the variables  �15 N protein ,  �

13 C protein  and  �13 C fat

were proposed by  Piasentier et al . (2003 ). Samples were collected from six EU or 
EFTA countries spanning from Italy to Iceland from animals kept on several typi-
cal diets (milk, pasture, cereals). Carbon data were found to be correlated with the 
feeding regime. By nitrogen data, lower values of  �15 N protein  were found for Iceland 
(1.9–3.2 ‰ ) than for the other countries (3.7 ‰  to 8.0 ‰ ) for animals receiving a 
similar diet. The rate of correct attribution of a country of production was between 
50% and 100%. Carbon and nitrogen data alone could indeed be insuffi cient to 
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determine the origin of food, but were useful when taken together with other vari-
ables, as shown in a study by  Sacco et al. (2005)  in which a combination of  �15 N bulk , 
�13 C bulk  and high-resolution magic angle spinning nuclear magnetic resonance 
(HR-MAS-NMR) on lamb meat from fi ve different production sites of southern 
Italy was found to reach a 96% correct prediction ability by using discriminant 
analysis (DA). 

 In the case of beef meat, measurements of  �15 N,  �13 C and  �34 S were conducted on 
defatted muscle samples to identify both the geographical origin and the feeding his-
tory ( Schmidt  et al ., 2005a ). Results from samples from six European countries plus 
the USA and Brazil showed much lower  �13 C average values for European countries 
(� 21 ‰ ) than for the USA or Brazil ( � 12.3 and  � 10.0 ‰  respectively). Nitrogen val-
ues gave few clues to differentiate European meat from meat produced elsewhere, but 
some signifi cant regional differences were observed at the European level. The study, 
which also compared Irish meat samples from organic and conventional production, 
concluded that the carbon, nitrogen and sulfur variables were useful to distinguish the 
group  “ organic ”  from the group  “ conventional ” , even if both groups were not fully 
separated and the mechanisms leading to different values were not fully understood. 

 The best results regarding the testing of the geographical were achieved using oxy-
gen data. In a study of beef meat samples from four production sites in Germany 
and one in Argentina,  Hegerding  et al . (2002 ) showed that, for Argentina ’ s samples, 
their �18 O meat water  values ranged from  � 1.60 to 3.94 ‰  and their  �18 O meat water  val-
ues could be easily separated from those of Germany ’ s samples, which ranged  � 2.3 
to � 5.8 ‰   �18 O meat water . However, the  �18 O data were not suffi cient to distinguish 
between German regions. In a study of meat from Charolais steers raised in three 
different sites in France differing in altitude and in distance from the sea  Renou
et al . (2004 ) showed that the meat samples from these sites could not be distinguished 
on the base of �18 O. The reason was the impact of diet (maize silage or pasture). 
This impact on �18 O was signifi cant at two sites, and the animals kept on pasture 
had higher average  �18 O than those kept on maize silage. A dependence of  �18 O on 
the time of slaughtering was also recorded, which could be explained by seasonal-
ity. In a comprehensive study,  Boner and Forstel (2004)  and  Boner (2005)  further 
investigated the differentiation of the geographical origin of beef, with samples from 
northern and southern Germany as well as from Argentina. All the German samples 
came from organic farms, which means that the cattle were mostly fed with feed 
produced on site. The effect of age of the animal at the time of slaughter was found 
to be negligible on all the isotopic variables ( �2 H meat water ,  �18 O meat water ,  �34 S protein , 
�15 N protein ) investigated. Conversely, results showed that changes in  �2 H meat water  and 
�18 O meat water  during the year were of relatively large amplitude, owing to changes 
in groundwater intakes. The values were close to those of groundwater only in the 
winter season. This seasonal variation might overlap the variations due to close geo-
graphical origins. Thus, when the date of slaughtering was known, a much better sep-
aration could be achieved. Groundwater enrichment was a major factor affecting the 
enrichments in muscle tissue, and  Boner (2005)  postulated that a 5 ‰  difference of 
�18 O values of groundwater from two geographical locations should be suffi cient to 
achieve a clear discrimination based on  �18 O meat water . Separation of the  18 O-depleted 



German meat from the  18 O-enriched meat from Argentina was possible in this way. 
 Boner (2005)  further demonstrated that animals transferred to another region for 
slaughtering and given water with a different enrichment changed their body-water 
enrichment slightly, although not signifi cantly. By examining the  �34 S protein  data, the 
German samples showed signifi cantly lower values than the Chilean samples, but not 
lower than the Argentinean samples, which were slightly more enriched although not 
signifi cantly. Finally, at the local level, a fair separation of the German regions could 
be achieved by combining the  �15 N protein  data with sulfur data. 

 The oxygen isotopes also provided useful information for other types of meat. As 
shown by  Franke  et al . (2007)  on poultry meat and dried beef meat samples, poultry 
samples produced in Switzerland could be easily distinguished from samples pro-
duced in countries with a very different climate, such as Brazil, on the basis of the 
�18 O water  data. Compared with other species, poultry ’ s isotopic distribution might be 
less infl uenced by seasonal variations, as the animals mostly eat dry feeds and receive 
the majority of their water by drinking (local) water. Another fi nding from the same 
study was that, even in the case of dried beef meat, the oxygen isotopic information 
was mostly retained, giving indications of the country of origin of the raw meat. 

  Milk 
 In a study of two sites, one at low elevation in Rennes (200       m above sea level), and 
the other on a mountain range in Marcenat (1100       m above sea level), milk samples 
were collected and analyzed by IRMS for their  �18 O and  �2 H enrichments of the 
milk water and by nuclear magnetic resonance (NMR) spectroscopy to determine the 
13 C enrichment of the triglycerides fraction ( Deponge et al ., 2001 ). As frequently 
reported elsewhere, the  �18 O and  �2 H enrichments were correlated and gave equiva-
lent information, with a tendency for oxygen to yield more precise values. The sea-
son (winter or summer) and the type of feed (grazing, hay, grass silage and maize 
silage) given to the cows infl uenced the  �18 O of milk signifi cantly. Using  �18 O val-
ues, both origins could be well separated with the exception of milk from Rennes 
produced with maize silage, which could not be separated from that from Marcenat 
produced with grass. By adding the  13 C NMR variables, separation was achieved 
over all groups. More recently,  Renou  et al . (2004)  performed a study using the milk 
from cows receiving pasture, maize silage, grass silage or hay. The same produc-
tion sites and the same variables as above were used, but samples included water 
fraction from milk and cows ’  drinking water. It was shown that the  �18 O and  �2 H of 
drinking water were both highly signifi cantly different between the plain and moun-
tain sites, and so were the enrichments of milk ’ s water. The impact of the different 
feed produced highly signifi cant differences in isotope ratios, and on the Marcenat 
site the milk from cows receiving the driest food (hay) showed much lower enrich-
ments ( � 9.4 ‰ ) than that from those at pasture ( � 4.9 ‰ ). This was explained by 
the simple fact that the animals receiving drier feed compensated by drinking more 
(depleted) water. The breed apparently plays no role, as was shown in a study of 
the possible impact of a cow ’ s breed on the  �18 O milk water  performed by  Ritz  et al .
(2005) . Representatives of all fi ve breeds examined (Tarentaise, Limousine, Salers, 
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Montbéliarde and Holstein) were kept in the same conditions, and milk samples were 
taken every week for 4 weeks. It was found that the Limousine and Salers breeds 
produced milk that was signifi cantly more enriched than those of the other breeds. 
 Ritz  et al . (2005)  explained this fi nding by the fact that these two breeds still had 
their calves at the time of the study, whereas the others were already milked twice a 
day. These different physiological conditions might lead to metabolic changes which 
would be refl ected by alterations of isotopic values.  

  Butter 
 In a large study,  Rossmann  et al . (2000)  investigated possible methods to check the 
geographical origin of butter samples from European regions, the USA, New Zealand 
and Australia. The variables  �18 O bulk ,  �13 C bulk ,  �18 O water ,  �13 C protein ,  �15 N protein  and 
�34 S protein  were determined by IRMS, and additionally  87 Sr/ 86 Sr was determined by 
inductively coupled plasma mass spectrometry (ICP)-MS. Results showed that no 
link with a geographical region could be established on the basis of  �15 N protein , as 
mean values ranged from 4.9 to 6.5 ‰  and drastically different locations, such as 
Florida and the alpine regions of Europe, showed the same values. Seasonality was 
further investigated on one site, and  �15 N data were higher in September and October 
when fodder plants were fed to the cows. These plants were found to be enriched in 
15 N when they were fertilized with organic manure. Carbon data  �13 C bulk  showed a 
wide range ( � 33.3 to  � 18.2 ‰ ), and this variable was mostly infl uenced by the per-
centage of maize in the feed. The fact that extreme values cited were found in the 
same group (Western Europe) confi rmed the use of high-maize diets in some places 
in Europe. The  �18 O water  data also showed a wide range ( � 0.6 to  � 10.5 ‰ ), but were 
clearly linked with the local climate. However, a clear separation of geographical ori-
gin was not possible on this basis alone. Finally, the  �34 S protein  data were also partly 
linked with the geographical origin, and samples from maritime regions showed sig-
nifi cantly higher values than more continental ones. This was explained by the sea 
spray containing sulfate of marine origin, which is known to have higher enrichment 
than that from soil.  

  Cheese 
 In order to assess the authenticity of the geographical origin in the case of Pecorino 
Sardo, a ewes ’  milk cheese produced in Sardinia,  Manca  et al . (2001)  measured the 
�15 N casein ,  �

13 C casein  as well as the distribution of some free amino acids in samples 
from the Sardinia, Apuglia and Sicilia producing regions of Italy. It was found that 
carbon isotopic data overlapped, whereas  �15 N casein  from Sicily tended to be slightly 
lower than the others. By combining the isotopic data with the high-performance liq-
uid chromatography (HPLC) measurements of amino acids using principal compo-
nent analysis (PCA), cluster analysis and linear discriminant analysis (LDA), it was 
possible to achieve differentiation of all three regions. 

 In a preliminary study of a limited amount of Emmental cheese samples from sev-
eral regions in Europe (Switzerland, Allgäu in Germany, Finland, Vorarlberg in Austria, 



and Brittany and Savoie in France), the  �18 O water  of water gained by freeze-drying,
�18 O glycerol  and  �13 C glycerol  of glycerol from fat hydrolysis, as well as  �15 N,  �13 C,  �2 H 
and 87 Sr/ 86 Sr from the pH 4.3-insoluble fraction, were used to assess the geographical 
origin ( Pillonel et al ., 2003 ;  Pillonel, 2005 ). It was found that most of these variables, 
with the exception of  �18 O glycerol , were highly discriminating. Using the four vari-
ables from the pH 4.3-insoluble fraction in a principal component analysis allowed 
differentiation of the regions of Finland, Bretagne and Savoie from the other regions. 
Nevertheless, it was shown in a later study, focusing on Swiss vs non-Swiss origin 
of Emmental and encompassing more samples, that the isotopic variables from the 
pH 4.3-insoluble fraction alone ( �15 N,  �13 C,  �2 H and  �34 S) were no longer suffi cient 
to achieve 100% correct identifi cation. This goal was, however, achieved by adding 
11 further chemical, physical and microbiological variables and applying DA to these 
variables ( Pillonel  et al ., 2005 ). Applying a similar approach for Raclette cheese, 
 Pillonel  et al . (2004)  proved that the isotopic variables from the pH 4.3-insoluble 
fraction �15 N,  �13 C,  �2 H and  �34 S were suffi cient to differentiate between two French 
production regions, the northwest and eastern/central France. By adding one further 
parameter (calcium concentrations), it was shown that 100% correct classifi cation was 
achieved regarding the Swiss, northwest France and eastern/central France regions. 

 In the case of cheeses with a Protected Designation of Origin (PDO), the milk has 
to be produced within a precisely defi ned geographical area. Thus, the authentica-
tion might be easier, as a better link with this geographical origin might be expected. 
This was confi rmed in a study by  Brescia  et al . (2005)  of a PDO mozzarella made 
from buffalo milk and produced in the two geographically close regions of Apulia 
and Campania. Milk and cheese samples were subjected to IRMS ( �15 N bulk ,  �

13 C bulk ) 
and high-resolution 1 H-NMR aqueous extracts . For cheese samples, the isotopic and NRM 
data treated together by chemometric methods allowed 100% classifi cation for both 
production regions. In the case of milk samples, IRMS data alone were suffi cient to 
achieve a separation. 

 A similar approach was used for cow and sheep cheeses from Sardinia and other 
Italian production regions ( Chiacchierini  et al ., 2002 ) in a study where the  �15 N, 
�13 C enrichments of casein were determined by IRMS. Data reduction using LDA 
allowed signifi cant separation of all origins, and it was found that seasonality did 
not infl uence the data signifi cantly. In a study by  Giaccio et al . (2003) ,  �15 N casein , 
�13 C casein  and  18 O glycerol  were used to assess the geographical origin of cows; and 
sheep ’ s cheeses from the Italian regions of Friul and Abruzzi. A discriminatory 
power of 100% between groups was reported. In the case of Sardinia ’ s Peretta cows ’  
milk cheese, Manca et al . (2006)  used �15 N casein ,  �

13 C casein ,  �
2 H casein ,  �

34 S casein  and 
18 O glycerol  and  �13 C glycerol  to distinguish authentic Sardinian cheese made with local 
milk from cheese produced with milk from northern Europe. Data evaluation using 
PCA and hierarchical clusters allowed differentiation between cheeses produced with 
local milk and cheeses produced using imported milk. It was found that  �13 C casein

as well as  18 O glycerol  and  �13 C glycerol  contributed mostly to the principal components. 
Interestingly,  18 O glycerol  belonged to the variables which were not signifi cant in the 
case of Emmental cheeses ( Pillonel et al ., 2003 ).  
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  Asparagus 
 To distinguish the geographical origin of asparagus grown in Germany from that 
grown in Poland, in regions about 300       km apart, a database was created by measur-
ing �18 O and  �2 H values in water, protein and cellulose fractions and  �13 C-values in 
protein and cellulose fractions from authentic samples ( Meylahn, 2007 ). Using these 
results and discriminant analysis,  Meylahn (2007 ) defi ned a model that permitted 
separation of the two proveniences.  

  Wine 
 In a study of 96 authentic samples of red grape collected in the Valencia, Alicante 
and Utiel-Requena producing regions of Spain over three different years,  Gimenez
et al . (1999)  used a combination of  �13 C ethanol  measured by IRMS and D/H ethanol

measured on both sites of the molecule by  site-specifi c natural isotopic fractiona-
tion studied by nuclear magnetic resonance  ( SNIF-NMR ) to retrace the geographical 
origins of the wines. It was concluded that this approach might produce some use-
ful results, although 100% correct attribution was not achieved in all cases. Based 
on same measurements, a study by  Kosir  et al . (2001)  of Slovenian wines from a 
coastal (wet, warm) and two continental (drier, cooler) regions targeted the issues 
of geographical origin and sugaring (chaptalization).  Kosir  et al . (2001)  confi rmed 
that these combined techniques allowed correct identifi cation of very different geo-
graphical origins of Slovenia (coastal and continental), but not of the two continental 
regions, which were closer in space and climate, and allowed the detection of chap-
talization with C4 sugars. After adding  �18 O water  as a further parameter, the separation 
of both continental regions was better ( Ogrinc  et al ., 2001 ). The use of internal stand-
ardization with the wines ’  organic substances, such as organic acids, was suggested 
for further studies. As concluded by  Martin  et al . (1999)  in the case of Bordeaux 
wines, the site-specifi c D/H ethanol ,  �

13 C ethanol  and  �18 O water  variables could be useful, 
but are often not suffi cient to permit geographical identifi cation at a local level. 

 The same conclusions were reached by  Gremaud  et al . (2002)  in a study of 
authentic Swiss wine samples, where the D/H ratios of ethanol were measured on 
both sites by NMR and  �18 O water  was measured by IRMS. It was found that these 
variables were not suffi cient to clearly identify a geographical area at the Swiss level. 
Moreover, climatic events occurring in the last weeks before grapes were harvested 
were found to infl uence the fi nal  �18 O water  enrichments, and samples collected from 
the same spot at 1-week intervals exhibited signifi cant differences. To improve the 
separation,  Gremaud  et al . (2004)  added to the model more variables, such as the 
concentration of trace elements and some classical variables for wine analysis such 
as ethanol, glycerol, organic acids, pH, dry matter and density. Using LDA, a good 
separation of geographically close Swiss regions was achieved.  

  Pistachios 
 Pistachio samples collected over two consecutive years from the USA, Turkey 
and Iran were subjected to bulk �13 C, �15 N and C/N analysis by IRMS. Results 
showed that year-to-year variability but not pistachio varieties produced signifi cant 



differences on the measured variables for some production areas. A simple plot of  �   15 N 
vs C/N proved useful to achieve a separation of all three countries, with  � 5% misclas-
sifi cation ( Anderson &  Smith, 2006 ). Recently,  Heier (2007)  proposed the use of �15 N, 
�13 C and �18 O on pistachio bulk, pistachio oil, and defatted pistachio residue. A good 
but not complete separation of the three countries could be achieved by using different 
combinations of two variables. A classifi cation model including the measured variables 
was developed which allowed 100% correct reattribution of all the samples by origin. 

  Wheat 
 Wheat samples from Canada, Europe and the USA were subjected to ICP-MS (Cd, Pb, 
Se, Sr) and bulk isotopic �13 C and  �15 N IRMS analysis in order to trace their geograph-
ical origins ( Branch et al ., 2003 ). Results showed that  �13 C but not  �15 N was a good 
indicator of origin. Discriminant analysis using both IRMS and ICP-MS data yielded 
100% correct attribution. The carbon isotope data alone were suffi cient to achieve a 
separation in some cases. Other conclusions were reached in a study of wheat cultivars 
grown in three different regions of Denmark, in which  �15 N and not  �13 C showed sig-
nifi cant difference between group averages ( Husted et al ., 2004 ). The type of soil ferti-
lizers used locally could be the major infl uence on nitrogen isotopes. Wheat originating 
from the northern and western regions of Denmark, where soils had been fertilized 
with cattle and pig manure for more than 10 years, had higher enrichments than that 
from the eastern region, where the area selected had never received organic manure. 

 In a study encompassing wheat samples from Canada, Australia, Turkey, and south-
ern, central and northern Italy,  Brescia  et al . (2002a)  measured bulk �18 O,  �13 C and 
�15 N enrichments. Although the average values for all variables measured at the six 
origins were signifi cantly different, the isotopic data alone were not suffi cient to sepa-
rate the origins. Brescia et al . (2002b)  performed a similar study with the same varia-
bles, plus  1 H spectroscopy obtained by HR-MAS-NMR, on samples from two cultivars 
of durum wheat harvested in northern, central and southern Italy. They observed that 
treatment of IRMS data by linear discriminant analysis allowed differentiation of the 
geographical origins, and that NMR data were applicable to confi rm the varietal origin.  

  Rice 
  Dennis (1999)  and Kelly  et al . (2002)  showed that bulk stable isotopes  �18 O and  �13 C 
measured by IRMS plus selected chemical variables directly related to the local soil 
composition, such as rare earths and alkaline-earth elements measured by ICP-MS, 
were adequate to distinguish Indo-Pakistani basmati rice from rice grown in Europe 
or the USA. The impact of depleted meteoric waters from the Himalaya was refl ected 
in lower  �18 O in carbohydrate of the Indo-Pakistani rice, which also exhibited lower 
�13 C values than those of other origins. 

  Pears 
 In the framework of a study by  Perez  et al . (2006)  to identify the geographical ori-
gin of fruits, trace elements as well as isotopic ( �13 C bulk  and 15N bulk ) variables were 
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measured in pears from Oregon and Argentina. In the pears from Oregon, some 
sublocations were signifi cantly separated on the base of nitrogen data. However, no 
clear separation was found between those from Oregon (ranging from  � 2 to  � 4 ‰ ) 
and those from Argentina (ranging from 0 to  � 2 ‰ ). Inversely, carbon data from 
Argentina were clearly depleted compared with those from Oregon, and might be 
useful for testing the geographical origin.  

  Green coffee 
 In a study to retrace the geographical origin of green coffee beans,  Serra  et al .
(2005a)  proposed the use of  �13 C bulk ,  �

15 N bulk , both measured by IRMS, and  �10 B bulk , 
measured by TIMS. Boron might be a potential marker of the geographical origin, as 
already reported by  Wieser  et al . (2001) , although it was included into some ferti-
lizers. Samples were collected from the three producing continents, i.e. Asia, Africa 
(n      =      12) and South and Central America (n        =      29). Results showed an overlap of 
carbon data, but with some differentiation between the ranges in Africa ( � 26.6 to 
� 23.9 ‰ ) and in Asia ( � 28.1 to  � 25.9 ‰  Nitrogen data showed the same pattern, 
with data from Africa being close to those from America, and both tending to be 
more enriched than Asia. Boron values were depleted for America and enriched for 
Africa. Unfortunately, Asia had a large range of values covering the ranges of both 
other origins. Finally, an overall correct classifi cation rate of 88% was reported.   

  Distinguishing natural from synthetic molecules 

  Natural and synthetic pure aroma molecules 
 In a study of benzaldehyde from bitter almond oil,  Ruff  et al . (2000)  showed that 
the natural molecule could easily be distinguished from its synthetic counterpart by 
using gas chromatography pyrolysis IRMS (GC-P-IRMS). The  �2 H values of ben-
zaldehyde from natural sources (cassia, bitter almond oil, kernels, fruits or leaves) 
ranged from � 83 ‰  to  � 189 ‰ , whereas in the benzaldehyde synthesized from 
toluene they ranged from  � 420 to  � 668 ‰ . More problematic was benzaldehyde 
synthesized from benzal chloride, which showed values ranging  � 78 ‰  to  � 85 ‰ . 
Semi-synthetic sources produced from cinnamic aldehyde (from cassia oil) also fell 
in the range of natural benzaldehyde ( �2 H      =       �     136 ‰  ).

 As the production of natural vanilla beans does not cover the global demand of 
food manufacturers for vanilla, there is a widespread use of synthetic vanilla aroma. 
Fully synthetic vanilla shows isotope ratios that fall relatively far from those of the 
natural molecule, which makes their identifi cation easy. However, new sources have 
been developed by semi-synthesis from natural precursors – e.g. lignin from the 
paper industry, eugenol from cloves, and ferulic acid from rice bran. In order to dis-
tinguish the natural vanillin from its semi-synthetic equivalents, vanilla was isolated 
and converted into guaiacol from which  �13 C and  �18 O enrichments were determined 
and compared with guaiacol from semi-synthetic and synthetic sources ( Bensaid
et al ., 2002 ). Results showed that carbon data in particular could be useful to draw 
conclusions about the synthetic or semi-synthetic nature of vanilla. As shown by 



 Fronza  et al . (2003) , specifi c sites ’   �18 O measurements of degradation products 
4-hydroxy-3-methoxy-benzaldehyde and 3-methylanisole were useful, and about 3 ��
between natural (from vanilla beans) and synthetic (from guaiacol) molecules was 
found. By degradation of the vanillin molecule to 2-methoxy-4-methyl phenol, the 
�18 O enrichment at the carbonyl site was obtained. The lower (19.7  �18 O ‰ ) enrich-
ment of the extracted vanilla clearly distinguished synthetic vanilla (26.9–28.8 
�18 O ‰ ) from semi-synthetic vanilla from lignin (25.5 ‰ –26.2  ‰ ). 

 Synthetic and natural  trans -anethole were subjected to  �13 C and  �2 H determi-
nations by GC-C-IRMS and GC-P-IRMS, respectively. The observed  �2 H V-SMOW

ranges of � 20 to  � 79 ‰  for synthetic sources slightly overlapped with the values 
from natural source ( � 71 to  � 99 ‰ ). The ranges for  �13 C were confounded ( Bilke 
and Mosandl, 2002 ).

 Site-specifi c measurements of D/H (by NMR) and  �18 O (by IRMS) were per-
formed on coumarin and several derivatives, such as methyl cinnamate and dihy-
drocoumarin (melilotol). The D/H values showed large differences in enrichments 
between natural and synthetic forms ( Brenna et al ., 2005 ). The  �18 O measurements 
of degradation products were found to be useful in distinguishing between sources. 

 Natural apple-juice aromas are produced by physical processes from fresh juice. 
In a preliminary study,  Elss  et al . (2006)  concentrated on the impact of technology 
on the �13 C and  �2 H values of three aroma compounds, E-2-hexenal, 1-hexanol, and 
E-2-hexenol measured by GC-C-IRMS and GC-P-IRMS, respectively. It was shown 
that the enrichments were slightly more depleted in aromas than in corresponding 
apple juices. However, these differences were clearly smaller than the differences 
between natural and synthetic aroma components. 

 Pear aroma contains hundreds of products, of which around 150 have been identi-
fi ed. However, to be amenable to GC-C-IMRS and GC-P-IMRS, a minimal amount 
(0.5–1.5        � g) on the column are required. Therefore, seven aroma components were 
chosen in the chromatogram of aroma components from pear fruits, pear juice, pear-
based baby food and pear brandy for  13 C/ 12 C and  2 H/ 1 H ratio measurements. The 
measured enrichments were compared, in two-dimensional plots, with pure reference 
molecules of natural or synthetic origins. The ranges of authentic aromas differed 
from synthetic references in most cases, with 1-hexanol showing the clearest differ-
entiation ( Kahle et al ., 2005 ). 

 Because high-acidity fruit juices are preferred and sell at a higher price, a method 
aimed at the detection of undeclared addition of malic acid was developed. It is a 
known principle that the overall enrichment of organic matter is governed by the 
environmental infl uences and the plant metabolic pathways, whereas the distribution 
of the enrichment at each site of a specifi c molecule depends only on the plant meta-
bolic pathways. The enrichment of the carboxyl site of malic acid was assessed by 
site-specifi c 13 C-IRMS measurements. This carboxyl group was released in the form 
of CO 2  by using a specifi c enzymatic decarboxylation. Because of a strong isotopic 
effect by the biosynthesis, this site was enriched in the natural product. Conversely, 
the malic acid of synthetic origin showed depleted values of the carboxylic group. 
Using this method,  Jamin et al . (2000)  could detect malic acid additions down to a 
level of 10–15% of the total malic acid. 
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  Fink  et al . (2004)  studied methyl cinnamate extracted from a natural source ( oci-
mum basilicum ) as well as its synthetic counterpart for their  2 H and  13 C enrichments 
by high-resolution gas chromatography coupled with combustion or pyrolysis inter-
face to an IRMS (HRGC-C/P-IRMS). Natural and synthetic molecules showed sig-
nifi cant differences in both carbon and hydrogen data. In particular, hydrogen data 
allowed easy discrimination, with  �2 H enrichments ranging between  � 123 and 
� 176 ‰ , and  � 328 and 360 ‰ , for natural and synthetic products respectively. 

 As shown in a study by Hoer and colleagues to distinguish aromas of natural and 
synthetic origins, the �2 H ranges of natural and synthetic decanal, linalool and lina-
lyl acetate were partly overlapping whereas, using E-2-hexenal (leaf aldehyde) and 
E-2-hexenol, a separation of more than 100  ��  was observed ( Hoer  et al ., 2001a ). 
Citral, measured as the mix of neral and geranial isomers, exhibited values of  � 38 ‰
to � 177 ‰   �2 H for synthetic geranial and  � 29 ‰  to  � 197 ‰   �2 H for synthetic neral, 
and showed no overlap with natural counterparts ( � 264 to  � 303 ‰  and  � 266 to 
� 300 ‰  respectively) ( Hoer  et al ., 2001b ). The values for natural sources, consti-
tuted from different plants such as lemon, orange and lemongrass, all lay in a very 
narrow range, whereas those for synthetic sources ranged over more than 200  �� . 

  Jung  et al . (2005)  used  �13 C (GC-C-IRMS),  �18 O and  �2 H (GC-P-IRMS) to check 
the authenticity of the botanical origin of linalool and linaly acetate. The ranges for 
�2 H values of synthetic linalool ( n       =      7) and synthetic linalyl acetate (n      =      3) lay 56 
and 100 ��  respectively, lower than natural counterparts. In the case of  �18 O, the 
synthetic and natural linalool ranges were 30  ��  apart, but much closer for linalyl 
acetate, at 7 �� . The carbon isotopes showed a clear difference between synthetic 
and natural sources in the case of linalyl acetate but not linalool. 

 Estragol and methyl eugenol from basil, estragon and pimento were studied by 
HRGC-C/P-IRMS ( Ruff  et al ., 2002 ). Their  �2 H,  �18 O and  �13 C values were com-
pared with those of estragol and methyl eugenol from commercial chemicals, and 
from a man-made synthesis of eugenol and turpentine oil. For both target substances, 
the ranges of nature-identical and natural isotopic data were confounded. 

 To check the authenticity of alpha- and beta-ionone (raspberry aroma) by 
combustion- or pyrolysis-IRMS, these substances required preliminary separation by 
multidimensional GC (MDGC). This required the use of a GC system that had the 
property of maintaining a constant fl ow rate. This was important, as pyrolysis reac-
tors are sensitive to fl ow rates and hydrogen values will be unstable otherwise. The 
accuracy of the MDGC-C/P-IRMS technique for  �2 H measurement was proved by 
comparison with a reference method (EA-IRMS) on a pure standard. Differences 
between both methods were less than 1 delta ( Sewenig  et al ., 2005 ). 

Decalactones  are important components of prunus aroma, which is present in 
peach, apricot and nectarines. Using GC-C-IRMS and GC-P-IRMS,  Tamura  et al .
(2005)  investigated the synthetic, biotechnological and authentic (extracted from 
fruits) sources of these compounds. Results of  �13 C and  �2 H measurements of  � - and 
d-decalactones indicated that different botanical origins of fruit had no signifi cant 
infl uence on results. Using these isotopic data, differentiation of natural molecules 
from synthetic and biotechnological counterparts was easy.  



  Differentiation between betanins from pitaya and from red beet 
 The  �2 H and  �13 C of betanins from violet-fl eshed pitaya were measured by HRGC-
C/P-IRMS ( Herbach et al ., 2006 ). While  �13 C betanins from pitaya, a CAM plant, 
ranged from � 17.0 ‰  to  � 17.7 ‰  those from red beet were lay between  � 26.9 and 
� 27.7 ‰  which was typical of C3 plants. 

 Identifi cation of natural vs synthetic caffeine
 To detect the undeclared use of synthetic caffeine in solid food and beverages, nat-
ural caffeine isolated from coffee ( cofea arabica ), tea ( camellia sinensis ), guarana 
(paullinia cupana ) and maté ( Ilex paraguariensis ) was compared with synthetic caf-
feine. The  �13 C and  �18 O values of both origins were compared using EA-C/P-IRMS 
( Richling  et al ., 2003 ). The isolation, which was performed by liquid–liquid extrac-
tion and purifi ed by recrystallization, was shown to produce no signifi cant isotopic 
fractionation. Two-dimensional plots of  �13 C vs  �18 O allowed clear differentiation 
between synthetic and natural caffeine. The ranges for  �13 C and  �18 O values of syn-
thetic references were from  � 37.9 to  � 40.0 ‰  and from  � 13.5 to  � 17.1 ‰ , respec-
tively, and the ranges for those of natural caffeine were from  � 32.3 to  � 25.9 ‰   �13 C 
and from � 4.1 to  � 7.9 ‰   �18 O. 

 According to the international wine code (OIV), only natural tartaric acid 
extracted from grapes can be used as an acidifying agent in wine and musts, which is 
commercially produced by washing the grape ’ s residual seeds and skins or by extrac-
tion from dregs, followed by crystallization. Inversely, synthesis starts from fossil 
oil, which is converted into butanol and then tartaric acid through multiple steps. In 
order to check the origin of this substance, the �13 C and  �18 O values of pure samples 
were compared using EA-C/P-IRMS. Results for oxygen showed that average values 
(and ranges) of natural and synthetic sources were  � 26.7 ‰  ( � 30.3 ‰  to  � 25.2 ‰ ) 
and � 16.7 ‰  ( � 20.9 ‰  to  � 13.0 ‰ ) respectively, indicating easy identifi cation of 
both sources. However, results were less clear for carbon, with  � 21.8 ‰  ( � 21.1 ‰  to 
� 22.6 ‰ ) for the natural and  � 23.6 ‰  ( � 20.5 ‰  to  � 28.7 ‰ ) for the synthetic mol-
ecule ( Serra  et al ., 2005b ).

  Characterization of the sources of CO 2  in carbonated beverages 
 A simple method was developed by  Calderone et al . (2005)  in order to measure the 
�13 C of CO 2  added to sparkling beverages. Results showed a range of values spanning 
from � 54 to  � 5 ‰   �13 C. The use of these data to assess the authenticity of CO 2  source 
was suggested. The measurements showed massive differences between average values 
for natural sparkling water ( � 1.05 ‰ ) and artifi cially carbonated water ( � 54.15 ‰ ). 

  Distinguishing agricultural and farming practices 

  Distinguish organic from conventional products 
 Based on the knowledge that little or no maize feed was used in the produc-
tion of German organic meat,  Boner (2005)  performed a comparison between the 
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�13 C protein  values of organic and conventional beef meat from Germany. Organic and 
conventional samples ranged from  � 20.3 to  � 28.2 ‰  and from  � 12 to  � 26 ‰
respectively. A cut-off value of  � 20 ‰  was proposed as a higher level for animals 
receiving no maize-based feed. 

 The avoidance of synthetic fertilizers in organic agriculture is another relevant 
trait that can be exploited for authentication. Indeed, farm-produced fertilizers 
such as hog manure ( �15 N of total N      =       �     5.1 ‰ ), cattle manure ( � 7.9 ‰ ) or com-
post ( � 17.9        �  1.2 ‰ ) ( Choi  et al ., 2003 ) are more enriched than synthetic fertilizers, 
which show depleted values ( � 2 to  � 1 ‰ ). Accordingly, plants receiving farm-
produced fertilizers were also found to be more enriched ( � 14.6  �  3.3 ‰ ) than 
those receiving synthetic ones ( � 4.1  �  1.7 ‰ ). 

  Truchot  et al . (2003)  proposed using a database of  �13 C,  �15 N and  �18 O values 
from organic and conventional agricultural products to classify these products using 
discriminating analysis. The method focused on the detection of fraudulent use of 
synthetic vs natural fertilizers. More recently,  Rapisarda (2005)  used  �15 N pulp  and 
�15 N amino acids  to evaluate the feasibility of differentiation between bio and conven-
tional orange juices. Juices from organic fruits showed signifi cantly higher mean val-
ues than those from conventional production. These data, taken together with other 
variables (vitamin C and synephrine), gave a correct attribution rate of 91% using 
linear discriminating analysis. In a study of tomatoes, paprika, lettuce, cabbage, 
onion, Chinese cabbage and wheat,  Schmidt  et al . (2005b)  targeted the  �15 N bulk , 
�13 C bulk ,  �2 H water  as well as  �18 O water . Results showed that  �15 N bulk  values in par-
ticular were useful to differentiate organic and conventional tomatoes and paprika. 
However, for other commodities no signifi cant differences could be evidenced. 
 Schmidt  et al . (2005b)  suggested that the reason for the high enrichments found also 
in conventional products might be due to  15 N enrichment in soil following NH 3  evap-
oration and denitrifi cation. The other variables brought no signifi cant improvement.  

  Distinguishing  “ farmed ”  from  “ wild ”  
 Wild and farmed salmon were compared on the basis of a multivariable approach 
using �13 C fi sh oil , and  �2 H fi sh oil  measured by IRMS, and using SNIF-NMR measure-
ments and classical GC-FID analysis ( Aursand  et al ., 2000 ). Several peaks on the high 
2 H-NMR spectrum of the fi sh oil were selected, and their deuterium enrichments were 
used as separated variables. In the fi rst step, the less discriminating variables were fi l-
tered out and the remaining eight variables ( �2 H fi sh oil , D/H of three peaks of the NMR 
spectrum, and the amounts of 16:0, 16.1n-9, 18.1n-9 and 22.1n-9) were combined. A 
correct classifi cation rate of 100% of wild and farmed origins was achieved. 

 Iberian pork meat is produced from typical Iberian swine that are free-ranging and 
feed mostly on acorns foraged in the forests. To distinguish the meat produced in this 
way from that from Iberian swine or white swine receiving conventional food, the 
�13 C and  �34 S values of adipose tissue and liver ( Gonzalez  et al ., 2001 ) were meas-
ured. A two-dimensional plot of both variables allowed differentiation of the samples 
according to the diet of the animal. 



  Detecting adulteration 

  Fraudulent addition of water 
 Because of its high popularity and limited seasonal availability, fresh orange juice 
is at risk of being adulterated with reconstituted concentrates or simply diluted 
with water. In an attempt to tackle the issue, a database of  �18 O water  of 400 authen-
tic fresh orange-juice samples from six major Australian citrus-producing areas 
was developed over fi ve production years ( Simpkins et al ., 1999 ). The data showed 
year-to-year and seasonal variations of up to 8 ‰ . The geographical location of the 
production site also had an effect on the enrichments, whereas storage conditions of 
oranges had no or little impact. The overall span of values for Australian fresh orange 
juices ranged from � 10 ‰  to  � 15 ‰ . As fully reconstituted juice exhibited clearly 
lower values, it was concluded that admixture up to 50% would be detectable using 
these data. This relatively high detection level is due to the fact that cut-off values 
should take into account the natural variability of  �18 O water  in the products. To over-
come this problem, some researchers proposed measuring correlations of oxygen-
containing metabolites. Houerou (1999)  used the correlation of  �18 O enrichments of 
fruit metabolites such as sugar and citric acids. Great care had to be taken in order 
to standardize all isolation and preparation steps of these metabolites that might oth-
erwise introduce more variability because of unreproducible fractionations.  Jamin
et al . (2003)  proposed a method based on the fact that a correlation does exist 
between  �18 O sugars  (measured as  �18 O fermentative ethanol ) and  �18 O water . The sugars were 
fi rst fermented into ethanol, which was isolated by high-yield distillation and puri-
fi ed from the remaining water using a molecular sieve. In this method, ethanol was 
generated directly in fruit juice by yeasts. Its enrichment was measured by pyrolysis-
IRMS. The mentioned correlation could be verifi ed, and addition of extraneous water 
produced signifi cant deviation from the correlation. This method, which was pat-
ented ( Jamin et al ., 2003 ), can be applied for every liquid containing a fermentesci-
ble sugar. A detailed study was conducted to investigate the fractionation occurring 
at the fermentation and distillation steps ( Monsallier-Bitea  et al ., 2006 ), and it was 
found that as distillation involved a normal fractionation of about 0.997, high yields 
(� 95%) and standardized conditions were required to obtain reproducible results. 
A plot of authentic direct orange juice �18 O fermentative ethanol  vs  �18 O water  produced a 
straight correlation line. Blends with juice from concentrate produced a deviation 
from this line, indicating adulteration. 

  Fraudulent addition of sugar 

  Addition of sugar to juices and concentrates 
 To detect the addition of C4 sugars, for example in the form of high-fructose corn 
syrup,  �13 C sugars  was determined in authentic Australian orange juices. Results from 
35 samples collected over a whole year and of two varieties (Navel and Valencia) 
yielded a cut-off of  � 23.5 ‰  for juices without C4 sugars added ( Antolovich  et al .,
2001 ). Although the method based on cut-off values determined on single variables 
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might work well, it had the drawback of having to take into account the whole range 
of natural variation occurring because of, for example, year-to-year climatic changes 
or slight changes in agricultural practices. Therefore, methods using internal stand-
ardization are increasingly employed. These methods are based on the fact that the 
differences in enrichment between some components of a food product remain the 
same, even when these enrichments change due to environmental factors. Using 
this principle,  Gonzalez  et al . (1999)  proposed the so-called specifi c natural isotope 
profi le-IRMS (SNIP™-IRMS) method, which was based upon correlations of the 
�13 C-values between several metabolites isolated from fruit juices. This method was 
tested successfully on pineapple juice, where fructose, glucose and sucrose fractions 
were separated by ion exchange columns clean-up followed by preparative HPLC. 
In the case of adulterated juices, this correlation was no longer observed. Using this 
method, C3 sugar additions as low as 3% could be detected. 

 In the case of Australian orange juices,  Simpkins  et al . (2000)  used the differences 
between sugars and the calcium-precipitated acids in juices. Indeed these differences 
were found to be consistently in the range of 0.7 to 1.5 ‰  (n      �      23). The same prin-
ciple was applied to individual sugars, pectin, and citric acid from orange, grape-
fruit and apple juices by  Day  et al . (2001) . Where good correlations were observed, 
a linear model with a defi ned slope and interception could be defi ned. Juices adulter-
ated by the addition of extraneous C4 sugars could be detected by the fact that they 
were out of the confi dence range of the correlation curves.  Day  et al . (2001)  reported 
that correlations between sugars and pectin or acids respectively were poor, whereas 
they were quite good between  �13 C sucrose  vs  �13 C glucose . Using this technique, named 
13 C-isotope relations of individual sugars (IRIS), a lower detection limit down to the 
level of 4% added C4 sugars was reported. 

 As simple bulk  13 C measurements were not appropriate to detect adulteration 
with sugar syrup from the same plant metabolic group (e.g. a C3 crop adulterated 
with another C3 sugar syrup), measurement of D/H ratios were proposed, as they 
were more sensitive to the small differences in metabolism produced by environ-
mental factors. In order to obtain sugars in the form that was amenable to on-line 
GC-pyrolysis-IRMS,  Kelly  et al . (2003)  fi rst converted these sugars into hexamethy-
lenetetramine derivatives which retained the D/H and  13 C/ 12 C ratios of the parent 
sugars. By applying this method to 100 apple-juice samples from all over the world, 
using high-fructose corn syrup (HFCS) and beet medium inverted syrup (BMIS) as 
potential adulterants, a two-dimensional plot of both isotopes yielded perfect sepa-
ration. This GC-pyrolysis-IRMS method showed a sensitivity of  � 0.66 ‰  on D/H 
ratios for each addition of 1% w/w of BMIS. 

 More recently, a method for solving the weaknesses of the existing NMR meth-
ods in detecting the addition of a mixture of C3 and C4 extraneous sugars was pro-
posed by  Jamin  et al . (2004) , who collaboratively validated the method based on the 
measurement of �13 C fermentative ethanol  by IRMS. As the result, it offered the advan-
tage of comparing the samples with two cut-off values, one D/H fermentative ethanol  by 
SNIF-NMR and one 13 C fermentative ethanol  by IRMS, thus allowing better identifi cation 
of fraudulent samples.  



  Addition of sugar to wines and musts 
 As C4 sugars from corn or cane are used in the second fermentation of sparkling 
wines from Brazil, the variable  �13 C CO2  was proposed by  Martinelli  et al . (2003) 
to control the authenticity of these sparkling wines against similar wines produced 
in more temperate regions, where C3 sugars were mostly used. The results showed 
a clear correlation of  �13 C values with the amount of C4 sugar.  “ Doux ”  sparkling 
wines averaged  � 20.1 ‰ , whereas  “ sec ”  wines were around  � 15.8 ‰ . In con-
trast, sparkling wines from Europe and Chile/Argentina showed depleted values of 
� 25.5 ‰  and  � 26.1 ‰ , respectively. 

 In a study by  Versini  et al . (2006) , �13 C data from wine and must fractions were 
investigated for correlations that could be used for internal standardization. In musts, 
a correlation between  �13 C total free sugars  and  �13 C  heterosides sugars  was found, with the lat-
ter being consistently about 1.7 ‰  lower than the former. In wines, some correlations 
existed between  �13 C amino acids  and  �13 C ethanol . Using the correlation lines obtained, 
and taking into consideration uncertainty on slope and intercept, it was possible to 
detect an addition of C4 sugar at a level of 10%, although the bulk enrichments for 
total sugars remained within the natural variation range and the adulteration would 
thus have otherwise remained undetected. It was found that wines produced in 
the same conditions had an enriched amino acid fraction compared with the alco-
hol fraction. The same observation was made for commercial wines, except in the 
case of wines with known addition of C4 sugars. Using the correlation between 
�13 C amino acids  and  �13 C ethanol , C4 sugar additions down to 10% of the fi nal alcohol 
concentration could be detected. 

  Addition of sugar to honey 
 The direct comparison of bulk isotopic  �13 C data with a cut-off value ( � 21.5 ‰ ) 
proved to work well in the case of C4 sugar addition, such as HFCS, to honeys pro-
duced from C3 fl owers. As this simple method had to cope with natural variations 
introduced by the various botanical origins,  Antinelli  et al . (2001)  proposed using 
the abovementioned method combined with pollen analysis by microscopy, by which 
the evidence about the botanical origin of honey could be found and the measured 
�13 C values could be compared with published values for this botanical source. 

 An elegant method of getting rid of some variability due to environmental factors 
is to use a correlation between  �13 C bulk  (ranging from  � 21.8 to  � 30.4  �  0.3 �  ‰ ) 
and �13 C protein  ( Moguel-Ordonez  et al ., 2005 ). The study, performed on honeys pro-
duced on the Yucatan peninsula, showed that the addition of extraneous C4 sugars 
would shift  �13 C bulk  toward more positive values whereas  �13 C protein  would remain 
the same. A difference between both variables exceeding 0.9  ��  was considered as a 
proof of adulteration. The percentage of C4 sugars added can be calculated based on 
this principle: 
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 Equation (9.2) was used on Brazilian honey samples, and it proved to be appro-
priate, as most of the 40 samples tested showed enrichment differences  � 1  ��
( Padovan  et al ., 2003 ).  Padovan  et al . (2003)  determined experimentally that this cut-
off corresponded to an addition of 7% pure sugar or 10% sucrose syrup. This stand-
ardization could be applied to honey from various geographical origins. However, 
there are some special cases where this standardization cannot be applied, as shown 
by a large study conducted in China with over more than 300 monofl oral honeys 
from 26 botanical origins ( Guo  et al ., 2006 ). This study found that the  ��  (protein-
bulk) was negative in about half of the monofl orals examined, ranging from  � 0.80 to 
� 0.02  �� , and positive in other cases (ranging from 0.02 to 2.38), with three honeys 
(namely upland cotton, common buckwheat and lychee) exceeding the  ��  of 0.9, 
being 2.38, 1.14 and 0.94 respectively ( Guo  et al ., 2006 ).   

  Detection of adulterated royal jelly 
 Natural royal jelly is produced from honeybees by incomplete digestion of honey and 
pollen. To achieve mass production at cheaper prices, these natural starting materials 
are replaced by high-fructose corn syrup and yeast extracts that are fed to the honey-
bees. In order to detect this fraud, a study was performed in which royal jelly samples 
from several production areas in Europe, Thailand, Indonesia and China were exam-
ined for their 13� C bulk  and  15� N bulk  enrichments ( Stocker  et al ., 2006 ). Additionally, 
the botanical source was determined by microscopy using the pollen distribution in 
the samples. The isotopic data, combined into a two-dimensional plot, yielded an 
area corresponding to authentic honey products. Using this method, the authenticity 
of royal jelly could be successfully assessed ( Bengsch  et al ., 2006 ).  

  Detection of the addition of glycerol to wine 
 The fraudulent addition of glycerol to low-quality wines could be detected in the 
past by the GC detection of synthetic glycerol by-products. Nowadays, the use of 
better-quality synthetic glycerol or even glycerol from natural sources has urged the 
development of more specifi c methods. The correlation of  �13 C glycerol  and  �13 C ethanol

was therefore studied ( Calderone  et al ., 2004 ) in wines produced from various geo-
graphical regions and vine varieties. A good correlation could be established between 
these variables for most wines, except in cases where grapes were colonized with 
the “ noble rot ”  fungus  botrytis cinerea . In such cases, signifi cant amounts of glyc-
erol with a different enrichment were produced by the  “ noble rot ”  fungus.  Calderone 
et al . (2004)  concluded that the proposed method did not fi t for these cases. Later, 
 Jung  et al . (2006)  proposed the use of �13 C glycerol  and �18 O glycerol  by GC-C-IRMS and 
GC-P-IRMS respectively. Results showed that extraction procedures for glycerol 
did not produce signifi cant isotopic fractionation, but the method was useful in 
some cases to detect the addition of extraneous glycerol. In the case of glycerol 
from beet sugar, the ranges for both isotopes overlapped with the range of authentic 
wines.



  Detection of adulteration of fats and oils 
 Owing to their similar fatty acid compositions, some blends of oils and fats cannot be 
easily detected by gas chromatography, and the  �13 C bulk  of oil was generally not suffi -
cient for unambiguous identifi cation ( Kelly and Rhodes, 2002 ), with the exception of 
C4 oils such as maize oil. Therefore, in the case of adulteration of C3 oils with other 
C3 oils, multi-isotopic methods or compound- as well as position-specifi c IRMS is 
preferred. For this purpose, a combination of  1 H (NMR), bulk �18 O, �13 C (IRMS) and 
site-specifi c  2 H-NMR was proposed ( Fauhl, 1999 ). Results from pure hazelnut, pure 
olive and mixed oils samples examined by discriminant analysis were satisfactory for 
blends containing more than 20% hazelnut oils. The compound-specifi c approach was 
further investigated in a study into the applicability of  �13 C bulk  (EA-RMS) and  �13 C of 
individual fatty acid such as palmitic and oleic acid ( Spangenberg and Ogrinc, 2001 ).
Covariation was found between the  �13 C values of palmitic and oleic acid, and this 
was proposed as a possible criterion to detect admixtures or impurities. These isotopic 
data combined with fatty acid concentrations determined by GC were found useful to 
distinguish pure olive oil from seed oils. As older oils were slightly less enriched than 
younger ones, it was suspected that aging of the oils might infl uence the isotopic data. 

 Using the variables  �13 C bulk ,  �
13 C 16:0 ,  �

13 C 18:0 ,  �
13 C 18:1 , and chromatographic data 

combined by PCA, the feasibility of the quantifi cation of cocoa butter equivalents 
(CBEs) in chocolate was investigated.  Spangenberg and Dionisi (2001)  concluded 
that these variables allowed pure CBE and cocoa butter (CB) to be distinguished. A 
detection level of 15% CBE in CB was suggested. CB of southern American origin 
could be easily distinguished from that produced in Asia. 

 In order to test the plant or animal origin of free or esterifi ed  glycerol ,  �18 O glycerol

and �13 C glycerol  measurements were performed by IRMS. Results ranged from  � 33 to 
� 29.5 ‰  and from  � 13.9 to  � 15.3 ‰   �13 C for C3 and C4 plants, respectively. The 
oxygen data ranged from  � 16 to  � 27.6 ‰   �18 O for all plants. Animal fats ranged 
somewhere between, as they were mostly infl uenced by the type of fat included in 
feed. Fronza  et al . (2001)  therefore suggested the application of these results to test 
the plant or animal origin of glycerol.  

  Testing of plant or animal origin of protein in food 
 Because  L-tyrosine  molecules from animal and plant sources are synthesized by dif-
ferent biochemical pathways, their  �18 O values are different. Based on consideration 
of these pathways, it was postulated that tyrosine from plant sources should have 
an enrichment of about � 30 ‰ , while tyrosine of animal origin should be between 
� 6 ‰  and  � 30 ‰ , depending on the ratio of tyrosine from food to tyrosine from 
endogenous production. To test this hypothesis, tyrosine samples from various ori-
gins were fi rst converted to 3-(4-methoxyphenyl)-1-chloropropane, using a fi ve-step 
reaction scheme, in order to permit specifi c measurements of the oxygen enrichment 
at the p-OH site. Experimental data confi rmed the above hypothesis, and it was sug-
gested that this fi nding could be used to test the plant or animal origin of protein in 
food and in animal feed ( Fronza  et al ., 2002 ).  
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  Detection of added citric acid in fruit juices 
 Citric acid is both a natural component of fruit juices and a widely used food addi-
tive. To distinguish between native citric acid from fruits and citric acid produced 
from fermentation of C3 or C4 carbohydrates, citric acid was subjected to  �2 H and 
�13 C measurement using IRMS ( Jamin  et al ., 2005 ). A method was presented that 
used the conversion of citric acid to calcium citrate to measure the non-exchangeable 
hydrogen by IRMS. Results showed that the  �2 H data were useful for the purpose 
of authentication. Indeed, calcium citrate from authentic fruit juices had higher  �2 H 
values (153.6 to 159.0 ‰ ) than those from citrate produced from commercial car-
bohydrate fermentation sources (147.7 ‰  for C3 starting material and 148.6 ‰  for 
C4 and C3      �      C4 starting materials).  

  Detection of reconstituted vs raw milk 
 Based on the assumption that raw milk and reconstituted milk of same origin should 
have slightly different  �18 O and  �2 H due to the cattle metabolism during milk pro-
duction, a method was proposed by  Lin  et al . (2003)  based on the IRMS measure-
ment of an aqueous solution produced from milk after treatment with activated 
charcoal. As expected, there was a signifi cant difference between the enrichments of 
raw milk and those of milk reconstituted using the local water. Moreover, it was con-
fi rmed that raw milk from a defi ned origin should only be compared with reconsti-
tuted milk from the same origin. 

  Tracing the botanical origin 

  Botanical origin of fermentative ethanol in spirits 
 According to Mexican law, all 100% agave tequila should be bottled in Mexico. In 
order to distinguish between 100% tequila and mixed (misto) tequila, which is pro-
duced from agave and sugar cane, their  �18 O ethanol  and  �13 C ethanol  were determined. 
It was shown that these combined data were not suffi cient to distinguish authentic 
tequila from mixed tequila ( Aguilar-Cisneros  et al ., 2002 ).  Bauer-Christoph  et al .
(2003)  went further on this theme with measurements on spirits of  �13 C ethanol  com-
bined with site-specifi c  �2 H enrichments of ethanol by NMR and gas chromatogra-
phy, and found that not the isotopic data but the gas chromatographic analysis of the 
volatiles produced the most discriminant data. 

 Authentic rice spirits made from rice molasses as starting materials face concur-
rence with spirits produced by fermentation of cane molasses and aromatized with 
rice fl avorings. To distinguish both qualities,  Rau  et al . (2005)  measured  �13 C ethanol

using IRMS. Ethanol fermented from rice, which is a C3 plant, was easily separated 
from ethanol from cane (a C4 plant).  

  Botanical origin of beer ingredients 
 Traditional beer ingredients include water, yeast, malted barley and hops (both C3 
plants). However, additional sugars and starches from C4 plants (corn or cane) are 
frequently added to increase the alcohol content in the fi nal product. As this addition 



is against the law in some countries, a study was performed on 160 samples, where 
the �13 C values were determined on the dry residue of 25       ml of beer. An equation 
for calculation of the percentage of C4 carbon in each beer sample was developed 
( Brooks  et al ., 2002 ).  

  Botanical origin of monofl oral honeys 
 In a study encompassing both adulteration with added sugar and the question 
of botanic origin of monofl oral honeys, the isotopic data  �13 C bulk ,  �13 C protein , 
13 C fermentative ethanol , (IRMS) and D/H fermentative ethanol  (NMR) were measured from com-
mercial acacia honeys and from authentic acacia, heather, fi r, citrus, lavender, lime 
and sunfl ower honeys ( Giraudon et al ., 2000 ). Using a plot of  �13 C fermentative ethanol , 
(IRMS) vs D/H fermentative ethanol  (NMR), it was shown that some groups (such as cit-
rus and sunfl ower) were easily separated from another. However, the overall rate of 
correct attribution was below 70%. 

  Botanical origin of cinnamaldehyde 
 Cinnamaldehyde, which is an important fl avor component of cinnamon, can be obtained 
from several plant sources.  C. ceylanicum  (Ceylon) is the most valuable source, 
whereas  C. cassia  (cassia) and  C. burmanii  (cassia vera) are frequently used as cheaper 
alternatives. A study was launched in order to identify both sources. Cinnamaldehyde 
was extracted from these sources and  �13 C cinnamaldehyde  and  �2 H cinnamaldehyde  measure-
ments were performed on bulk ground bark and distillates. Results showed that iden-
tifi cation of Ceylon cinnamon was feasible based on  �2 H cinnamaldehyde , as its range was 
from � 112 to  � 101 ‰  (n      =      9) for Ceylon, whereas the range for other sources ( cassia , 
cassia vera ) was from  � 128 to  � 142 ‰  (n      =      8) ( Sewenig  et al ., 2003 ). 

  Strengths and limitations 

  Practicability 

 As described above, sample preparation for IRMS measurements can be very 
straightforward (e.g. direct equilibration with CO 2 ). This aspect, combined with 
small sample size and unrivaled precision, is one of the most important advantages 
of IRMS techniques. In addition, often other analytical techniques cannot provide 
the required information. However, drawbacks are more obvious when sample prepa-
rations involve multiple off-line steps that include several physical treatments (e.g. 
extraction, cryodistillation, azeotropic distillation, preparative chromatography) or 
chemical and biochemical reactions. For example, when non-quantitative distillations 
are used, fractionation occurs when the compounds of interest undergo vapor pres-
sure isotope effects. As shown by Baudler (2006), for the same molecules, carbon 
and hydrogen isotopologues can have different comportments. Even extraction pro-
cedures can lead to fractionation, and Schlechtriem et al . (2003)  demonstrated that 
different lipid extraction procedures led to signifi cantly different  �13 C values among 
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the lipid fractions. When chemical or biochemical reactions are involved (e.g. deri-
vatization to increase volatility, fermentation of sugar into ethanol), fractionations 
may occur due to isotopic effects caused by the reaction itself or by equilibration 
of the products with the reaction medium. Therefore, it is advisable to test the iso-
topic effects at all steps of the method and to use strictly standardized experimental 
conditions ( Jamin  et al ., 2003 ). The availability of further easy and reliable sample 
preparation procedures may be a limiting factor for the development of isotopic 
techniques.

  Use of chemometric methods 

 The procedure generally used in authenticity studies consists of establishing a range 
of values for authentic samples, and comparing it with the range of values of non-
authentic samples. Ideally, a single-variable approach would be suffi cient. However, 
with the increasing complexity of the question being asked, the number of measured 
variables tends to increase. Accordingly, data reduction methods should be applied 
in order to handle these variables simultaneously. Therefore, chemometric methods 
such as principal component analysis (PCA) and linear discriminant analysis (LDA) 
are often used. Briefl y, PCA examines the spatial distribution of samples in a multi-
dimensional space (each dimension is a variable) and describes which variables are 
most responsible for the separation. These variables are then subjected to linear com-
bination in order to fi t into two or three new dimensions (principal components, PC) 
in such a way that the distances between individuals are maximized. The coeffi cients 
used to multiply the original variables to obtain the PCs are called the loadings. This 
method is blind, as the model does not know which sample belongs to which group. 
Conversely, in LDA the groups are predefi ned by the operator and the axes are cal-
culated in such a way that distances between groups are maximized. Both PCA and 
LDA are powerful methods with which it is possible to detect even relatively minor 
differences between groups. However, it was found that deceptively high separation 
rates might occur in preliminary studies, which are not always confi rmed by follow-
up studies with more samples. The most plausible explanation for this might be 
that, for economical and practical reasons, the sample sets for “ authentic ”  and  “ non-
authentic ”  samples are too restricted and do not adequately cover the whole range of 
possible values. Thus, false positives or false negatives cannot always be avoided.   

  Applicability of different isotopic variables 
to authenticity 

  Table 9.3    summarizes the isotopic variables reported in the literature as successful 
parameters. It can be seen that �18 O water  is the most appropriate for the purpose of 
determining the geographical origin of agricultural products. The isotopic ratio of 
oxygen in local meteoric water and groundwater is indeed mostly infl uenced by local 
geographic and climatic conditions, and not by human activity. Thus, it bears the 
characteristics of a primary indicator  of the geographic origin. When this water enters 
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Table 9.3    Successful variables for food authentication 

 Isotopic variable (technique) Application (number of studies reviewed) 

  Testing of the geographical origin of food products  

�34 S protein  (EA-IRMS)  Meat (2), cheese (2), butter (1) 
�18 O water  (equilibration IRMS)  Meat (4), milk (2), butter (1), asparagus (1), wine 

(4), cheese (1) 
�18 O glycerol  (EA-IRMS)  Cheese (2) 
�18 O bulk  (EA-IRMS)  Pistachios (1), wheat (1), rice (2), butter (1) 
�15 N protein  (EA-IRMS)  Meat (2), cheese (3)  
�15 N bulk  (EA-IRMS)  Cheese (1), pistachios (2), wheat (2), pears (1), 

coffee (1), meat (1) 
�13 C protein  (EA-IRMS)  Meat (1), butter (1), cheese (4), asparagus (1) 
�13 C defatted muscle  (EA-IRMS)  Meat (1) 
�13 C fat  (EA-IRMS)  Meat (1) 
�13 C bulk  (EA-IRMS)  Butter (1), cheese (1), pistachios (1), wheat (2), 

pears (1), coffee (1), rice (2) 
�13 C glycerol  (EA-IRMS)  Cheese (2) 
�13 C cellulose  (EA-IRMS)  Asparagus (1) 
�2 H protein  (EA-IRMS)  Cheese (4) 

  Organic agriculture  

�34 S defatted muscle  (EA-IRMS)  Meat (1) 
�15 N defatted muscle  (EA-IRMS)  Meat (1) 
�15 N protein  (EA-IRMS)  Meat (1) 
�15 N casein  (EA-IRMS)  Cheese (2) 
�15 N bulk  (EA-IRMS)  Wheat (2), vegetables (3) 
�15 N pulp ,  �15 N amino acids  (EA-IRMS)  Orange juice (1) 
�13 C protein  (EA-IRMS)  Meat (1) 
�13 C defatted muscle  (EA-IRMS)  Meat (1) 

  Wild/farmed  

�34 S liver  (EA-IRMS)  Pork meat (1) 
�13 C fat  (EA-IRMS)  Pork meat (1) 
�2 H oil  (EA-IRMS)  Salmon (1) 

 Natural/synthetic 

�18 O site-specifi c  (GC-P-IRMS)  Vanilla (1), coumarin (1) 
�18 O compound specifi c  (EA-IRMS)  Tartaric acid (1) 
�18 C compound specifi c  (GC-C-IRMS)  Aromas (2) 
�13 C compound specifi c  (GC-C-IRMS)  Aromas (7), betanins (1) 
�13 C caffeine  (EA-IRMS)  Caffeinated food or beverage (1) 
�13 C site-specifi c  (GC-C-IRMS)  Vanilla (1), malic acid (1) 
�2 H compound specifi c  (GC-P-IRMS)  Aromas (10), betanins (1) 
�2 H caffeine  (EA-IRMS)  Caffeinated food or beverage (1) 

  Adulteration of food  

�18 O water  (IRMS, equilibration)  Water addition in orange juice (2), reconstituted 
milk (1) 

�18 O citric acid ,  �18 O sugar  (EA-IRMS)  Water addition in orange juice (1) 
�18 O ferment. ethanol ,  �18 O sugar  (EA-IRMS)  Water addition in fruits juice (2) 
�18 O tyrosine (site-spec.)  (EA-IRMS)  Plant or animal origin of protein (1) 
�18 O glycerol  (EA-IRMS)  Plant or animal origin of glycerol (1), glycerol 

addition to wines (1) 
�18 O bulk  (EA-IRMS)  Blending of oils (1) 

(Continued)
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the food chain, it infl uences the oxygen enrichment of the food products. For these 
reasons, �18 O water  was found to be the most cited variable in the reviewed literature. 

 The isotopic variables of nitrogen, sulfur and carbon mostly have the charac-
teristics of a secondary indicator  for the geographic origin, as they are usually 
mostly determined by the type of feed given and the agricultural practices used. 
Nevertheless, sulfur and nitrogen can sometimes also be used as primary indicators 
of the geographic origin. Indeed, sulfur isotopes ( �34 S protein ) can be infl uenced in 
coastal areas by  34 S-rich sea sprays. Nitrogen, although mostly infl uenced by agricul-
tural practices, especially the type of fertilizer used, can also be infl uenced by local 
soil and climatic conditions, such as the humidity of the soil, and some authors have 
suggested that nitrogen can provide useful indications regarding the geographical 
origin. Compared with other isotopes, nitrogen is often the least appropriate for the 
purpose of identifying the geographical origin of a sample. 

 The development of on-line pyrolysis techniques has provided a very powerful tool 
to investigate and test natural vs synthetic products. Of 18 publications reviewed, 13 
used this technique, mostly successfully. A limitation, however, is that a suffi cient 
number of representative references for natural and synthetic samples should be 
included. This may be diffi cult when several different natural and synthetic sources 
exist. Moreover, the borderline between natural and synthetic products is becoming 
increasingly diffi cult to defi ne owing to the use of semi-synthesized products (chemi-
cal synthesis from natural precursors) and products obtained from bio-fermentation 
of natural substrates. When the enrichments measured in the whole molecule are 
not suffi cient to discriminate natural from synthetic products, site-specifi c isotopic 

Table 9.3     (Continued)  

 Isotopic variable (technique) Application (number of studies reviewed) 

�18 O ethanol  (EA-IRMS)  Botanical origin of ethanol (1) 
�15 N bulk  (EA-IRMS)  Royal jelly, sugar feeding of honeybees (1) 
�13 C sugars  (EA-IRMS)  Sugar addition to orange juice (2) 
�13 C sucrose ,  �13 Cglucose (EA-IRMS)  Sugar additions to fruit juices (2) 
�13 C glycerol  (EA-IRMS)  Plant or animal origin of glycerol (1), glycerol 

addition to wines (1) 
�13 C sugar ,  �13 Corg. acids (EA-IRMS)  Sugar additions to fruit juices (2) 
�13 C glycerol ,  �13 C ethanol  (GC-C-IRMS)  Glycerol addition to wines (1) 
�13 C fermentative ethanol  (GC-C-IRMS)  Sugar additions to fruit juices (1), botanical origin 

of honey (1) 
�13 C ethanol  (EA-IRMS)  Botanical origin of ethanol (2) 
�13 C CO2  (IRMS)  C4 sugar addition to wines (1) 
�13 C total free sugars ,  �13 C  heterosides sugar  (EA-IRMS)  C4 sugar addition to wines (1) 
�13 C bulk  (EA-IRMS)  C4 sugar addition to honey (1), royal jelly, sugar 

feeding of honeybees (1), blending of oils (2), 
botanical origin of beer ’ s components (1) 

�13 C bulk ,  �13 C protein  (EA-IRMS)  C4 sugar addition to honey (3) 
�13 C fatty acids  (GC-C-IRMS)  Blending of oils (1), CBE in cocoa butter (1) 
�2 H fructose  (GC-C-IRMS)  Sugar additions to fruit juices (1) 
�2 H citric acid  (EA-IRMS)  Added citric acid in juices (1) 

  When two variables are given, the correlation of both was used.  



measurements are used. This is very powerful, as the precision of IRMS sys-
tems can be combined with the valuable information on site-specifi c enrichments. 
Unfortunately, the main drawback is that some methods still require lengthy off-line 
sample preparation procedures that include several steps of purifi cation using chemi-
cal and/or biochemical reactions, all which are likely to introduce fractionation. Thus, 
the development of further robust and easy on-line methods to produce the required 
fragments may be a prerequisite for more widespread use of site-specifi c IRMS. 

  Applications for organic agriculture 

 By law, organic agriculture has to respect a set of practices defi ned in the specifi c 
regulations for this type of agriculture. Among these are the mandatory use of mini-
mal amounts of organically produced roughage, and the avoidance of synthetic fer-
tilizers. Both practices have consequences for the isotopic distribution of carbon 
and nitrogen in agricultural products. Indeed, the analysis of  15 N (synthetic vs farm-
produced fertilizers) and  13 C (maize vs no maize) isotopes has given useful indica-
tions in many cases. Nevertheless, it is important to be aware that the regulations 
regarding organic agriculture do not explicitly exclude maize or other C4 plants 
from animal feed. Moreover, it is not mandatory that these feeds are produced 
on-site. They can legally be imported from elsewhere, provided that they were pro-
duced according to the rules of organic agriculture. Furthermore, nothing forbids 
conventional agriculture from using mostly farm-produced fertilizers and no maize. 
Therefore it might be diffi cult to differentiate organic agriculture using the isotopic 
variables mentioned above, and false-negative results could occur.  

  Application for the detection of food adulteration 

 Although the measurement of single isotope bulk enrichments might be success-
ful where large differences in ranges between authentic and non-authentic samples 
exist, they have the drawback of having to cope with large variability introduced by 
environmental factors. To deal with this variability, either costly databases of authen-
tic samples or conservative cut-off values have been proposed. One interesting new 
development in this fi eld has been the use of the internal standardization principle, 
which uses the covariation of the enrichment of some components (pure molecules 
or extract fractions) of the same food product (e.g.  13 C protein  vs  13 C bulk ).   

  Conclusions 

 Stable isotope methods have brought insight of unprecedented amplitude into the 
fi eld of food product authentication. The methods themselves are becoming increas-
ingly accurate, specifi c and collaboratively validated. Frequently, there are no ana-
lytical techniques other than IRMS that can provide the required information. 

 This chapter emphasizes the importance of being aware that isotopic fractionation can 
occur at every step during food production, as well as during the analytical processes 
necessary for sample preparation, and that this should be taken into consideration when 
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choosing the analytical techniques to be used and also for interpreting the results cor-
rectly. When statistical tools are used, their limitations should be fully understood and 
taken into account. To achieve these goals, multidisciplinary teams should be involved. 

  Defi nitions 

EIE Equilibrium isotope effect. Uneven distribution of heavy and light 
isotopomers in the products and substrates of a chemical system 
at the thermodynamic equilibrium

Fractionation

Isotopes Atoms having the same number of protons (atomic number) in 
the nucleus, but a different a number of neutrons

Isotopomers Molecules having the same structure but a different isotopic 
composition (e.g. 1H2

16O, 1H2
18O, 2H2

16O = (D2O), HD16O and 
D2

18O are isotopomers).

Isotope ratio

Kinetic isotopic effect (KIE)

Primary indicator Variables whose value is directly linked with the characteristic 
investigated. Primary indicators aren’t related to human 
activities.

Secondary indicator Variable which is indirectly linked with the characteristic 
investigated (e.g. which is determined by the food technological 
process, or agricultural practices).

  Acknowledgement

 The contribution of Martin Gränicher (Swiss Federal Offi ce of Public Health) to the 
literature search is gratefully acknowledged.  

   References  

        Aguilar-Cisneros ,    B.O.  ,   Lopez ,    M.G.  ,   Richling ,    E.              et al .        ( 2002 ).        Tequila authenticity 
assessment by headspace SPME-HRGC-IRMS analysis of C-13/C-12 and O-18/O-16 
ratios of ethanol .         Journal of Agricultural and Food Chemistry    ,     50         ,  7520  –       7523   .        

The isotope ratio r is defi ned as r
isotope

isotope
�

 1

 2

For a chemical or biochemical reaction, the fractionation is 
defi ned as � �

r

r
substrate

product

, where r is an isotope ratio. The 

fractionation is the expression of an isotope effect.

The reaction rate constants of light (klight) and heavy (kheavy)
isotopomers are different when the molecule-isotope bond 
becomes affected by the reaction step which is determinant 

for the  kinetic. The KIE is expressed as KIE
k

k
light

heavy

� . This

effect is especially strong when replacing one hydrogen with a 
deuterium.



        Anderson ,    K.   and   Smith ,    B.                ( 2006 ).        Effect of season and variety on the differentiation
of geographic growing origin of pistachios by stable isotope profi ling .         Journal of 
Agricultural and Food Chemistry    ,     54         ,  1747  –       1752   .        

       Anonymous (2004). Report of the Fourth Session of the  ad hoc  Codex Intergovernmental 
Task Force on Fruit and Vegetable Juices, Fortaleza (Ceará), Brazil, 11–15. 

        Antinelli ,    J.  ,   Clement ,    M.C.  ,   Moussa ,    I.              et al .        ( 2001 ).        Detection of cane sugar in honeys 
by isotopic and microscopic analysis: comparative study . Annales des Falsifi cations 
de l ’ Expertise Chimique et Toxicologique    ,     94         ,  13  –       22   .        

        Antolovich ,    M.  ,   Li ,    X.   and   Robards ,    K.                ( 2001 ).        Detection of adulteration in Australian 
orange juices by stable carbon isotope ratio analysis (SCIRA) .         Journal of 
Agricultural and Food Chemistry    ,     49         ,  2623  –       2626   .        

        Aursand ,    M.  ,   Mabon ,    F.   and   Martin ,    G.J.                ( 2000 ).        Characterization of farmed and wild 
salmon ( Salmo salar ) by a combined use of compositional and isotopic analyses . 
Journal of the American Oil Chemists ’  Society    ,     77         ,  659  –       666   .        

        Baudler ,    R.  ,   Adam ,    L.  ,   Rossmann ,    A.              et al .        ( 2006 ).        Infl uence of the distillation step on 
the ratios of stable isotopes of ethanol in cherry brandies .         Journal of Agricultural 
and Food Chemistry    ,     54         ,  864  –       869   .        

        Bauer-Christoph ,    C.  ,   Christoph ,    N.  ,   Aguilar-Cisneros ,    B.O.              et al .        ( 2003 ).        Authentication 
of tequila by gas chromatography and stable isotope ratio analyses .         European Food 
Research and Technology    ,     217         ,  438  –       443   .        

       Bengsch, E., Kettrup, A., Stocker, A.  and  Rossmann, A. (2006). Authenticity confi rma-
tion of royal jelly and/or its components through (multi) isotope analysis. Patent No. 
14.2006.

        Bensaid ,    F.F.  ,   Wietzerbin ,    K.   and   Martin ,    G.J.                ( 2002 ).        Authentication of natural vanilla 
fl avorings: isotopic characterization using degradation of vanillin into guaiacol .
Journal of Agricultural and Food Chemistry    ,     50         ,  6271  –       6275   .        

        Bilke ,    S.   and   Mosandl ,    A.                ( 2002 ).         2 H/ 1 H and  13 C/ 12 C isotope ratios of trans-anethole 
using gas chromatography-isotope ratio mass spectrometry .         Journal of Agricultural 
and Food Chemistry    ,     50         ,  3935  –       3937   .        

       Boner, M. (2005). Stable isotope variation as a tool to trace the authenticity of beef. PhD 
Thesis, Rheinischen Friedrich-Wilhelm Universität, Bonn. 

        Boner ,    M.   and   Forstel ,    H.                ( 2004 ).        Stable isotope variation as a tool to trace the authentic-
ity of beef .         Analytical and Bioanalytical Chemistry    ,     378         ,  301  –       310   .        

        Branch ,    S.  ,   Burke ,    S.  ,   Evans ,    P.              et al .        ( 2003 ).        A preliminary study in determining the 
geographical origin of wheat using isotope ratio inductively coupled plasma mass 
spectrometry with  13 C,  15 N mass spectrometry .         Journal of Analytical Atomic 
Spectrometry    ,     18         ,  17  –       22   .        

        Brand ,    W.A.             ( 2007 ).       Mass spectrometer hardware for analyzing stable isotopes ratios .    In: 
      P.A.     De Groot  (ed.)    ,      Handbook of Stable Isotope Analytical Techniques          .  Amsterdam : 
      Elsevier      , pp.  835  –       856   .        

        Brand ,    W.A.  ,   Tegtmeyer ,    A.R.   and   Hilkert ,    A.W.                ( 1994 ).        Compound-specifi c isotope anal-
ysis – extending toward  15 N/ 14 N and  18 O/ 16 O .         Organic Geochemistry    ,     21         ,  585  –       594   .        

        Brenna ,    E.  ,   Fronza ,    G.  ,   Fuganti ,    C.              et al .        ( 2005 ).        Stable isotope characterization of 
the ortho-oxygenated phenylpropanoids: Coumarin and melilotol .         Journal of 
Agricultural and Food Chemistry    ,     53         ,  9383  –       9388   .        

References 313



314 Isotopic-spectroscopic Technique: Stable Isotope Ratio Mass Spectrometry (IRMS)

        Brescia ,    M.A.  ,   Di Martino ,    G.  ,   Guillou ,    C.              et al .        ( 2002 a  ).        Differentiation of the geo-
graphical origin of durum wheat semolina samples on the basis of isotopic compo-
sition .         Rapid Communications in Mass Spectrometry    ,     16         ,  2286  –       2290   .        

        Brescia ,    M.A.  ,   Di ,    M.  ,   Fares ,    C.              et al .        ( 2002 b  ).        Characterization of Italian durum wheat 
semolina by means of chemical analytical and spectroscopic determinations .         Cereal 
Chemistry    ,     79         ,  238  –       242   .        

        Brescia ,    M.A.  ,   Monfreda ,    M.  ,   Buccolieri ,    A.   and   Carrino ,    C.                ( 2005 ).        Characterisation of 
the geographical origin of buffalo milk and mozzarella cheese by means of analyti-
cal and spectroscopic determinations .         Food Chemistry    ,     89         ,  139  –       147   .        

        Brooks ,    J.  ,   Buchmann ,    N.  ,   Phillips ,    S.              et al .        ( 2002 ).        Heavy and light beer: a carbon iso-
tope approach to detect C4 carbon in beers of different origins, styles, and prices .
Journal of Agricultural and Food Chemistry    ,     50         ,  6413  –       6418   .        

        Burgoyne ,    T.W.   and   Hayes ,    J.M.                ( 1998 ).        Quantitative production of H 2  by pyrolysis of 
gas chromatographic effl uents .         Analytical Chemistry    ,     70         ,  5136  –       5141   .        

        Calderone ,    G.  ,   Naulet ,    N.  ,   Guillou ,    C.   and   Reniero ,    F.                ( 2004 ).        Characterization of 
European wine glycerol: stable carbon isotope approach .  Journal of Agricultural 
and Food Chemistry    ,     52         ,  5902  –       5906   .        

        Calderone ,    G.  ,   Naulet ,    N.  ,   Guillou ,    C.              et al .        ( 2005 ).        Analysis of the  13 C natural abun-
dance of CO 2  gas from sparkling drinks by gas chromatography/combustion/iso-
tope ratio mass spectrometry .  Rapid Communications in Mass Spectrometry    ,     19         , 
 701  –       705   .        

        Chiacchierini ,    E.  ,   Bogoni ,    P.  ,   Franco ,    M.              et al .        ( 2002 ).        Characterization of the regional 
origin of sheep and cow cheeses by casein stable isotope ( 13 C/ 12 C and  15 N/ 14 N)
        ratios. Journal of Commodity Science    ,     41         ,  303  –       315   .        

        Choi ,    W.-J.  ,   Ro ,    H.-M.   and   Hobbie ,    E.A.                ( 2003 ).        Patterns of natural  15 N in soils and 
plants from chemically and organically fertilized uplands .         Soil Biology and 
Biochemistry    ,     35         ,  1493  –       1500   .        

        Cordella ,    C.  ,   Moussa ,    I.  ,   Martel ,    A.C.              et al .        ( 2002 ).        Recent developments in food char-
acterization and adulteration detection: technique-oriented perspectives .         Journal of 
Agricultural and Food Chemistry    ,     50         ,  1751  –       1764   .        

        Dangaard ,    W.                ( 1964 ).        Stable isotopes in precipitation .         Tellus    ,     XVI         ,  436  –       468   .        
        Day ,    M.  ,   Correia ,    P.   and   Hammond ,    D.                ( 2001 ).         13 C-IRIS: an improved method to 

detect the addition of low levels of C4-derived sugars to juices .         Journal of AOAC 
International    ,     84         ,  957  –       963   .        

        De la Fuente ,    M.A.   and   Juarez ,    M.                ( 2005 ).        Authenticity assessment of dairy products . 
Critical Reviews in Food Science and Nutrition    ,     45         ,  563  –       585   .        

        Dennis ,    M.J.             ( 1999 ).       Multidimensional methods for determining the authenticity of bas-
mati rice . In:       Proceeding of the 5th Conference on Food Authenticity, La Baule         . 
 Nantes :       Eurofi ns Scientifi c      , pp.  365  –       370   .        

       Deponge, C., Coulon, J.B., Bonnefoy, J.C.,  et al . (2001). Caractérisation du lait en fonc-
tion de son origine géographique et du mode d ’ alimentation par RMN  13 C et SMRI. 
[13C NMR and IRMS methods to characterize the milk according to diet and geo-
graphical origin]. In: Proceedings of the 8th rencontres autour des recherches sur 
les ruminants, Paris, 5–6 décembre. Paris: INRA. 



        Elss ,    S.  ,   Preston ,    C.  ,   Appel ,    M.              et al .        ( 2006 ).        Infl uence of technological processing on 
apple aroma analyzed by high resolution gas chromatography-mass spectrometry 
and on-line gas chromatography-combustion/pyrolysis-isotope ratio mass spectrom-
etry .         Food Chemistry    ,     98         ,  269  –       276   .        

        Fauhl ,    C.             ( 1999 ).       Detection of adulteration of olive oil with hazelnut oil by discrimi-
nant analysis based on analytical data obtained by NMR, IRMS and high resolu-
tion-high temperature GC . In: Proceeding of the 5th European Symposium on Food 
Authenticity, La Baule, France         .  Nantes :       Eurofi ns      , pp.  305  –       338   .        

        Fink ,    K.  ,   Richling ,    E.  ,   Heckel ,    F.   and   Schreier ,    P.                ( 2004 ).        Determination of  2 H/ 1 H and 
13 C/ 12 C isotope ratios of (E)-methyl cinnamate from different sources using iso-
tope ratio mass spectrometry .         Journal of Agricultural and Food Chemistry    ,     52         , 
 3065  –       3068   .        

       Franke, B. M., Koslitz, S., Micaux, F.  et al . (2007). Tracing the geographic origin of 
poultry meat and dried beef with oxygen and strontium isotope ratios.  European 
Food Research and Technology , in press (published on-line, January 2007). 

        Fronza ,    G.  ,   Fuganti ,    C.  ,   Grasselli ,    P.              et al .        ( 2001 ).        Delta(13)C- and delta(18)O-values 
of glycerol of food fats .         Rapid Communications in Mass Spectrometry    ,     15         ,  763  –       766   .        

        Fronza ,    G.  ,   Fuganti ,    C.  ,   Schmidt ,    H.L.   and   Werner ,    R.A.                ( 2002 ).        The delta18O-value of 
p-OH group of L-Tyrosine permits the assignement of its origin to animal or plant 
sources .         European Food Research and Technology    ,     215         ,  55  –       58   .        

        Fronza ,    G.  ,   Fuganti ,    C.  ,   Serra ,    S.           et al .        ( 2003 ).       Stable isotope characterisation of food 
phenylpropanoids: raspberry ketone, vanillin, resveratrol, phenylacetic acid and 
tyrosol . In:       Proceedings of the Weurman Flavor Research Symposium, 10th, Beaune, 
France         .  Paris :       Editions Tec & Doc      , pp.  429  –       432   .        

        Fry ,    B.                ( 1988 ).        Food web structure on Georges Bank from stable C, N and S isotopic 
composition .         Limnology and Oceanography    ,     33         ,  1182  –       1190   .        

        Giaccio ,    M.  ,   Del Signore ,    A.  ,   Di Giacomo ,    F.              et al .        ( 2003 ).        Characterization of cow 
and sheep cheeses in a regional scale by stable isotope ratios of casein ( 13 C/ 12 C, 
15 N/ 14 N) and glycerol ( 18 O / 16 O) .         Journal of Commodity Science    ,     42         ,  193  –       204   .        

        Gimenez ,    M.  ,   Salazar ,   D.   and   Solana ,    I.                ( 1999 ).        Regional origin assignment of red wines 
from Valencia (Spain) by  2 H NMR and  13 C IRMS stable isotope analysis of fermen-
tative ethanol .         Journal of Agricultural and Food Chemistry    ,     47         ,  2645  –       2652   .        

        Giraudon ,    S.  ,   Danzart ,    M.   and   Merle ,    M.H.                ( 2000 ).        Deuterium nuclear magnetic reso-
nance spectroscopy and stable carbon isotope ratio analysis/mass spectrometry of 
certain monofl oral honeys .         Journal of AOAC International    ,     83         ,  1401  –       1409   .        

        Gonzalez ,    J.  ,   Remaud ,    G.  ,   Jamin ,    E.              et al .        ( 1999 ).        Specifi c natural isotope profi le studied 
by isotope ratio mass spectrometry (SNIP-IRMS):  13 C/ 12 C ratios of fructose, glu-
cose, and sucrose for improved detection of sugar addition to pineapple juices and 
concentrates .         Journal of Agricultural and Food Chemistry    ,     47         ,  2316  –       2321   .        

        Gonzalez ,    M.  ,   Gonzalez ,    P.  ,   Hernandez ,    M.   and   Sanchez ,    G.                ( 2001 ).        Stable isotope anal-
ysis as an analytical technique for the characterization of products from Iberian 
swine .         Eurocarne    ,     11         ,  125  –       137   .        

        Gremaud ,    G.  ,   Pfammatter ,   E.  ,   Piantini ,    U.   and   Quaile ,    S.                ( 2002 ).        Classifi cation of Swiss 
wines on a regional scale by means of a multi-isotopic analysis combined with 

References 315



316 Isotopic-spectroscopic Technique: Stable Isotope Ratio Mass Spectrometry (IRMS)

chemometric methods .         Mitteilungen aus Lebensmitteluntersuchung und Hygiene    , 
93         ,  44  –       56   .        

        Gremaud ,    G.  ,   Quaile ,    S.  ,   Piantini ,    U.              et al .        ( 2004 ).        Characterization of Swiss vineyards 
using isotopic data in combination with trace elements and classical parameters .
European Food Research and Technology    ,     219         ,  97  –       104   .        

        Guo ,    F.  ,   Chun ,    L.  ,   Yan ,    Z.              et al .        ( 2006 ).        Study on distribution pattern of stable carbon 
isotope ratio of Chinese honeys by isotope ratio mass spectrometry .         Journal of the 
Science of Food and Agriculture    ,     86         ,  315  –       319   .        

        Hegerding ,    L.  ,   Seidler ,    D.  ,   Danneel ,    H.J.              et al .        ( 2002 ).        Oxygen isotope ratio analysis for 
the determination of the origin of beef .         Fleischwirtschaft    ,     82         ,  95  –       100   .        

        Heier ,    A.             ( 2007 ).        Nachweis der geographischen Herkunft von Pistazien          .         Dissertation, 
Bundesinstitut für Risikobewertung, Berlin         .        

        Herbach ,    K.M.  ,   Stintzing ,    F.C.  ,   Elss ,    S.              et al .        ( 2006 ).        Isotope ratio mass spectrometri-
cal analysis of betanin and isobetanin isolates for authenticity evaluation of purple 
pitaya-based products .         Food Chemistry    ,     99         ,  204  –       209   .        

        Hoer ,    K.  ,   Ruff ,    C.  ,   Weckerle ,   B.              et al .        ( 2001 a  ).        Flavor authenticity studies by  2 H/ 1 H ratio 
determination using on-line gas chromatography pyrolysis isotope ratio mass spec-
trometry .         Journal of Agricultural and Food Chemistry    ,     49         ,  21  –       25   .        

        Hoer ,    K.  ,   Ruff ,    C.  ,   Weckerle ,   B.              et al .        ( 2001 b  ).         2 H/ 1 H ratio analysis of fl avor compounds 
by on-line gas chromatography-pyrolysis-isotope ratio mass spectrometry (HRGC-
P-IRMS): citral .         Flavour and Fragrance Journal    ,     16         ,  344  –       348   .        

        Houerou ,    G.                ( 1999 ).        Determination of  18 O/ 16 O isotopic ratio of sugar, citric acid 
and water from single strength orange juice .  Rapid Communications in Mass 
Spectrometry    ,     13         ,  1257  –       1262   .        

        Husted ,    S.  ,   Mikkelsen ,    B.F.  ,   Jensen ,    J.   and   Nielsen ,    N.E.                ( 2004 ).        Elemental fi ngerprint 
analysis of barley ( Hordeum vulgare ) using inductively coupled plasma mass spec-
trometry, isotope-ratio mass spectrometry, and multivariate statistics .         Analytical and 
Bioanalytical Chemistry    ,     378         ,  171  –       182   .        

        Jamin ,    E.  ,   Lees ,    M.  ,   Fuchs ,    G.   and   Martin ,    G.G.                ( 2000 ).        Detection of added L-malic acid 
in apple and cherry juices – site-specifi c  13 C-IRMS method . Fruit Processing    ,     10         , 
 434  –       436   .        

        Jamin ,    E.  ,   Guerin ,    R.  ,   Gonthier ,    L.           et al .        ( 2003 ).        Detection of water added to food liquids 
by isotope ratio mass spectrometry          .  Ed Eurofi ns :       Patent         .        

        Jamin ,    E.  ,   Martin ,    F.   and   Martin ,    G.G.                ( 2004 ).        Determination of the 13C/12C ratio of 
ethanol derived from fruit juices and maple syrup by isotope ratio mass spectrom-
etry: collaborative study .         Journal of AOAC International    ,     87         ,  621  –       631   .        

        Jamin ,    E.  ,   Martin ,    F.  ,   Santamaria-Fernandez ,    R.   and   Lees ,    M.                ( 2005 ).        Detection of 
exogenous citric acid in fruit juices by stable isotope ratio analysis .         Journal of 
Agricultural and Food Chemistry    ,     53         ,  5130  –       5133   .        

        Jung ,    J.  ,   Sewenig ,    S.  ,   Hener ,    U.   and   Mosandl ,    A.                ( 2005 ).        Comprehensive authentic-
ity assessment of lavender oils using multielement/multicomponent isotope ratio 
mass spectrometry analysis and enantioselective multidimensional gas 
chromatography-mass spectrometry .         European Food Research and Technology    , 
220         ,  232  –       237   .        



        Jung ,    J.C.  ,   Jaufmann ,    T.  ,   Hener ,    U.              et al .        ( 2006 ).        Progress in wine authentication: 
GC-C/P-IRMS measurements of glycerol and GC analysis of 2,3-butanediol 
stereoisomers .         European Food Research and Technology    ,     223         ,  811  –       820   .        

        Kahle ,    K.  ,   Preston ,    C.  ,   Richling ,    E.              et al .        ( 2005 ).        On-line gas chromatography combustion/
pyrolysis isotope ratio mass spectrometry (HRGC-C/P-IRMS). of major volatiles 
from pear fruit ( Pyrus communis ) and pear products .         Food Chemistry    ,     91         ,  449  –       455   .        

        Kelly ,    S.D.             ( 2003 ).       Using stable isotope ratio mass spectrometry (IRMS) in food authen-
tifi cation and traceability .     In:       M.     Lees  (ed.)    ,      Food Authenticity and Traceability          . 
 Abington :       Woodhead Publishing Ltd      , pp.  156  –       183   .        

        Kelly ,    S.D.   and   Rhodes ,    C.                ( 2002 ).        Emerging techniques in vegetable oil analysis using 
stable isotope ratio mass spectrometry .         Grasas y Aceites (Sevilla), Special issue: 
Emerging Techniques    ,     53         ,  34  –       44   .        

        Kelly ,    S.D.  ,   Baxter ,    M.  ,   Chapman ,    S.              et al .        ( 2002 ).        The application of isotopic and ele-
mental analysis to determine the geographical origin of premium long grain rice .
European Food Research and Technology    ,     214         ,  72  –       78   .        

        Kelly ,    S.D.  ,   Rhodes ,    C.  ,   Lofthouse ,    J.H.              et al .        ( 2003 ).        Detection of sugar syrups in apple 
juice by �2 H and �13 C analysis of hexamethylenetetramine prepared from fructose . 
Journal of Agricultural and Food Chemistry    ,     51         ,  1801  –       1806   .        

        Kosir ,    I.J.  ,   Kocjancic ,    M.  ,   Ogrinc ,    N.   and   Kidric ,    J.                ( 2001 ).        Use of SNIF-NMR and IRMS 
in combination with chemometric methods for the determination of chaptalisa-
tion and geographical origin of wines (the example of Slovenian wines) .         Analytica 
Chimica Acta    ,     429         ,  195  –       206   .        

        Krummen ,    M.A.  ,   Hilkert ,    A.W.  ,   Juchelka ,    D.              et al .        ( 2004 ).        A new concept for isotope 
ratio monitoring liquid chromatography/mass spectrometry .  Rapid Communications 
in Mass Spectrometry    ,     18         ,  2260  –       2266   .        

        Lin ,    G.P.  ,   Rau ,    Y.H.  ,   Chen ,    Y.F.              et al .        ( 2003 ).        Measurements of �D and �18 O stable iso-
tope ratios in milk .         Journal of Food Science    ,     68         ,  2192  –       2195   .        

        Manca ,    G.  ,   Camin ,    F.  ,   Coloru ,    G.C.              et al .        ( 2001 ).        Characterization of the geographical ori-
gin of Pecorino Sardo cheese by casein stable isotope  13 C/ 12 C and  15 N/ 14 N ratios and 
free amino acid ratios .         Journal of Agricultural and Food Chemistry    ,     49         ,  1404  –       1409   .        

        Manca ,    G.  ,   Franco ,    M.A.  ,   Versini ,    G.              et al .        ( 2006 ).        Correlation between multielement 
stable isotope ratio and geographical origin in Peretta cows ’  milk cheese .         Journal of 
Dairy Science    ,     89         ,  831  –       839   .        

        Martin ,    G.J.  ,   Mazure ,    M.  ,   Jouitteau ,    C.              et al .        ( 1999 ).        Characterization of the geographic 
origin of Bordeaux wines by a combined use of isotopic and trace element measure-
ments .         American Journal of Enology and Viticulture    ,     50         ,  409  –       417   .        

        Martinelli ,    L.  ,   Moreira ,    M.  ,   Ometto ,    J.              et al .        ( 2003 ).        Stable carbon isotopic composi-
tion of the wine and CO 2  bubbles of sparkling wines: detecting C4 sugar additions .
Journal of Agricultural and Food Chemistry    ,     51         ,  2625  –       2631   .        

        Matucha ,    M.  ,   Jockisch ,    W.  ,   Verner ,    P.   and   Anders ,    G.                ( 1991 ).        Isotope effect in gas-liquid 
chromatography of labeled compounds .         Journal of Chromatography    ,     588         ,  251  –       258   .        

        Merritt ,    D.A.  ,   Freeman ,    K.H.  ,   Ricci ,    M.P.              et al .        ( 1995 ).        Performance and optimization 
of a combustion interface for isotope ratio monitoring gas-chromatography mass-
spectrometry .         Analytical Chemistry    ,     67         ,  2461  –       2473   .        

References 317



318 Isotopic-spectroscopic Technique: Stable Isotope Ratio Mass Spectrometry (IRMS)

        Meylahn ,    K.                ( 2007 ).        Herkunftsanalyse von Spargel mittels Stabilisotopenanalyse . 
Deutsche Lebensmittel-Rundschau    ,     102         ,  523  –       526   .        

        Moguel-Ordonez ,    Y.  ,   Echazarreta ,    C.M.   and   Mora-Escobedo ,    R.                ( 2005 ).        �13 C isotopic 
index of honeys produced in the Yucatan peninsula, Mexico .         Journal of Apicultural 
Research    ,     44         ,  49  –       53   .        

        Monsallier-Bitea ,    C.  ,   Jamin ,    E.  ,   Lees ,    M.              et al .        ( 2006 ).        Study of the infl uence of alco-
holic fermentation and distillation on the oxygen-18/oxygen-16 isotope ratio of 
ethanol .         Journal of Agricultural and Food Chemistry    ,     54         ,  279  –       284   .        

        Ogrinc ,    N.  ,   Kosir ,    I.  ,   Kocjancic ,    M.   and   Kidric ,    J.                ( 2001 ).        Determination of authenticity, 
regional origin, and vintage of Slovenian wines using a combination of IRMS and 
SNIF-NMR analyses .         Journal of Agricultural and Food Chemistry    ,     49         ,  1432  –       1440   .        

        Padovan ,    G.J.  ,   de ,    J.  ,   Rodrigues ,    L.P.   and   Marchini ,    J.S.                ( 2003 ).        Detection of adulteration 
of commercial honey samples by the 13C/12C isotopic ratio .         Food Chemistry    ,     82         , 
 633  –       636   .        

        Perez ,    A.L.  ,   Smith ,    B.W.   and   Anderson ,    K.A.                ( 2006 ).        Stable isotope and trace element 
profi ling combined with classifi cation models to differentiate geographic growing 
origin for three fruits: effects of subregion and variety .         Journal of Agricultural and 
Food Chemistry    ,     54         ,  4506  –       4516   .        

        Piasentier ,    E.  ,   Valusso ,    R.  ,   Camin ,    F.   and   Versini ,    G.                ( 2003 ).        Stable isotope ratio analysis 
for authentication of lamb meat .         Meat Science    ,     64         ,  239  –       247   .        

        Pillonel ,    L.                ( 2005 ).        Geographic origin of European Emmental. Use of discriminant anal-
ysis and artifi cial neural network for classifi cation purposes .         International Dairy 
Journal    ,     15         ,  557  –       562   .        

        Pillonel ,    L.  ,   Badertscher ,    R.  ,   Froidevaux ,    P.              et al .        ( 2003 ).        Stable isotope ratios, 
major, trace and radioactive elements in Emmental cheeses of different origins .
Lebensmittel-Wissenschaft und -Technologie    ,     36         ,  615  –       623   .        

        Pillonel ,    L.  ,   Buetikofer ,    U.  ,   Rossmann ,    A.              et al .        ( 2004 ).        Analytical methods for the detec-
tion of adulteration and mislabelling of Raclette Suisse and Fontina PDO cheese .
Mitteilungen aus Lebensmitteluntersuchung und Hygiene    ,     95         ,  489  –       502   .        

        Pillonel ,    L.  ,   Badertscher ,    R.  ,   Casey ,    M.              et al .        ( 2005 ).        Geographic origin of European 
Emmental cheese: characterisation and descriptive statistics .         International Dairy 
Journal    ,     15         ,  547  –       556   .        

        Rapisarda ,    P.                ( 2005 ).        Nitrogen metabolism components as a tool to discriminate between 
organic and conventional citrus fruits .         Journal of Agricultural and Food Chemistry    , 
53         ,  2664  –       2669   .        

        Rau ,    Y.  ,   Lin ,    G.  ,   Chang ,    W.              et al .        ( 2005 ).        Using C-13/C-12 isotopic ratio analysis to dif-
ferentiate between rice spirits made from rice and cane molasses .         Journal of Food 
and Drug Analysis    ,     13         ,  159  –       162   .        

        Renou ,    J.  ,   Bielicki ,    G.  ,   Deponge ,    C.              et al .        ( 2004 ).        Characterization of animal products 
according to geographic origin and feeding diet using nuclear magnetic resonance and 
isotope ratio mass spectrometry. Part II: Beef meat .         Food Chemistry    ,     86         ,  251  –       256   .        

        Richling ,    E.  ,   Hoehn ,    C.  ,   Weckerle ,    B.              et al .        ( 2003 ).        Authentication analysis of caffeine-
containing foods via elemental analysis combustion/pyrolysis isotope ratio mass 
spectrometry (EA-C/P-IRMS) .         European Food Research and Technology    ,     216         , 
 544  –       548   .        



        Ritz ,    P.  ,   Gachon ,    P.  ,   Garel ,    J.              et al .        ( 2005 ).        Milk characterization: effect of the breed .
Food Chemistry    ,     91         ,  521  –       523   .        

        Rossmann ,    A.                ( 2001 ).        Determination of stable isotope ratios in food analysis .         Food 
Reviews International    ,     17         ,  347  –       381   .        

        Rossmann ,    A.  ,   Haberhauer ,    G.  ,   Hoelzl ,    S.              et al .        ( 2000 ).        The potential of multielement 
stable isotope analysis for regional origin assignment of butter .         European Food 
Research and Technology    ,     211         ,  32  –       40   .        

        Ruff ,    C.  ,   Hoer ,    K.  ,   Weckerle ,    B.              et al .        ( 2000 ).        2H/1H ratio analysis of fl avor com-
pounds by on-line gas chromatography pyrolysis isotope ratio mass spectrometry 
(HRGC-P-IRMS): benzaldehyde .         Journal of High Resolution Chromatography    ,     23         , 
 357  –       359   .        

        Ruff ,    C.  ,   Hoer ,    K.  ,   Weckerle ,    B.              et al .        ( 2002 ).        Authenticity assessment of estragole and 
methyl eugenol by on-line gas chromatography-isotope ratio mass spectrometry . 
Journal of Agricultural and Food Chemistry    ,     50         ,  1028  –       1031   .        

        Sacco ,    D.  ,   Brescia ,    M.A.  ,   Buccolieri ,    A.   and   Jambrenghi ,    A.C.                ( 2005 ).        Geographical ori-
gin and breed discrimination of Apulian lamb meat samples by means of analytical 
and spectroscopic determinations .         Meat Science    ,     71         ,  542  –       548   .        

       Sakamoto, N., Ishida, T., Arima, T.  et al . (2002). Concentrations of radiocarbon and 
isotope compositions of stable carbon in food. In: K. Morita (ed.),  International
Symposium on Isotope Effects in Physics, Chemistry and Engineering, Nagoya, 
Japan, August 22–24 . Published in the  Journal of Nuclear Science and Technology , 
39(4), 323–328. 

        Santrock ,    J.  ,   Studley ,    S.A.   and   Hayes ,    J.M.                ( 1985 ).        Isotopic analyses based on the mass 
spectrum of carbon dioxide .         Analytical Chemistry    ,     57         ,  1444  –       1448   .        

        Schlechtriem ,    C.  ,   Focken ,    U.   and   Becker ,    K.                ( 2003 ).        Effect of different lipid extraction 
methods on delta13C of lipid and lipid-free fractions of fi sh and different fi sh feeds . 
Isotopes in Environmental and Health Studies    ,     39         ,  135  –       140   .        

        Schmidt ,    O.  ,   Quilter ,    J.M.  ,   Bahar ,    B.              et al .        ( 2005 a  ).        Inferring the origin and dietary 
history of beef from C, N and S stable isotope ratio analysis .         Food Chemistry    , 
91         ,  545  –       549   .        

        Schmidt ,    H.  ,   Rossmann ,    A.  ,   Voerkelius ,    S.              et al .        ( 2005 b  ).        Isotope characteristics of 
vegetables and wheat from conventional and organic production .         Isotopes in 
Environmental and Health Studies    ,     41         ,  223  –       228   .        

        Serra ,    F.  ,   Guillou ,    C.G.  ,   Reniero ,    F.              et al .        ( 2005 a  ).        Determination of the geographical ori-
gin of green coffee by principal component analysis of carbon, nitrogen and boron 
stable isotope ratios .         Rapid Communications in Mass Spectrometry    ,     19         ,  2111  –       2115   .        

        Serra ,    F.  ,   Reniero ,    F.  ,   Guillou ,    C.G.              et al .        ( 2005 b  ).        13C and 18O isotopic analy-
sis to determine the origin of L-tartaric acid .         Rapid Communications in Mass 
Spectrometry    ,     19         ,  1227  –       1230   .        

        Sewenig ,    S.  ,   Hener ,    U.   and   Mosandl ,    A.                ( 2003 ).        Online determination of 2H/1H and 
13C/12C isotope ratios of cinnamaldehyde from different sources using gas chroma-
tography isotope ratio mass spectrometry .  European Food Research and Technology    , 
217         ,  444  –       448   .        

        Sewenig ,    S.  ,   Bullinger ,    D.  ,   Hener ,    U.   and   Mosandl ,    A.                ( 2005 ).        Comprehensive 
authentication of (E)-alpha(beta)-ionone from raspberries, using constant fl ow 

References 319



320 Isotopic-spectroscopic Technique: Stable Isotope Ratio Mass Spectrometry (IRMS)

MDGC-C/P-IRMS and enantio-MDGC-MS .         Journal of Agricultural and Food 
Chemistry    ,     53         ,  838  –       844   .        

        Simpkins ,    W.A.  ,   Patel ,    G.  ,   Collins ,    P.              et al .        ( 1999 ).        Oxygen isotope ratios of juice water 
in Australian oranges and concentrates .         Journal of Agricultural and Food Chemistry    , 
47         ,  2606  –       2612   .        

        Simpkins ,    W.A.  ,   Gordhan ,    P.  ,   Harrison ,    M.   and   Goldberg ,   D.                ( 2000 ).        Stable carbon iso-
tope ratio analysis of Australian orange juices .         Food Chemistry    ,     70         ,  385  –       390   .        

        Spangenberg ,    J.E.   and   Dionisi ,    F.                ( 2001 ).        Characterization of cocoa butter and cocoa but-
ter equivalents by bulk and molecular carbon isotope analyses: implications for veg-
etable fat quantifi cation in chocolate .         Journal of Agricultural and Food Chemistry    , 
49         ,  4271  –       4277   .        

        Spangenberg ,    J.E.   and   Ogrinc ,    N.                ( 2001 ).        Authentication of vegetable oils by bulk and 
molecular carbon isotope analyses with emphasis on olive oil and pumpkin seed oil .
Journal of Agricultural and Food Chemistry    ,     49         ,  1534  –       1540   .        

        Stocker ,    A.  ,   Rossmann ,    A.  ,   Kettrup ,    A.   and   Bengsch ,    E.                ( 2006 ).        Detection of royal 
jelly adulteration using carbon and nitrogen stable isotope ratio analysis .         Rapid
Communications in Mass Spectrometry    ,     20         ,  181  –       184   .        

        Sturm ,    K.  ,   Hoffmann ,    G.  ,   Langmann ,    B.   and   Stichler ,    W.                ( 2005 ).        Simulation of �18O in 
precipitation by the regional circulation model REMOiso .         Hydrological Processes    , 
19         ,  3425  –       3444   .        

        Tamura ,    H.  ,   Appel ,    M.  ,   Richling ,    E.   and   Schreier ,    P.                ( 2005 ).        Authenticity assessment 
of gamma- and delta-decalactone from prunus fruits by gas chromatography com-
bustion/pyrolysis isotope ratio mass spectrometry (GC-C/P-IRMS) .         Journal of 
Agricultural and Food Chemistry    ,     53         ,  5397  –       5401   .        

       Truchot, E., Berthou, L.  and  Gavard, P. (2003). Isotopic analysis for detection of chemi-
cal fertilizers in the production of organic food crops and for product certifi cation. 
Ed. L Laboratoire, Patent No. 15.2003. 

        Versini ,    G.  ,   Camin ,    F.  ,   Ramponi ,    M.   and   Dellacassa ,    E.                ( 2006 ).        Stable isotope analysis in 
grape products: C-13-based internal standardisation methods to improve the detec-
tion of some types of adulterations .         Analytica Chimica Acta    ,     563         ,  325  –       330   .        

        Wagner ,    H.                ( 2005 ).        Stable isotope signatures – a method for the determination of the 
geographic origin?          Mitteilungsblatt der Fleischforschung Kulmbach    ,     44         ,  217  –       222   .        

        Werner ,    R.A.                ( 2003 ).        The online  18 O/ 16 O analysis: development and application . Isotopes
in Environmental and Health Studies    ,     39         ,  85  –       104   .        

        Werner ,    R.A.   and   Brand ,    W.A.                ( 2001 ).        Referencing strategies and techniques in stable
isotope ratio analysis .         Rapid Communications in Mass Spectrometry    ,     15         ,  501  –       519   .        

        Werner ,    R.A.  ,   Bruch ,    B.A.   and   Brand ,    W.A.                ( 1999 ).        ConFlo III – an interface for high 
precision d13C and d15N analysis with an extended dynamic range .         Rapid
Communications in Mass Spectrometry    ,     13         ,  1237  –       1241   .        

        Wieser ,    M.E.  ,   Iyer ,    S.S.  ,   Krouse ,    H.R.   and   Cantagallo ,    M.I.                ( 2001 ).        Variations in the 
boron isotope composition of Coffea arabica beans .         Applied Geochemistry    ,     16         , 
 317  –       322   .           



Modern Techniques for Food Authentication Copyright © 2008, Elsevier Inc.
ISBN: 978-0-12-374085-4 All rights reserved

                    Chromatographic 
Technique: Gas 
Chromatography (GC) 
   A.C.   Soria  ,     A.I.   Ruiz-Matute  ,     M.L.   Sanz   and     I.   Martínez-Castro     

 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  321
 Theory and fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  322
 Instrumentation   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  327
 Applications   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  331
 Conclusions   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  349
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  350

  Introduction 

 The term  chromatography  describes a broad range of analytical techniques for the 
separation of mixtures. A chromatographic system comprises two phases: a  mobile
phase  (gas, liquid or supercritical fl uid) and an immiscible  stationary phase  (solid or 
liquid). Analytes are distributed between the mobile and the stationary phases during 
the process depending on their relative affi nity for both. Therefore, compounds with 
higher affi nity for the stationary phase are retained more and elute later than those 
with higher affi nity for the mobile phase. Stationary phases are usually set in a col-
umn (column chromatography), although paper or thin-layer chromatography (planar 
chromatography) are also used. 

 The main varieties of column chromatography are gas chromatography (GC), 
where the mobile phase is a gas, and liquid chromatography (HPLC), where the 
mobile phase is a liquid. 

 Gas chromatography was introduced in 1952 by James and Martin, who attempted 
to separate 17 fatty acids; they designed and constructed the fi rst equipment and 
described the theory. In this technique the mobile phase is always an inert gas 
which transports the analytes through the stationary phase placed in a column. The 
separation process is mainly governed by the interaction of solutes with the station-
ary phase. 

 10 
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  Theory and fundamentals 

  Chromatographic fl ow 

 Due to the compressibility of gases, the density, pressure and velocity (u) of the car-
rier gas vary in a non-linear way through the column, and it is therefore necessary to 
specify at which column point they are measured or calculated. A compression cor-
rection factor (j), which takes into account the mobile phase compressibility in the 
column, is defi ned as: 

j
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p /p 1

i o
2

i o
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�
�

�

( )
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(10.1)

   where pi and po are the inlet and outlet pressures, respectively. pi can be adjusted in 
the range of 5–700       kPa, whereas po is usually ambient pressure. 

 The average linear velocity of the carrier gas ( u ) is proportional to the linear 
velocity at the column outlet (uo):

u juo� (10.2)

 In practice,  u is obtained by dividing the column length (L) by the retention time 
of an unretained compound (the hold-up time , tM):

u L/tM� (10.3)

 The fl ow rate at the column outlet (Fc) can be easily measured and related to the 
average fl ow rate through F

–
� jFc. It is also related to linear velocity: 

F ku k
u
jo� � (10.4)

  Retention parameters 

 The retention volume (VR) for a given compound is the volume of the mobile phase 
passed through the column from the injection point to the peak maximum, or during 
its retention time  (tR). The relationship between these parameters is described by: 

t V /FR R c�  (10.5)

 The net retention volume (VN) takes into account the compression correction fac-
tor and the hold-up time: 

V jF t tN c R M� �( ) (10.6)    



  Migration of the solutes through the column 

 When a compound is introduced into a chromatographic column, it occupies a 
defi ned zone which starts moving through the column. The function that describes 
the distribution of the concentration in the zone is similar to a Gauss function. If 
a mixture of compounds is introduced, the compounds are distributed between the 
mobile and stationary phases according to their distribution coeffi cients. Each com-
pound is eluted at a different tR, and therefore they are separated. 

 The relationship between the time that the sample component resides in the sta-
tionary phase and the time that it resides in the mobile phase is measured through 
the retention factor  (k). 

k t /tR M� (10.7)

 The relative retention value calculated for two adjacent peaks is also called the 
separation factor  ( � ), and by defi nition is always  � 1: 

� � � � �V /V t t t tN2 N1 R2 M R1 M( ) ( )/ (10.8)

  Effi ciency and resolution 

 The variation of  effi ciency  (H) with the carrier gas velocity is described by the van 
Deemter equation ( van Deemter  et al ., 1956 ): 

H A
B
u

C C uS M� � � �( ) (10.9)

   where A is the eddy-diffusion and B is the longitudinal diffusion. CS and CM repre-
sent, respectively, the contributions of the stationary and the mobile phases to the 
zone spreading caused by the resistance to mass transfer and other diffusion phe-
nomena. When an open capillary column is used, the Golay ’ s equation ( Golay, 1968 ) 
can be used instead: 

H
B
u

C C uS M� � �( ) (10.10)

 In most cases, CS is negligible when compared with CM.
 The  Resolution  (RS) between two adjacent peaks is defi ned as: 
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   and is easily calculated by measurement of retention times and peak widths at base 
(wb) in the chromatogram. Since the main objective of chromatography is resolv-
ing mixtures, this parameter is quite important. Resolution is related both to column 
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effi ciency (which depends on the column design) and to the separation factor (which 
depends on the solutes and the stationary phase) through the expression:   
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and also / (10.12)

where N, the number of theoretical plates, is: 

N L/H� (10.13)

 Equation (10.12) indicates that substances with similar values of  �  need high val-
ues of N (namely, long and effi cient capillary columns) to be resolved. This separa-
tion may also be achieved by choosing another stationary phase which provides a 
different value of the separation factor.  

  The mobile phase 

 Nitrogen, helium, hydrogen or argon is usually employed in the mobile phase, and 
is usually known as the  carrier gas . High-purity gases are necessary, because traces 
of impurities such as oxygen or water can react with the solutes, spoil the stationary 
phase or disturb the detector response. 

 Helium is recommended to achieve faster separation, but nitrogen is a less expen-
sive alternative. Hydrogen also gives very fast separation, but is harmful and requires 
special care. The choice of carrier gas is often dependent upon the type of detector to 
be used.  

  The stationary phase 

 The stationary phase may be solid or liquid, giving rise to two main chromatographic 
modes: gas-solid chromatography (GSC) and gas-liquid chromatography (GLC). The 
fi rst mode is especially useful for measuring physical parameters and for the analy-
sis of certain compounds such as permanent gases or very polar small molecules. 
The analytical separations of organic substances are mainly carried out by GLC, thus 
only this mode will be described here. 

 Liquid phases are usually polymeric molecules with enough stability and viscosity 
to stand on the column at the temperature of analysis, and capable of dissolving the 
solutes fast. These polymers are often cross-linked to improve the phase stability and 
to extend the column life. 

 The separation mechanism is mainly partition, although other mechanisms, like 
chirality, mesomerism and complex formation, may also contribute to the separation. 
For the study of food adulteration, the most interesting are: 

●       Partition . Compounds dissolved in the liquid phase are in equilibrium with its 
vapor (Henry ’ s law); the elution order may be proportional to the boiling points 
when the phase is non-polar, or very different depending on the activity coef-
fi cients when the phase is polar.  



●       Chirality . Enantiomer pairs always co-elute when chromatographied on achi-
ral phases. However, liquid phases possessing chiral groups can show a greater 
interaction with one of the pair members, which is then relatively more retained. 
As chiral interaction energies are small,  �  values are usually close to 1 and 
high effi ciency is required, as is provided by capillary columns. Chiral phases 
are based on peptides, on amide-substituted polysiloxanes or on substituted 
cyclodextrins. 

 The liquid stationary phases have to be thermally stable over a wide temperature 
range. Other properties to be noted are polarity and selectivity.  Polarity  depends on 
the functional groups present in the molecule of liquid phase, and is usually defi ned 
by various empirical scales. That described by  McReynolds (1970)  is based on an 
additive model which describes 10 different molecular interactions represented by 
10 solutes-probes and a series of saturated hydrocarbons. These interactions are 
described by several parameters (McReynolds constants) deduced from the retention 
observed in the studied phase and in squalane, which is set as the zero of this polar-
ity scale. The fi rst fi ve McReynolds constants appear in most commercial catalogs as 
indicators of the polarity. 

  Table 10.1    shows some characteristics of the most-used liquid phases. Hydrocarbons 
(like squalane or Apolane) are used to obtain reference data. Polysiloxanes showing a 
wide polarity range (with methyl, phenyl, trifl uoropropyl, or cyanoalkyl substituents) 
are commonly called  “ silicones ”  and are the most widely used phases, since they pos-
sess good thermal stability and high permeability towards solutes. Polyethyleneglycols 
with different chain lengths (from MW 150 until near 4.10E6) are another family of 
highly used liquid phases. Phases based on the carborane skeleton are specially rec-
ommended for high-temperature separations. 

Selectivity  represents the discrimination power of a phase towards very similar 
molecules due to its ability to interact in a specifi c way with every solute. It can be 
estimated by the separation factor  � , calculated by Equation (10.8). 

Table 10.1    Some common liquid phases used in GC 

 Composition  Commercial name  Polarity *  T range (°C) 

 Squalane  Squalane     0  20–120 
 Branched hydrocarbon  Apolane    71  35–260 
 100% methyl silicone  OV-1, SE-30, OV-101, SP-2100, CP-Sil 5CB, DB-1, 

SPB-1, BP-1 
  222  30–330 

 94% methyl, 5% phenyl, 1% vinyl silicone  SE-54, DB-5, CP-Sil 8CB, SPB-5, BP-5, AT-5   336  50–300 
 50% methyl, 50% phenyl silicone  OV-17, DB-17, SP-2250, HP-50, SPB-50   884  20–350 
 50% methyl, 50% trifl uoropropyl silicone  OV-210, SP-2401, DB-210  1520  20–275 
 50% methyl, 25% phenyl, 25% 
cyanopropyl silicone 

 OV-225, XE-60, DB-225, CP-Sil 43CB, BP-15  1813  20–250 

 Poly(ethyleneglycol)  Carbowax, Superox, DB-Wax, CP-Wax 52CB, BP-20  2308  60–225 
 Poly(ethyleneglycol) modifi ed  FFAP, SP-1000, AT-1000, OV-351, Nukol, CP-Wax 58CB, 

BP-21
 2746  50–250 

 100% cyanopropyl silicone   OV-275, CP-Sil 88, SP-2340, Silar 10C  4219  30–250 

*  Polarity is expressed as the sum of the fi ve fi rst constants of McReynolds.  
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  Columns 

 There are two general types of columns: open-tubular (also called capillary) and 
packed ( Figure 10.1   ). 

 Packed columns consist of a glass or metal tube packed with inert solid particles 
(100–250        � m). Analytes are either adsorbed onto the surface of these particles (GSC) 
or dissolved in the fi lm of liquid stationary phase coating them (GLC). The mobile 
phase circulates through the interstitial channels among particles. At present these 
columns are mainly used for permanent gas analysis, and they are cheap, robust and 
easy to handle. 

 For capillary columns, the most frequently used GLC columns are open-tubular: 
the stationary phase is distributed on the inner wall, and the mobile phase circulates 
through a central channel. The capillary tubing is usually made of fused silica; this is 
a fragile material which is generally externally covered with a thin layer of polyimide 
in order to reinforce it.  Table 10.2    presents the typical dimensions of the analytical 
columns used in GC. 

  Effect of column dimensions on the separation 
 Since system effi ciency depends on the dimensions of the analytical column, the col-
umns should be chosen in order to achieve the desired resolution in the minimum 
time. Effi ciency depends on all column dimensions: length, inner diameter and par-
ticle size. It is directly related to column length, as shown in Equation (10.13), and 
inversely related to inner diameter as its square appears in the CM term of Golay ’ s 
Equation (10.10). The effi ciency of a packed column is strongly related to the parti-
cle diameter, which appears in two terms (A and CM) of the van Deemter Equation 
(10.9). The effi ciency of open columns is very high, since it is possible to use very 
long columns with a moderate pressure drop of between 0.1 and 7       kg cm �     2 . 

Table 10.2     Dimensions of GC columns  

 Type  Diameter (mm)  Length (m)  df ( � m)  dp ( �m)

 Capillary  0.1–0.5  1–100  0.1–5  — 
 Micropacked  0.8–1  2–7  —  80–200 
 Packed  2–6  2–7  —  80–500 

df: fi lm thickness;
dp: particle diameter

Figure 10.1     Cross-section of a wall-coated capillary column (a) and a packed column (b).      

(a) (b)



 Capillary columns with the inner wall covered by a porous layer (PLOT) or by a 
solid particle layer (SCOT) where the stationary phase is coated have high sample 
load capacity and also high effi ciency.  

  Operating conditions 
 The optimization of separations is usually carried out by changing the fl ow rate of 
the carrier gas and the column temperature; other parameters are related to both 
injector and detector operation modes. 

 The fl ow rate is usually controlled through either a pressure regulator or a fl ow con-
troller. For a given compound, Equation (10.5) predicts that tR is inversely propor-
tional to the fl ow rate. This should be adjusted in order to achieve a linear velocity 
close to the van Deemter optimum (Equation (10.9)); higher fl ow rates will reduce the 
analysis time ( Figure 10.2   ). 

 The infl uence of temperature on retention time is very high. When the tempera-
ture is raised, both VR and tR decrease. In practice, temperature operation should be 
adjusted to obtain a retention factor (k) between 1 and 15. When a mixture contains 
compounds with a high span of volatility, it is not possible to fi nd an optimum tem-
perature to elute all components in a reasonable time. Since oven temperature is eas-
ily changed, it can be programmed during the chromatographic run and thus each 
compound will be analyzed under adequate conditions. 

  Instrumentation 

 As shown in  Figure 10.3   , a gas chromatograph is constituted by three main parts: (i) 
the injector to introduce and volatilize the sample; (ii) the oven where the chromato-
graphic column is placed; and (iii) the detector, which provides a signal for each of 
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Figure 10.2    Variation of H (effi ciency) with u (carrier gas velocity) for the most used carrier gases.    
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the compounds previously separated in the column. This part of the chapter is dedi-
cated to summarizing the main characteristics of the most commonly used injection 
systems and detectors. Instrumentation of multidimensional GC is also described as 
being one of the greatest advances of this technique in the last few years ( Marriott 
and Shellie, 2002 ;  Adahchour  et al ., 2006 ). 

  Injection systems 

 The  injector port  is a hot chamber containing a glass liner where the compounds are 
volatilized and swept by a stream of inert carrier gas into the column. This chamber 
is closed by a rubber or microseal septum which is perforated by the needle of a 
syringe to introduce the sample. There are three main types of injectors: on-column, 
split/splitless and programmed temperature vaporizer (PTV). 

 In  on-column  or direct injection, the whole sample is volatilized in the chamber and 
introduced into the column. The linear speed of the carrier gas has to be higher than or 
similar to that in the column to avoid band broadening. On-column injectors require 
the use of capillary columns with internal diameter within the range of 0.2–0.5       mm. 

 The most common injectors are  split/splitless . In the split mode, there is an opened 
valve which allows the carrier gas to be split into two ways: to the column and to the 
split vent. The purpose of this system is to avoid band broadening due to differences in 
the column and glass liner diameters. In the splitless mode, the valve is closed during 
the splitless time to introduce a higher amount of sample and is opened again after this 
time. To avoid band broadening, the temperature of the oven is decreased to concentrate 
the compounds at the head of the column. When the valve is opened, the oven tempera-
ture is rapidly raised according to the chromatographic program. 

 In the PTV, the sample is introduced into a cold chamber, the temperature of which 
is progressively raised. The solvent is partially evaporated and vented through the 
split line, and the sample thus becomes more concentrated before being introduced 
into the column. It is very useful for large-volume injections (LVI) of very diluted 
samples.

A
B

C

D

E

F

Figure 10.3     Schematic of a GC system: A, gas container; B, injector; C, oven; D, column; E, detector; F, 
acquisition system.    



 It is also worth mentioning the evolution that has taken place over the past few years 
in the development of external systems coupled on-line to the gas chromatograph 
for automated sample injection ( Ridgway  et al ., 2007 ). Autosamplers provided with 
a microsyringe are commonly employed nowadays for the analysis of gas or liquid 
samples with high reproducibility and throughput. However, the coupling of several 
volatile fractionation techniques such as  thermal desorption  ( TD ),  solid phase micro-
extraction  ( SPME ),  purge-and-trap  ( P & T ), etc., has also become of great importance 
for the automated and solvent-free analysis of liquid or solid food samples. 

 TD involves sample heating without solvent in a fl ow of carrier gas to isolate 
volatile compounds from the matrix and their subsequent cryogenic trapping in an 
adsorbent (e.g. Tenax) trap, which is in turn heated to release the volatiles into the 
transfer line (connection between the TD unit and the column). 

 SPME is a sample-preparation technique developed in the early 1990s by  Arthur and 
Pawliszyn (1990) , in which a fi ber coated with an extracting phase is used to isolate 
volatiles from the liquid or gas phases. After extraction, SPME fi ber is transferred to 
the injection port of a gas chromatograph, where desorption of the analytes takes place. 

 In P & T, an inert gas is bubbled through a sample to isolate the volatile compounds 
from the matrix. These volatiles are trapped on an adsorbent (or concentrator), usu-
ally at ambient temperature, which is then heated to release the isolated compounds 
into the carrier gas stream. Samples requiring volatile fractionation and preconcen-
tration prior to GC separation can be introduced via such a system. 

  Detectors

 A large number of detectors are used in GC. Universal detectors are those sensitive to a 
wide range of components present in a wide range of concentrations; the most common 
among them are the fl ame ionization detector (FID) and the thermal conductivity detec-
tor (TCD). However, there are other selective detectors widely used in analytical labora-
tories for the analysis of specifi c substances. These include the electron capture detector 
(ECD), nitrogen phosphorus detector (NPD), fl ame photometric detector (FPD), photo-
ionization detector (PID), pulsed discharge ionization detector (PDD), etc. 

 The greatest advances in GC detectors arise from the coupling of different tech-
niques (mass spectrometry (MS), infrared spectroscopy (IR) and nuclear magnetic 
resonance (NMR)) which provide additional structural information. That is the case 
in mass spectrometry  (MS), infrared (IR) and nuclear magnetic resonance (NMR)-
based detectors. 

 The FID and MS are by far the most commonly utilized detectors in food analy-
sis, and specifi cally in the determination of food authenticity. In FID, the fl ame is 
produced by the combustion of hydrogen in air. A voltage of 100–300       V is applied 
between the fl ame and an electrode located away from it, which produces a low 
intensity current. When the organic compounds moving with the carrier gas reach the 
fl ame they are ionized, and an increase in the current is then measured. This detector 
is very sensitive and has a wide linear range. 

 The MS detector gives a measurement of the mass to charge (m/z) ratio of the 
produced ions, with a characteristic plot (mass spectrum) being obtained for each 
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compound. A MS system is composed of three main parts: the ion-source, which 
produces the ions from each compound; the mass analyzer to separate the ions of 
different m/z ratios; and the detector which collects the ions. Electronic impact and 
chemical ionization are the operation modes of the ion sources used for GC analysis. 
At present, there are a large number of MS analyzers that can be coupled to GC, 
although the more utilized ones are the quadrupole (Q-MS) and the ion trap (IT-MS). 
However, others, such as time-of-fl ight (ToF), magnetic sector, IT-ToF, Q-ToF, triple 
quadrupole (QqQ) or ToF-ToF, are also used.  

  Multidimensional GC 

 Multidimensional GC (MDGC) appeared due to the necessity of separating com-
plex mixtures of volatile compounds which cannot be resolved by only one column 
(dimension). There are two kinds of MDGC: the so-called  multidimensional gas 
chromatography or heart-cut GC  ( GC-GC ) and  comprehensive two-dimensional gas 
chromatography  ( GC      	      GC ). 

 In GC-GC, two columns with different stationary phases are connected by a valve 
which allows the introduction of a selected fraction (heart-cut) of the eluate from the 
fi rst column (fi rst dimension) into the second one (second dimension) for its further 
separation.

 In GC      	      GC, the whole sample is separated on the two columns and this separa-
tion should be as independent (orthogonal) as possible. The separation of the analytes 
is usually carried out using a non-polar GC column (typically 15–30       m      	      0.25–
0.32       mm      	      0.1–1        � m) in the fi rst dimension (1D) and a short polar column (typically 
0.5–2       m      	      0.1       mm      	      0.1        � m) in the second dimension (2D); analytes are therefore 
separated according to their volatility in 1D and their polarity in 2D. However, the 
reverse combination can also provide good results, depending on the compounds to 
be separated. In GC 	     GC, the two columns are coupled by an interface or  modulator
which focuses the effl uent of the fi rst column in four to six narrow peaks and injects 
them periodically onto the second capillary column for a very rapid separation 
( Figure 10.4   ). There are different types of modulators: thermal desorption, cryogenic 
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Figure 10.4     Schematic of a GC     	     GC system: A, gas container; B, injector; C, oven; D, fi rst dimension; E, 
modulator; F, second dimension; G, second oven (optional); H, detector; I, acquisition system.    



and valve-based modulators ( Adahchour et al ., 2006 ). The most widely used are the 
cryogenic jet systems, which retain the analytes using liquid CO 2 , expanding gase-
ous CO 2  or nitrogen cooled to  � 180°C (Dallüge  et al ., 2003). The re-injection into 
the second dimension is carried out by applying a pulse of hot air or by switching the 
modulator off; compounds are then eluted with the oven temperature. 

 Detectors to be used in GC 	     GC are conditioned by the rapid separation in the 
second dimension. It means that the internal volume has to be small and the data 
acquisition rate high. The FID, ECD and ToF are the most common. Advantages of 
GC	     GC over 1D GC are higher sensitivity and resolution power.   

  Applications 

  Oils and fats 

 The authentication of oils and fats is one of the fi elds where GC fi rst started to 
achieve excellent results. Edible oils and fats are mainly constituted by saturated and 
unsaturated fatty acids (from C12 to C22) esterifi ed with glycerol forming triacylg-
lycerols (triglycerides, TAG), and small amounts of sterols (free and esterifi ed with 
fatty acids), terpenic alcohols, hydrocarbons, vitamins, etc. Since biosynthetic path-
ways in every animal or vegetal species are different, distinction of their fats and oils 
is possible by means of qualitative and quantitative differences in these compounds. 
Expensive products such as cocoa fat, olive and almond oils are occasionally adulter-
ated with cheaper fats with analogous physical properties. Similarly, the addition of 
pork fat to tallow is forbidden in certain countries, whereas addition of tallow to lard 
is considered to be adulteration in others. Moreover, untreated oils or fats might be 
mixed with refi ned oils, and products with Protected Denomination of Origin (PDO) 
replaced with alternatives. The analysis of the composition of fatty acids, triglicerides, 
sterols and other minor compounds is currently carried out by GC and covers almost 
all the lipidic components. 

  Fatty acids 
 Fatty acid (FA) composition is very easily determined by GC; usually a previous con-
version of glycerides into more volatile compounds is necessary. Fatty acid methyl 
esters (FAME) are the most popular derivatives used for FA analysis, since they are 
volatile enough to be separated on most GC columns. The subject has been exten-
sively reviewed ( Knapp, 1979 ;  Aldai  et al ., 2005 ). Free fatty acids (FFA) can be 
methylated by acid catalysis in a methanol solution, using reagents such as boron tri-
fl uoride or diazomethane. Triacylglycerols can be previously hydrolyzed in an acid 
medium to give FFA, which in turn will be methylated as above. However, the easi-
est method for the analysis of triacylglycerols is that of direct transesterifi cation in 
methanol with a basic catalyst, such as sodium methoxide, potassium hydroxide or 
tetramethylammonium hydroxide. 

 FAME analysis using packed columns coated with polar phases has afforded 
(among others) the detection of vegetable fats such as palm kernel and coconut 
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( Iverson, 1972 ) and also sal and shea fats ( Padley and Timms, 1980 ) added to cocoa 
fat; of 5% of vegetable oils ( Kapoulas and Passaloglou-Emmanouilidou, 1981 ) added 
to olive oil based on the proportion of C18:3 content; and the addition of saffl ower 
oil to sunfl ower oil ( Mariani and Bellan, 1997 ). Although these methods can still be 
used, nowadays FAMEs are better separated on capillary columns coated with polar 
phases; those based on cyanoalkyl silicones in particular are preferred when unsatu-
rated isomeric FAs are present. The use of more effi cient columns has allowed new 
parameters for detecting more sophisticated frauds. Thus, the presence of low-quality 
deodorized olive oil in virgin olive oil was detected by the presence of 9( E ),11( E )-
18:2 acid; its methyl ester was investigated by GC coupled to acetonitrile CI-MS 
and CI-MS/MS ( Saba  et al ., 2005 ). The use of multivariate statistical analysis has 
improved detection limits, since the information is provided not for a single indicator 
but for the overall FA composition; diffi culties owing to the natural variability of fats 
and oils can also be obviated ( Ulberth, 1995 ;  Giacomelli  et al ., 2006 ). 

 At present these methods can be improved by the use of capillary columns with 
an internal diameter close to 0.1       mm, which give similar resolution in a few min-
utes, saving time and carrier gas. Fast GC has been used by  Mondello  et al . (2004a)  
as a convenient methodology to detect adulterations of nine different fats; GC 	     GC 
was also considered as a convenient technique for the analysis of the most complex 
mixtures.

  Triacylglycerols 
 The number of triacylglycerols (TG) in natural fats is very high. An oil sample con-
sisting of only 5 different fatty acids may give 5 3  different triacylglycerols. However, 
this distribution is not random; FAs are esterifi ed in the three positions of glycerol in 
a stereospecifi c way which is characteristic of every species. Thus the information 
obtained from TAG composition is much more complex and specifi c than that sup-
plied by the FA composition. This fact has been used to detect the presence of trans-
esterifi ed fats in natural fats, using a stereospecifi c lipase to cleave the FA esterifi ed 
in a specifi c position and analyzing FAME in this fraction.  Dourtoglou  et al . (2003) 
analyzed different vegetable oils: total fatty acids and their regiospecifi c distribution 
in positions 1 and 3 were determined using a specifi c lipase from  Mucor miehei , and 
resulting data were subjected to PCA. It was possible to distinguish pure oils from 
mixtures and to discriminate between different types of seed oil used for adulteration. 

 At present, the analysis of intact triacylglycerols affords valuable information to 
characterize the purity of fats. This analysis was at fi rst developed by HPLC, but the 
use of short GC capillary columns (less than 5       m) coated with thin fi lms of thermally 
stable phases allows very good results. Fused silica capillary columns were intro-
duced early on ( Geeraert and Sandra, 1987 ). 

 Besides special columns, triacylglycerol analysis requires very careful sample 
introduction, since their boiling points are very high and it is necessary to completely 
vaporize the mixture, thus avoiding both thermal decomposition and discrimination 
by molecular weight. The most used injection modes are on-column ( Molkentin and 
Precht, 2000 ) and PTV ( Banfi   et al ., 1999 ). 



 TAG analysis has been successful in the detection of 5% seed oils in olive oil 
( Antoniosi  et al ., 1993 ) and for detection of 5% cocoa butter equivalents (vegetable fats 
similar to cocoa butter) in chocolate ( Simoneau et al ., 1999 ;  Buchgraber  et al. , 2004 ). 

  Sterols 
 The analysis of sterol fraction by GC was started in the 1960s as a method to detect 
animal fats in vegetable oils or  vice versa  ( Mordret, 1968 ). The method required a 
long sample preparation time, with saponifi cation, solvent extraction and thin-layer 
chromatography (TLC) fractionation. Several approaches have been attempted to 
fi nd a faster and easier method. Direct GC analysis of the unsaponifi able omitting 
TLC ( Giacometti, 2001 ) or the use of gel-permeation chromatography instead of 
TLC fractionation prior GC ( Carstensen and Schwack, 2002 ) have been proposed 
among others. 

 Cholesterol is the main sterol in animal fats, but phytosterols are characteristic 
of every vegetable oil. The new vegetal varieties with different fatty acid composi-
tion (such as canola oil or high-oleic sunfl ower oil) make it diffi cult for detection 
using classical markers such as erucic or linoleic acids, but the analysis of sterols 
shows the typical composition of the vegetal species – canola oil sterols are simi-
lar to those of rapeseed oil, with a clear peak of brassicasterol, characteristic of the 
Brassicaceae , whereas sunfl ower oils display their typical  � 7-sterols independent 
of their oleic content. The classical methods for GC analysis of sterols required the 
use of packed columns lightly coated with non-polar stationary phases working at a 
high temperature (about 270°C). Packed columns have been replaced by capillary 
columns which afford better separation of isomeric sterols; the coupling with MS 
has allowed the identifi cation of new compounds, which in turn improves the iden-
tifi cation of any adulterant oil. Separation of the  � 5-sterols from the  � 7-sterols per-
mitted detection of the adulteration of pumpkin seed oil with other vegetable oils 
( Mandl  et al ., 1999 ). 

 The use of coupled LC-GC is an interesting way to simplify the analysis of minor 
components, since this technique saves pre-treatments before chromatographic anal-
ysis. Adulteration of olive oil may be carried out using desterolized sunfl ower oil, 
where the indicator compound (a  � 7-sterol) used for detection has been removed, but 
it has been proved that  � 7-sterols are isomerized to  � 8(14)- and  � 14-sterols during 
the process. Results of LC-GC analysis of olive oil containing desterolized sunfl ower 
oil have shown that measurement of  � 8(14)-sterols in the oil was a suitable method 
for detecting the adulteration ( Biedermann  et al ., 1996 ). 

 The analysis of sterols is also useful for detecting admixtures of processed fats in 
natural fats. Bleaching oils during refi nation results in dehydration of sterols to give 
hydrocarbons which are not present in the original fats, and are hence indicators for 
industrially refi ned oils. They have been useful for detecting refi ned fats added to 
chocolate ( Crews  et al ., 1997 ) and for refi ned oils added to virgin oils ( Cert  et al ., 
1994 ). The analysis consists of several steps: extraction, fractionation on silica gel 
and GC on a fused silica capillary column (0.25       mm      	      25       m      	      0.25        � m) coated with 
5% phenyl methyl silicone, working at a programmed temperature. 
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  Other minor compounds 
 Triterpenic alcohols and tocopherols are characteristic compounds of the different 
vegetable species. Their analysis is carried out in a similar way to that of sterols: 
they are components of the unsaponifi able, and should be fractionated by TLC or on 
silica columns prior to GC analysis. Triterpene alcohols allowed detection of sal fat, 
shea fat and illipe butter in cocoa butter ( Soulier et al ., 1990 ). Determination of the 
concentration of triterpene alcohols permitted detection of the adulteration of virgin 
olive oil with 5% olive-pomace oil ( Ntsourankoua  et al ., 1994 ). 

 Lupeol and an unknown compound containing a lupane skeleton were detected 
(after saponifi cation, extraction, TLC and silylation) in the 4,4 � -dimethylsterol fraction 
of hazelnut oils; both compounds proved to be good markers for detecting less than 
4% hazelnut oil in olive oil ( Damirchi  et al ., 2005 ) ( Figure 10.5   ). 

 Detection of 10% solvent extracted oil in cold-pressed olive oil was achieved by 
RPLC-GC using a PTV as an interface for direct analysis of triterpenic alcohols 
erythrodiol and uvaol. The proposed method was used to determine extra-virgin olive 
oil adulteration ( Blanch  et al ., 1998 ). Tocopherol analysis was used for authentica-
tion of sesame seed oils ( Aued-Pimentol  et al ., 2006 ).  

  Volatiles 
 Volatile analysis has scarcely been used for the purpose of detecting adulteration 
in oils, but in those cases where the composition of fatty acids and sterols is very 
similar these methodologies represent a useful alternative. SPME prior to GC-MS 
allowed the detection of an admixture of sunfl ower oil with poppy seed oil in rel-
evant amounts (5–40%) by using  � -pinene as a marker ( Krist  et al ., 2006 ). 

 Filbertone ( E -5-methylhept-2-en-4-one), a chiral compound which is found in 
hazelnuts, has been proposed as a marker to detect the addition of this oil to olive oil. 
It can be determined by SDE followed by GC or directly by LC-GC; in both cases a 
chiral column is necessary ( Blanch  et al ., 1999 ).   

  Dairy products 

 This fi eld has been recently revised ( de la Fuente and Juarez, 2005 ). Adulteration 
of dairy products may be carried out by substituting part of the fat or protein; add-
ing low-cost dairy products (mainly whey derivatives); mixing milk of different spe-
cies; and mislabeling products protected by PDO. GC is especially well suited for 
detecting foreign fat in milk fat and for distinguishing mixtures of species through 
fat analysis; it has also been used for authentication of cheeses. 

  Foreign fat in milk fat 

  FAME 
 The methodologies used are those described above for fats and oils; nevertheless, 
it is necessary to take into account the special composition of ruminant milk fats, 
which contain relevant quantities of short-chain fatty acids, as well as a very com-
plex mixture of  cis - and  trans - unsaturated acids with 18 carbons. Thus, FAME 



analysis requires the use of long, very polar columns: formerly polyester-based sta-
tionary phases were used, but nowadays cyanoalkyl silicones 50–60       m in length are 
recommended. A programmed temperature is always necessary, starting at a low 
temperature (about 70°C) to separate methyl butyrate from methanol and other sol-
vents; separation of all the isomers of oleic and linoleic acid (which have nutritional 
relevance, and can also help to characterize the origin of dairy products) is very dif-
fi cult to accomplish. Fortunately, detection of foreign fats usually does not require a 
complete separation of these isomers. 
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Figure 10.5    Trimethylsilyl ethers from 4,4 � -dimethylsterols of (a) hazelnut oil and (b) olive oil. Peaks: 
IS, internal standard; 1,  � -amyrin; 2, taraxerol (detected only in virgin olive oil samples); 3,  � -amyrin; 4, 
cycloartanol; 5, lupeol (detected only in hazelnut oil); 6,  � 7-sterol; 7, 24-methylenecycloartanol.   Reprinted 
with permission from  Damirchi  et al . (2005) ; ©AOCS Press.      
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 Concentration ranges of the major fatty acids and of certain fatty acid ratios to 
identify foreign fats in mixtures with milk fat were tested ( Ulberth, 1994 ); linear dis-
criminant analysis was successful in distinguishing pure from adulterated milk fats; 
detection limits were between 3% and 10%. Nevertheless, the natural variability of 
milk fat makes this approach useless when the level of adulteration is low. Thus, 
addition of vegetable fats mainly relies on sterol analysis, whereas addition of animal 
fats is better detected by TG analysis.  

  TAG 
 TAG analysis of milk fat displays a really complex profi le, which has not been entirely 
resolved either by GC or by HPLC. At present the resolution achieved is enough to 
resolve most adulteration cases ( Precht, 1991 ), including mixtures with other milk-fat 
species ( Goudjil  et al ., 2003 ). Mixtures of pure ewe milk fat and different amounts of 
lard, palm oil and cow milk fat could be detected using multiple regression equations. 

 Different calculation methods, including neural networks, have been assayed ( Lipp, 
1996 ). Techniques and advances in TAG analysis of milk fat are similar to those indi-
cated for other fats, with the drawback that the number of triacylglycerols in milk fat 
is higher than in other fats ( Povolo  et al ., 1999 ;  Molkentin and Precht, 2000 ;  Naviglio 
and Raia, 2003 ).

  Sterols 
 Detection of vegetable oils in milk fat is easy using sterol analysis (Mariani, 1995), 
since the main compound in the latter is cholesterol, and only small quantities of 
minor precursors (desmosterol, lathosterol and lanosterol) have been reported. 

 Detection of vegetable fats is indeed standardized ( IDF, 1992 ). As indicated above, 
the preparation method requires saponifi cation of fat, extraction of unsaponifi able 
and TLC fractionation to obtain a pure sterol fraction, which is then injected in GC; 
this is a long and tedious procedure. Several methods have been proposed to simplify 
this; some of them propose suppressing TLC fractionation and analyzing free sterols 
( Precht, 2001 ) or their TMS derivatives ( EU, 1992 ). Another procedure, useful for 
testing the purity of milk fat, is to convert triacylglycerols into their methyl esters 
(one-pot reaction) and analyze the reaction mixture, since sterols elute after FAME 
( Alonso  et al ., 1997 ). A faster but more expensive method is the use of LC-GC cou-
pling ( Kamm  et al ., 2002 ). 

 Refi ned animal fats can also be detected by sterol analysis: 3,5-cholestadiene, a 
hydrocarbon derived by reduction from cholesterol during refi ning, was used as an 
index for addition of refi ned beef tallow to butter ( Mariani et al ., 1994 ).  

  Others 
 Long-chain ketones were detected by GC as indicators of the addition of transesteri-
fi ed fats to natural fats, including milk fat ( Martín-Lomas  et al ., 1975 ).  

  Volatiles 
 Volatile compounds analyzed by GC have been proposed for authentication of cheeses: 
as an example, high mountain cheeses have a higher level of terpenes than those 



manufactured with milk from animals grazing on the plain or at the farm ( Mariaca  et al ., 
1997 ). Volatiles have also been useful to distinguish the thermal treatment undergone 
by milk ( Contarini  et al ., 1997 ). 

  Spices and fl avors 

 Spices and fl avors, traditionally used to impart an appealing aroma and to mask 
off-fl avors in food, are expensive additives, and therefore have been frequently 
targeted for adulteration. Main fraudulent practices involve mixing spices with other 
less valuable natural substances (e.g. other plant parts, inexpensive varieties, etc.), 
whereas essential oils are usually adulterated with synthetic components. Two differ-
ent approaches are generally followed for authenticity assessment: (i) the search for 
specifi c markers of the adulterant, and (ii) the study of differences in the analytical 
fi ngerprints gathered for authentic and adulterated samples. 

 Solvent extraction, steam distillation, micro-simultaneous steam distillation-
solvent extraction (MSDE), etc., have been traditionally employed for characterization 
of the aroma of spices ( Tarantilis and Polissiou, 1997 ); their main handicaps are the 
fractionation of thermolabile components and the over-enrichment of the extracts 
obtained in high boiling-point constituents. Headspace techniques (HS), although 
biased towards the fractionation of high-volatility components, do not require the use 
of organic solvents and minimize artefacts, with advantages in reproducibility being 
obtained if they are automated ( García and Sanz, 2001 ). On-line coupling of ther-
mal desorption to gas chromatography-mass spectrometry (TD-GC-MS) has been 
applied to determine the authenticity of Spanish saffron ( Crocus sativus  L.) ( Alonso
et al ., 1998 ). TD-GC-MS analysis of 252 authentic saffron samples showed a consis-
tent TIC fi ngerprint around the elution time of safranal, the major volatile in saffron 
and responsible for its aroma ( Figure 10.6a   ). This chromatographic interval showed 
a different profi le for  “ false saffron ”  ( Carthamus tinctorious  L.) ( Figure 10.6b ) and 
synthetic safranal ( Figure 10.6c ), and therefore could be used as an indicator of saf-
fron authenticity. 

 GC-MS in combination with other techniques has also been employed for identifi -
cation of adulteration of black pepper ( Piper nigrum  L.) powder with ground papaya 
(Carica papaya  L.) seeds at levels as low as 2%. TLC of the extracts obtained by 
supercritical carbon dioxide extraction allowed the isolation of a fl uorescent band 
which could be marker of the presence of papaya powder in black pepper powder. 
Compounds present in this band were tentatively identifi ed by GC-MS as  n -nonanal, 
n -decanal and  n -dodecanal ( Bhattacharjee et al ., 2003 ). 

 GC has been extensively used for identifi cation and detection of adulteration of 
essential oils ( Prager and Miskiewicz, 1982 ;  Dugo  et al ., 1992 ;  Loesing, 1999 ). 
 Spencer et al. (1997)  tried to detect the presence of cornmint oil (from  Mentha arven-
sis ) in the more highly priced peppermint ( Mentha piperita ) oil. GC analysis of pep-
permint vs cornmint oil using a Supelcowax-10 polar capillary column showed 
high concentrations of isopulegol and another compound, tentatively identifi ed as 
neoisopulegol, as characteristic of cornmint samples. Levels for these compounds in 
mint oils were therefore suggested as indicators of the adulteration of peppermint oil 
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Figure 10.6      “ Fingerprint ”  region for authentication of saffron: (a) authentic saffron, (b)  “ false saffron ”  
(Carthamus tinctorious  L.) and (c) synthetic safranal.   Reprinted with permission from  Alonso  et al . (1998) ; 
©International Association for Food Protection.        
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with cornmint oil. GC-olfactometry (GC-O) and aroma-extract dilution analysis (AEDA) 
has also been applied to analyze differences in composition and odor potency of unrecti-
fi ed Yakima peppermint oil and a dementholized Chinese cornmint oil ( Benn, 1998 ). 

 However, essential oils are usually complex samples, and often monodimensional 
GC (1D GC) proves to be insuffi cient for their complete separation.  Dimandja et al . 
(2000)  showed the advantages in terms of resolution and sensitivity of GC 	     GC-FID 
for the separation of peppermint and spearmint ( Mentha spicata ) essential oils. The 
set of columns employed for comprehensive GC separation included a DB-1 column 
(10       m      	      100        � m i.d.      	      3.5        � m) connected through a thermal modulation unit to an 
OV-1701 column (2       m      	      100        � m i.d.      	      0.5        � m d f ). A two- to three-fold increase in 
the number of compounds separated for both mint essential oils and the possibility 
of qualitatively assigning unidentifi ed compounds to chemical classes (e.g. monoter-
pene hydrocarbons) by means of the use of structured chromatograms were the main 
advantages of GC     	     GC-FID over 1D GC. Differences in peppermint and spearmint 
GC	     GC fi ngerprints are suggested to be of utility for detection of products of essen-
tial oil adulteration. 

 A different approach for assessment of authenticity involves GC analysis of the 
enantiomeric distribution of chiral compounds in both authentic and adulterated 
samples, with modifi ed cyclodextrins being the stationary phases of choice for most 
applications ( König et al ., 1997 ).  Coleman and Lawrence (2000)  analyzed by auto-
mated SPME-GC-MS the enantiomeric excess of chiral monoterpene hydrocarbons 
in peppermint, spearmint and rosemary ( Rosmarinus offi cinalis ) essential oils from 
different origin, with excellent reproducibility (relative standard deviation (RSD) 
� 5%). Short exposure times (6       s) of a 7- � m polydimethylsiloxane SPME fi ber to the 
headspace above submicroliter samples provided the required sensitivity for analysis. 
Changes in enantiomeric patterns were used to ascertain the origin and authenticity 
of these oils. The combination of normal and chiral phases in comprehensive gas 
chromatography has also been reported for authenticity assessment of citrus essen-
tial oils ( Dugo et al ., 2005 ). 

 On-line coupling of GC with isotope ratio mass spectrometry (GC/IRMS) has also 
gained importance in authenticity control of fl avors. Combination of isotopic data (sta-
ble isotope ratios for carbon ( �13 C), nitrogen ( �15 N) and hydrogen (��2 H)) with gas 
chromatographic data for characteristic aroma compounds has been reported to assess 
the genuineness of natural vanilla ( Kaunzinger et al ., 1997 ) and for origin-specifi c anal-
ysis and authenticity control of mandarin ( Faulhaber  et al ., 1997 ), lemon ( Citrus limon ) 
and lemongrass ( Cymbopogon winterianus ) ( Nhu-Trang  et al ., 2006 ) essential oils. 

  Honey 

 Honey is a natural substance produced by honey bees from the nectar of plants or 
from the secretions that are found over them. Its composition is variable and depends 
on numerous factors – fl oral type, climate, processing and storage conditions, etc. 
( White, 1978 ). 

 As honey is a product of limited supply and relative high price, its quality assur-
ance becomes extremely important. Honey fraud can involve the addition of industrial 
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sugar syrups, or its sale under a false name ( Cotte et al ., 2004 ). Corn syrups (CS), 
invert syrups (IS) obtained by acidic or enzymatic hydrolysis from refi ned beet or 
cane sucrose, and high-fructose corn syrups (HFCS), mainly produced by enzymatic 
hydrolysis and isomerization of corn starch, are the most common sweeteners that can 
be added directly to honey after harvest or fed to bees during the harvest to improve 
yield ( Swallow and Low, 1994 ). 

 Taste and fl avor, the two most signifi cant attributes of honey, are mainly dependent 
on its botanical origin. Both organoleptic properties contribute to honey quality and 
may also help to determine its authenticity. The high sensitivity and resolving power 
of GC combined with the qualitative and quantitative information provided by MS 
make this technique an appropriate tool for the characterization of the complex mix-
tures of volatile compounds and carbohydrates in honey, being widely used to detect 
its adulterations and establish its authenticity. 

  Volatiles 
 The GC profi le of volatile compounds of honey represents a  “ fi ngerprint ”  of the prod-
uct which can be used to determine its fl oral origin ( Radovic  et al ., 2001 ). GC analy-
sis of honey requires a prior fractionation stage to isolate the volatiles from the sugar 
matrix. Several studies have been reported on different techniques for the fractiona-
tion of honey volatiles, such as solvent extraction ( Rowland  et al ., 1995 ), simultane-
ous steam distillation-extraction (SDE) ( Bouseta and Collin, 1995 ) and P & T ( Overton 
and Manura, 1994 ). SPME followed by GC-MS has recently proved to be useful for 
analysis of the volatile fraction from different honeys ( Guidotti and Vitali, 1998 ;  Soria 
et al ., 2003 ).

 The botanical origin of honey has been extensively characterized by GC analysis of 
its volatile composition. Although some authors suggest certain specifi c compounds as 
being characteristic of honeys from a specifi c fl oral source (e.g. acyloins for eucalyp-
tus honeys by  de la Fuente  et al . (2007) ), most of the studies consider groups of com-
pounds as indicators of fl oral origin ( Guyot  et al ., 1998 ;  Castro-Vázquez  et al ., 2007 ). 
Honeys from nine different botanical sources and eight geographical origins were 
studied by  Radovic  et al . (2001) . P&T analysis was performed by adsorption of vola-
tiles on a Tenax trap, followed by desorption at 280°C and cryofocus at  � 120°C in a 
glass-lined tube before GC-MS separation on a DB-WAX capillary column. Although 
appropriate markers were found for distinguishing among botanical origins, the classi-
fi cation of the samples according to geographical origin was more diffi cult to establish. 
Although the establishment of marker compounds for assessing the origin of honeys 
would be very advantageous, present knowledge on this subject is rather limited. 

  Mannas and Altuğ (2007)  used SPME-GC-MS for the estimation of thyme-honey 
authenticity and for detection of its adulteration. They found that an excessive 
amount of volatiles such as thymol and carvacrol indicated honey adulteration with 
thyme essential oil. It was noted that 3,4,5-trimethoxybenzaldehyde may be a possi-
ble marker for determining thyme-honey authenticity. 

 Owing to the complexity of honey aroma, co-elution of some compounds can 
occur, making their identifi cation diffi cult. Recently, MDGC has been applied to the 



study of honey aroma in order to characterize its botanical origin as well as to detect 
fraud. The use of SPME-GC 	     GC-ToF MS by  C

�
ajka et al . (2007)  allowed a rapid 

and comprehensive examination of the honey volatile profi le, identifying a total of 
164 volatile compounds. In this study, the best sorption capacity was obtained by a 
divinylbenzene/carboxen/polydimethylsiloxane 50/30- � m fi ber, and the best resolu-
tion for the studied compounds by the combination of DB-5  	  Supelcowax-10 col-
umns. However, the examination of a large set of honey volatile profi les of different 
botanical and geographical origins is needed to assess the feasibility of this strategy 
for traceability purposes.  

  Carbohydrates 
 Regarding carbohydrate fraction, honey is probably the most complex mixture 
of oligosaccharides in nature, and the study of these compounds has been used to 
identify fraud. Carbohydrates must be transformed into appropriate volatile com-
pounds for GC analysis, and several methods of derivatization have been developed. 
Trimethylsilyl ethers ( Sweeley  et al ., 1963 ), trifl uoroacetates ( Sullivan and Schewe, 
1977 ) and alditol acetates ( Björndal  et al ., 1967 ) have been the most popular deriva-
tives, giving a different compound for each anomeric form of the sugar (up to six). 
Converting sugars to oximes prior to trimethylsilylation reduces the peaks formed 
for each sugar to two:  E-  and  Z- oxime isomers ( Laine and Sweeley, 1971 ;  Low and 
Sporns, 1988 ).

 Many authors have developed GC methods to characterize sugars in monofl oral 
and honeydew honeys and to establish honey authenticity; combination of sugar and 
physicochemical data was, however, necessary in most of the studies to obtain reli-
able results ( Mateo and Bosch-Reig, 1997 ;  Astwood  et al ., 1998 ;  Sanz  et al ., 2004 ). 
Maltose and isomaltose contents and their ratios have been used to detect adultera-
tion with syrups using GC, allowing the detection of 30% of adulteration ( Doner et
al ., 1979 ). More recently,  Low and South (1995)  described the presence of specifi c 
marker peaks for IS that were either absent or present in low amounts in authentic 
honey. The detection limit for invert sugar addition was 5%. 

  Cotte  et al . (2003)  combined the use of HPAEC-PAD and GC-FID data with sta-
tistical processing by principal component analysis (PCA) to demonstrate the addi-
tion of IS and CS to honey samples. Application to acacia, chestnut and lavender 
honeys allowed the detection of adulteration resulting from addition of 5–10% of 
sugar syrups. 

 Recently, the use of difructose anhydrides (DFAs) as possible markers of IS and 
HFCS adulteration has been proposed ( Ruiz-Matute et al ., 2007a ). Their presence 
in these kinds of syrups was described for the fi rst time in this work, their propor-
tions being dependent on the syrup type considered. As these compounds were not 
detected in any of the 20 honey samples analyzed, their presence in honey was pro-
posed as a marker of adulteration. The detection of DFAs in the adulterated honeys 
required a previous enrichment step based on incubation with yeast ( S. cerevisiae ) 
to remove major sugars and to preconcentrate these compounds. This methodology 
allowed the detection of adulteration with 5% syrup ( Figure 10.7   ).   
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  Fruit juices 

 Fruit juices are complex mixtures of sugars, organic acids, volatile fl avors, fatty 
acids, sterols, amino acids, fl avonoids, pigments, etc., in water. Adulteration of indus-
trially processed juices usually consists of substitution of the authentic material with 
cheaper alternatives. Partial replacement of fruit juice with water, sugar, fruit-derived 
products (pulpwash, peel, etc.) or with less expensive fruit varieties (e.g. addition of 
grapefruit to orange juice) are common adulteration practices. It is permitted to bulk 
fruit juices with these substances for different purposes (e.g. to correct the acidity 
or for sweetening), but such additions are only allowed if they are properly labeled. 
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Figure 10.7     Gas chromatographic profi le of DFAs region in a nectar honey adulterated with (a) 20% of 
IS and (b) 20% of HFCS after yeast treatment. 1, DFA1; 2, DFA3; 3, DFA5; 4, DFA6; 5, DFA7; 6, DFA9; 7, 
DFA10; *unknown.      
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Although juices from a single fruit are the most extensively consumed, compounded 
juices from different fruits have started being commercialized to expand the market. 
In order to guarantee the authenticity of compounded beverages and to avoid adul-
teration, the declared presence of every single juice needs to be confi rmed. 

  Addition of sweeteners 
 Carbohydrates account for more than 98% of the total soluble solids in fruit juices. 
Therefore, the replacement of natural sugars by inexpensive sweeteners with a com-
position resembling that of the authentic sugars is the most common and profi table 
adulteration practice. Similarly to honey, adulteration of juices mainly involves the 
undeclared addition of IS and HFCS. 

 Oligosaccharide fi ngerprints gathered by GC-FID have been employed to detect 
adulteration of orange and apple juices with both IS and HFCS at percentages as 
low as 5% ( Low, 1995, 1996 ). Sample preparation included dilution with water to 
5.5° Brix, freeze-drying and trimethylsilylation of the carbohydrates prior to their 
gas chromatographic analysis using a DB-5 column. The addition of IS to juice was 
detected by the presence of two unidentifi ed marker peaks (IS1 and IS2) thought to 
be formed during sucrose inversion ( Prodolliet and Hischenhuber, 1998 ;  Figure 10.8   ). 
IS1 and IS2 have been recently identifi ed as turanose and  O - � -D-fructofuranosyl-
(2→  6)-D-glucose, respectively ( Thavarajah and Low, 2006 ). Although IS1 and 
IS2 may also be present in thermally-processed authentic juices, the ratio IS1/IS2 
in heated juices is signifi cantly different from that observed for apple and orange 
juices adulterated with IS, with the critical IS1/IS2 value not being generally agreed 
at the present time. Additionally, the areas for both marker peaks in juices submitted 
to excessive heating are considerably lower than those corresponding to 5% invert 
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Figure 10.8    Capillary GC chromatograms of apple juice concentrates: A, authentic, untreated; B, 
authentic, heat-treated; C, sample B spiked with 10% invert sugar (IS); IS1 and IS2, marker peaks for the 
presence of IS. Peak height ratios IS2/IS1: sample B 1.31, sample C 1.70.   Reprinted with permission from 
 Prodolliet and Hischenhuber (1998) . ©Springer-Verlag.    

Applications 343



344 Chromatographic Technique: Gas Chromatography (GC)

sugar adulteration. Stöber et al . (1998)  tried to overcome the lack of reproducibil-
ity between laboratories in the estimation of the IS1/IS2 ratio by standardization of 
the methodology proposed by Low. Comparison of the results from a test juice with 
those from an external reference apple juice showing a peak ratio at the IS1/IS2 cut-
off limit allowed different laboratories to reach similar conclusions (authentic/adul-
terated), independent of the chromatographic set-up employed. 

  Gansser and Busmann (1998)  observed the interference of a natural constituent of 
apples (catechine) with the IS2 marker peak when applying the method suggested 
by Low ( Low, 1995, 1996 ) to detect the addition of IS to apple-juice concentrates. 
Inclusion of solid-phase extraction on RP-18 cartridge as part of the sample prepara-
tion allowed the removal of catechine prior to the GC analysis of juice without inter-
fering with the IS1/IS2 ratio. 

 The detection of the two tautomeric forms of isomaltose has also been proposed to 
trace the adulteration of apple and orange juices with high fructose syrup from corn 
and palm ( Low, 1995, 1996 ). Oligosaccharide fi ngerprinting by GC of white grape 
juices from Argentine showed that maltose and isomaltose are not natural constitu-
ents of grape juice, but they can be originated from extended storage of lees juice 
in SO 2 . Therefore, the presence of isomaltose may not necessarily indicate the adul-
teration of white grape juice with HFCS ( Low, 1998 ). Two other oligosaccharides 
have also been proposed to detect adulterations with high fructose syrup from inulin 
(HFSI) ( Low and Hammond, 1996 ). 

Myo -inositol and the  myo -inositol/fructose ratio have also been proposed as indi-
ces to assess the quality and genuineness of orange juices ( Villamiel  et al ., 1998 ). 
GC-FID analysis of carbohydrates after derivatization with trimethylsilylimidazole 
and trimethylchlorosilane showed that both indices were lower in samples made from 
concentrates than in freshly squeezed or straight-processed orange juices.  

  Authentication of a declared fruit juice 
 Sterols have been proposed as useful markers for detecting juices of pineapple, pas-
sionfruit, orange and grapefruit in compounded beverages ( Ng and Hupé, 1998 ).
One-step liquid–liquid extraction into hexane, with ethanol being added to precipitate 
pectins and other emulsifying agents, followed by GC-MS was carried out to analyze 
sterols in juices. Overlapped peaks corresponding to structurally similar compounds 
were common in sterol GC-MS profi les, with extracted-ion chromatograms being a 
valuable tool for improving their separation. Ergostanol and stigmastanol were found 
to be markers for pineapple juice, whereas passionfruit was characterized by the 
presence of an unidentifi ed compound with mass spectra m/z 424, 165, 205, 69 and 
41. Higher stigmasterol/campesterol ratios were found for both orange and grapefruit 
juices, and the differentiation of both citrus juices required the additional estimation 
of the ratio of two semivolatile fl avors (valencene/nootkatone). 

  Addition of pulpwash 
 Pulpwash is the residue exhaustively extracted by repeated water washing from the 
previously pressed pulp used to manufacture fruit juice. Its addition to pure juice 



concentrates is not allowed in the US and in the EU ( Prodolliet and Hischenhuber, 
1998 ).  Kauschus  and  Thier (1985)  developed a capillary GC method for the detec-
tion of orange pulpwash in juice, based on the determination of galacturonic acid. 
Methanolysis and subsequent silylation of polysaccharides (pectine) led to a uniform 
GC pattern for orange juices independent of their origin, from which it was possible 
to determine the juice content of citrus beverages.  

  Addition of synthetic aromas 
 Stereochemistry has been demonstrated to be a useful tool for food authentication. 
The study of the enantiomeric composition of 10 chiral terpenes was proposed by 
 Ruiz del Castillo  et al . (2003a)  to detect the addition of synthetic aromas to com-
mercial fruit beverages. SPME using a 100- � m poly(dimethylsiloxane) fi ber coating 
was employed for volatile isolation under non-racemization conditions. GC-FID sep-
arations were performed on a 25       m      	      0.25       mm chiral capillary column coated with 
0.25-� m Chirasil- � -Dex. The enantiomeric excess of limonene, linalool and  � -terpi-
neol in natural products was found to be 100, 100 and 80% for the ( � )-enantiomer, 
respectively. Any deviation from these values was attributed to the addition of syn-
thetic aromas or inappropriate thermal processing of fruit beverages under analysis. 

 With a similar purpose, on-line coupling of reverse phase liquid chromatography 
with gas chromatography (RPLC-GC) has been employed to determine the enantio-
meric composition of chiral terpenes in fruit drinks, orange aroma and orange essen-
tial oils without previous sample pre-treatment ( Ruiz del Castillo et al ., 2003b ).   

  Coffee 

 Coffee is an expensive product that can be a target for fraud by means of adultera-
tions with cheaper commodities or false designations in relation to its variety or geo-
graphical origin, which affects its fi nal price. 

  Fraud in coffee varieties 
Coffea arabica  and  Coffea robusta , the two main coffee species, have different val-
ues for consumers due to their sensorial properties, and therefore different prices in 
the market. Coffee blends of these two varieties are preferred, as they combine both 
characteristic fl avors. However, it is necessary to defi ne the composition of these 
blends, because the higher value of  C. arabica  beans makes this coffee a target for 
fraud. Unroasted coffee can easily be differentiated by its sugar and amino acid con-
tents ( Singhal et al ., 1997 ); however, these compounds are modifi ed during process-
ing. Therefore, it is important to establish analytical methodologies to discriminate 
between coffee species after roasting to detect potential adulteration of high-qual-
ity coffee brews with cheaper products. Different authors have used GC methods for 
this purpose ( Sanz et al ., 2002 ;  Rocha  et al ., 2003 ). Although there are some studies 
based on fatty acid composition of Arabica and Robusta coffees ( Alves  et al ., 2003 ), 
most GC analyses focus on the determination of the volatile compounds characteristic 
of coffee aroma. Different approaches, such as static headspace ( Kallio et al ., 1988 ), 
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on-column injections ( Shimoda and Shibamoto, 1990 ) or P & T systems ( Liu et al ., 
2004 ), have been applied to the extraction of these compounds, which are commonly 
later analyzed by GC-MS using mainly polyethylene glycol capillary columns. 
Nevertheless, HS-SPME is the most widely used technique for the extraction of vol-
atile compounds in coffee brews, since it is simple, rapid, solvent-free and inexpen-
sive ( Yang and Peppard, 1994 ). Several studies have compared the effectiveness of 
SPME fi bers with different coatings ( Freitas  et al ., 2001 ;  Rocha  et al ., 2003 ), with 
polydimethylsiloxane being the one commonly chosen for the characterization of the 
volatile composition of coffee varieties ( Zambonin  et al ., 2005 ). However,  Mondello 
et al . (2004b)  demonstrated the suitability of a triple phase coating (DVB/CAR/
PDMS) for the isolation of compounds within a wide range of volatility. 

 Around 150 compounds have been identifi ed and quantifi ed from different chemi-
cal families (aldehydes, alcohols, pyrazines, pyrroles, etc.) in blends of roasted 
C. arabica  and  C. robusta , and signifi cant differences in most of their contents 
have been observed ( Sanz  et al ., 2002 ). It is worth noting that blends contain-
ing high proportions of  C. robusta  showed greater concentrations of guaiacol 
( Mondello  et al ., 2005 ) and sulfur compounds, mainly methanethiol ( Holscher and 
Steinhart, 1992 ), than those with high percentages of  C. arabica . In general, these 
last blends showed more elevated concentrations of other volatile compounds such 
as ketones, alcohols, pyrroles, furans, etc. ( Sanz  et al ., 2002 ). However, some dis-
crepancies in discriminating between coffee varieties have been found by different 
authors, regarding the contents of aldehydes or pyrazines ( Sanz et al ., 2002 ;  Leino 
et al ., 1991;   Zambonin  et al ., 2005 ). 

 Recently, HS-SPME coupled to GC 	     GC-FID ( Mondello  et al ., 2004b ) has been 
used to evaluate the differences in the volatile composition of these two coffee varie-
ties. The use of two columns (Supelcowax-10 as fi rst dimension and 5% BPX-5 as 
second dimension) and a longitudinally modulated cryogenic system permitted the 
separation of nearly a thousand analytes, allowing discrimination of both coffee 
varieties based on quantitative data.  Ryan  et al . (2004)  continued these studies by 
analyzing the same coffee bean samples by GC 	     GC-ToF MS. Two sets of columns, 
polar/non-polar (SolGel-WAX  	  BPX-5) and non-polar/polar (BPX-5  	  BP-20) 
were tested. As it can be seen in  Figure 10.9   , the fi rst combination was more effective 
in the separation of coffee volatiles. This technique was shown to be the most suit-
able tool for accurate peak identifi cation and quantifi cation, although some assays 
using GC 	     GC-qMS at a reduced mass scanning range (40–400) demonstrated that 
it can be an alternative to GC 	 GC-TOF MS for the analysis of the target analytes. 

 Coffee beans can be roasted either adding sugar during the process (torrefacto cof-
fees) or without sugar addition (conventional or natural coffees). Previous studies 
have observed that torrefacto roasting masks the poor sensorial properties of Robusta 
coffee ( Maeztu  et al ., 2001 ), and could be used fraudulently to hide the low-quality 
beans. GC-MS studies of volatile compounds have detected a higher content of pyra-
zines, furans and pyridines in torrefacto coffees compared with natural roasted coffees 
( Sanz  et al ., 2002 ;  López-Galilea  et al ., 2006 ). Recently, the presence of difructose 
anhydrides (DFAs) has been described in torrefacto coffees. These compounds 
are formed by caramelization, and can provide useful information related to the 



degree of torrefacto roasting and be used as quality markers to detect fraud ( Montilla
et al ., 2006 ). GC analysis of these compounds required a previous derivatization 
process to obtain their trimethylsilyl derivatives.  

  Authentication of geographical origin 
 Prices of coffee are also dependent on its geographical origin. The volatile composi-
tions of these products can be different, and both producers and consumers select 
them in terms of their aroma.  Freitas and Mosca (1999)  used a P & T device connected 
to GC to analyze the aroma fraction of coffees of different geographical origins (sam-
ples from Africa, Asia and America). Data were treated using multivariate analysis. 
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Figure 10.9    Bidimensional GC contour plots for volatile composition of Arabica coffee using (a) the 
polar/non-polar column set and (b) the non-polar/polar column set.   Reprinted with permission from  Ryan 
et al . (2004) ; ©Elsevier. 
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Arabica roasted coffees were better grouped according to their geographical origin 
than those from Robusta, whereas green coffees could not be discriminated among 
them.  Zambonin  et al . (2005)  combined HS-SPME-GC-MS with multivariate analy-
sis to discriminate among coffees from Africa and Central and South America.  

  Adulteration with cheaper products 
 It has also been reported that commercial coffees have been adulterated with coffee 
husks, cereals, malt, maltodextrins, soy and caramel ( Prodolliet and Hischenhuber, 1998 ; 
 Stöber  et al ., 2004 ). Free fructose, free glucose, sucrose, mannitol, total glucose and 
total xylose have been proposed as markers of these adulterations ( Davis  et al ., 1990 ; 
 Prodolliet and Hischenhuber, 1998 ). More recently, a GC method has been optimized 
to determine the sugar and polyalcohol content (mainly bornesitol) of coffee and its 
substitutes based on cereals, carob or chicory. Trimethylsilyl derivatives of sugars 
were analyzed by GC. Differences in their chromatographic profi les were found, and 
this information is useful to detect adulteration of coffee with these products ( Ruiz-
Matute et al ., 2007b ). 

  Alcoholic beverages 

  Wines and vinegars 
 Adulteration of wines is mainly based on the use of grapes from vineyards of differ-
ent varieties or geographical origins, although dilution of wine with inferior products, 
falsifi cation of the race of wine and/or of the manufacture method, and preparation of 
artifi cial wines are other practices that affect the quality of wine ( Savchuk  et al ., 2001 ). 

 The authenticity of wine is regulated by authorities, and many authors have 
focused their efforts on fi nding new methodologies to detect fraud. GC is not the 
most common technique selected for these purposes, although some studies concern-
ing the analysis of volatile compounds in wine should be highlighted ( Arvanitoyannis 
et al ., 1999 ). The analysis of volatile compounds by P & T coupled to GC allowed the 
discrimination of white wines produced in different regions of Spain; identifi cation 
of these compounds was carried out by using an IT detector, and data were treated 
by multivariate analysis (cluster analysis, principal component analysis, k-nearest 
neighbors) ( García-Jares  et al ., 1995 ). Other works have focused on the distinction 
of grape varieties: SPME-GC-FID was used to study the minor and major volatile 
compounds of 16 wines from 4 different varieties ( Pozo-Bayón  et al ., 2001 ). The use 
of stepwise discriminant analysis allowed 100% correct classifi cation of these wines 
using four variables: 1-propanol, ethyl octanoate,  cis -3-hexen-1-ol and octanoic acid. 
Different substances have been proposed as markers of the contact of wine with oak, 
the oak lactones being the most important ( Singleton, 1995 ). 

 The proportions of  myo - and  scyllo -inositol have been proposed, in a multi-
parametrical approach along with isotopic methods, for the control of adulteration 
with sugar of concentrated rectifi ed musts ( Monetti  et al ., 1996 ). 

 GC-MS methods have been developed to detect the addition of industrial glycerol 
to wines ( Lampe  et al ., 1997 ). 3-Methoxy-1,2-propandiol and cyclic diglycerols are 
present in synthetic glycerol, but not in grapes or authentic wines. Therefore, their 



presence can be considered as an indication of such adulteration. Modifi cations of 
the method (extraction of compounds with chloroform, silylation before analysis 
or use of a silicone oil stationary phase) have been carried out by  Otteneder  et al . 
(1999)  and  Bononi  et al . (2001)  to improve the separation of the compounds and 
reduce the detection limits. 

 It is also necessary to mention some works published regarding vinegar authen-
ticity. The most common adulteration of this product is the addition of alcohols of 
different origins to the base wine used to produce wine vinegars, thus reducing man-
ufacturing costs ( Saiz-Abajo et al ., 2005 ).  Antonelli  et al . (1997)  have suggested the 
analysis of polyalcohols to differentiate between different kinds of vinegars. Apple 
vinegar was easily distinguishable from wine vinegars due to the high content of 
sorbitol, whereas alcohol vinegars showed a very low content of polyalcohols.  

  Other alcoholic beverages 
 GC and GC-MS have been used to determine the authenticity of alcoholic beverages 
such as vodka, gin, cognac and whiskey ( Savchuk  et al ., 2001 ). Acetone, 2-butanol, 
crotonaldehyde and other impurities typical of synthetic alcohols have been chosen 
as markers for the authenticity of vodkas, whereas fatty acids, glycols or other typi-
cal low-volatility components of juniper-berry extracts can be used to differentiate 
cheap gins (prepared by infusing plant raw material) from higher-priced (distilled 
gins). Different methods based on the analysis of volatile compounds of cognacs 
and brandies on polar, medium and low-polarity stationary phases have been devel-
oped to determine aging of cognac spirits, replacement of cognac spirits by alco-
hol produced from non-grape materials or the contact of cognac spirit with oakwood 
( Savchuk  et al ., 2001 ).  Bauer-Christoph  et al . (2003)  also proposed a GC method to 
asses the authenticity of tequilas by means of determining methanol and 2-/3-methyl-
1-butanol concentrations. It was possible to differentiate between tequila derived 
from 100% agave and tequila produced from other sugar sources (mixed tequilas). 

  Conclusions 

 GC is an affordable technique which provides great versatility and really high resolu-
tion for the analysis of adulterants in food. Complex mixtures of volatile compounds 
can be directly analyzed by GC, but there is also a number of interesting derivatives 
for the study of non-volatile polar molecules. When coupled to spectroscopic tech-
niques, especially to mass spectrometry, it affords additional structural information 
for compound identifi cation. 

 It is at present the most widely used technique for authentication of oils and fats, 
by means of the analysis of fatty acids and triglycerides, as well as sterols and other 
minor components. 

 GC analysis of volatile compounds can be carried out in different ways, and the 
results are dependent on the used fractionation technique. GC has proved to be use-
ful for authentication of cheeses, wines, honeys, fl avors, species, coffee, etc. 
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 The presence of inexpensive sweeteners in products such as honeys and juices can 
be detected by GC analysis of carbohydrates. Although in many aspects LC gives 
equivalent results, there are GC methods capable of better detecting minor compo-
nents which can be relevant for authentication. 
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  Introduction 

 High-performance liquid chromatography (HPLC) is a separation method that can be 
applied to analyze compounds of different properties, from the low up to very high 
molecular mass substances. Highly volatile compounds do not fi t the HPLC method. 
Recently, HPLC techniques have been coupled with spectrometric or spectroscopic 
techniques, such as mass spectrometry (MS), nuclear magnetic resonance (NMR) 
spectroscopy and Fourier transform Raman (FTR) spectroscopy, in order to analyze 
complex mixtures of compounds through separation, identifi cation and quantifi cation 
in a single step and in one place. HPLC has several major advantages, and is there-
fore a widely used technique for research, and is applied in many different fi elds 
including pharmaceuticals, food, cosmetics, energy industries and environmental 
conservation. 

 The application of huge numbers of HPLC methods proves their essential role in 
authenticity tests for the food industry, where effi cient, reliable and sensitive analytical 

 11 
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methods are needed. Most recently, the rapid development of HPLC technology has 
resulted in the detection and discovery of minor and specifi c compounds or groups 
thereof. The knowledge of these kinds of components provides the basis for detect-
ing adulteration and fraud for profi t, and preventing evasion of the laws passed in the 
interest of food authenticity.  Authenticity  of a food means that it contains solely the 
materials that are labeled on the packaging. Authentic food is natural, pure, undiluted, 
and does not contain undeclared ingredients. The rule and regulations presented help 
to assure the quality of food products. 

 The history of chromatography dates back to the early nineteenth century. Prior 
to the 1970s, open-column chromatography was used commercially in laboratories. 
The term  HPLC  originated because of the high-pressure technique used for reducing 
analysis time. After numerous development steps, instruments became able to func-
tion at pressures of up to 6000       psi (400 bar). With improvement of the columns and 
detectors, essential development was achieved in performance, so the technique was 
renamed high-performance liquid chromatography  (HPLC) in the mid- to late 1970s. 
During this period, new methods, including reverse phase liquid chromatography, 
allowed for improved separation between very similar compounds. By the 1980s, 
computers and automation added convenience to HPLC analysis. At the beginning 
of the twenty-fi rst century, a new level in performance was achieved by further 
improvement in the column technology leading to the use of adsorbent of smaller 
particle size (1.7        � m), and development of instrumentation that allow the application 
of high pressure up to 1000 bar for delivering the solvent. Resolution, speed and sen-
sitivity increased. This new technology is called  ultra-performance liquid chroma-
tography  ( UPLC ) ( de Villiers  et al ., 2006 ;  Cooper  et al ., 2007 ).  

  Principle of liquid chromatography 

  Theory of separation in liquid chromatography ( Macrae, 1982 ; 
 Snyder and Kirkland, 1974 ;  Newton, 1982 ;  Schoenmakers, 
1986; Pool and Poole, 1991 ) 

 Liquid chromatography is a separation method that uses a column fi lled with solid sup-
port (adsorbent) and a liquid moving through the support bed. The compounds move 
from the top of the column with the mobile phase, through the adsorbent, during which 
time the individual compounds separate. The solid support, over which the mobile 
phase continuously fl ows, is called the stationary phase. Migration of compounds with 
different speed through the stationary phase is due to the difference in their distribution 
between the mobile and the stationary phase. The retention of a compound is deter-
mined by the magnitude of its partition coeffi cient between the two phases, i.e. the 
retention depends on the level of interaction of the compound with the stationary phase. 

 Information obtained from a chromatographic process is revealed by a chroma-
togram, which is a record of the concentration profi le of the sample compounds. The 
chromatogram ( Figure 11.1   ) is series of patterns (normal Gaussian peak) of compounds 
generated by a detector, which senses the change in concentration of the individual 
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compound at the end of the column as a function of the time (or volume of the mobile 
phase). The chromatogram provides complex information about a sample, such as the 
number of separated compounds, and the quantity (peak height or peak area) and iden-
tity (retention parameters) of individual compounds. 

 The length of time required for a compound to pass through a chromatographic 
column is called the retention time  (t R ). Moving through the column, different mole-
cules spend different lengths of time in the stationary phase, but the same amount of 
time in the mobile phase. This latter time is called the  column dead time  or  hold-up
time  ( t  0 ). The time the molecules spend in the stationary phase is called the corrected 
retention time ( tR� ), which is calculated as the difference between the retention time 
and the dead time: 

t t tR R� � � 0 (11.1)    

 As liquids can be considered to be incompressible, in liquid chromatography the 
retention is usually measured in units of time for convenience. 

 The ratio of corrected retention time to dead time is the capacity factor of the 
compound, which characterizes the separation. The capacity factor (k) is calculated 
as follows: 

k t /t (t t ) /tR R� � � �0 0 0 (11.2)

 The relative retention of two neighboring components is described by: 

� � � � �t /t k /kR peak1 R peak2 peak1 peak2( ) ( ) ( ) ( ) (11.3)

   where  �  is the  separation factor . The separation factor is also known as the  relative 
retention  or  selectivity .
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W1/2
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Figure 11.1    Chromatographic peaks and their attributes.  t 0 , hold-up time or column dead time;  t 1–3 , 
retention time;  h 1–3  peak height,  w  peak width,  w 1/2 , peak width measured at half peak height,  w 4,4%  peak 
width measured at 4.4% peak height ( h 4.4% ).
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 As the molecules migrate through the column, the zone of compounds broadens 
continually during their passage. The extent of zone broadening determines the chro-
matographic effi ciency, which can be expressed by the theoretical plate number ( N ) 
or by the height equivalent to the theoretical plate ( H  or  HETP ). The theoretical plate 
is proportional to the length of column (L): 

N L/H� (11.4)

 A smaller value of  H  indicates a more effi cient column with a higher  N  value. 
Column effi ciency  refers to the performance of the stationary phase, providing infor-
mation about its kinetic performance and how well the column is packed. 

 The mathematical description of chromatographic column effi ciency is obtained 
from the van Deemter equation: 

H A B/u Cu� � � (11.5)

   where u is the linear velocity of the mobile phase. A is the term for eddy diffusion, 
representing several pathways for a component to fi nd its way through the column. 
The mobile phase velocity also affects the eddy diffusion. A higher fl ow rate results 
in a greater zone-broadening effect.  B  is the term for longitudinal diffusion, describ-
ing a band-broadening process that is inversely related to the mobile phase velocity. 
In HPLC this term is negligible, since diffusion coeffi cients of liquids are very small 
compared with those of gases (as in gas chromatography).  C  is the coeffi cient of the 
mass transfer. In order to obtain a small value of  H  and allow effi cient separation to 
be achieved, support of small particles, eluent of low viscosity, a longer column and 
a higher temperature should be used. 

 The theoretical plate number can be measured by several methods, applying the 
following formula: 

N a (t /w)r� 2 (11.6)

   where  a  is a constant depending on the height of the peak (where it is measured),  tr  is 
the relative retention time of peak and  w  is the peak width ( Figure 11.1 ). The value 
of  a  depends on the calculation method; it can be 5.57, 25, 16 when the peak width is 
measured at half peak height ( w1/2 ), at 4.4% peak height, and at the baseline respec-
tively. The peak width ( w ) is the distance between the intersection of baseline and 
tangent line to both sides of peak. 

 Many chromatographic peaks do not show the pattern of normal Gaussian distri-
bution. The theoretical plate is not affected by chromatographic anomalies ( Figure 
11.2   ) such as peak  “ tailing ”  and  “ fronting ” . 

 The formula for the asymmetry of a peak, i.e. the  asymmetry factor , can be calcu-
lated from the shape of the peak: 

As b/a�  (11.7)

   where  a  is the distance between the peak maximum and peak front measured at 10% 
of the peak height, and  b  is the distance between the peak maximum and peak tail 
measured at 10% of the peak height. 
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 The degree of separation of two peaks is characterized by the relative separation, 
namely  resolution . The resolution of two peaks can be calculated from adjustable 
chromatographic variables such as the selectivity, effi ciency and capacity factor of 
separated compounds by the following formula: 

Rs / 1 / k /1 k� � � � �N1 2 4/ ( )� � (11.8)

   where  k�  is the average of the capacity factor of the two peaks of interest. If  Rs  is 
1.25, the separation of two peaks is considered satisfactory.    

  Instrumentation ( Fekete, 2000 ; Newton, 1982 ; Pool and Poole, 
1991; Simpson, 1982 ; Snyder and Kirkland, 1974 )

  Figure 11.3    shows a schematic diagram of a HPLC instrument. It consists of a deliv-
ery system, columns, detectors, and an operation and control system. 

  Delivery system 
 The delivery system in liquid chromatography consists of a high-pressure pump, 
check valves, fl ow controllers, a mixing chamber, a pulse dampener and pressure 
transducers. The system should be able to deliver the solvents from the reservoirs 
through the whole chromatograph at high pressure (up to 500 bar) at a broad range 
of fl ow rate (0.1–10       ml min �     1 ), with minimal fl ow fl uctuation, ensuring reproducibil-
ity of retention time and baseline stability of detectors. By blending the solvents in 

Peak tailing Peak fronting

Active sites within the column
wrong sample solvent
void volume at inlet

wrong column
wrong pH

a b ba

b

As � 1

As � 1
As � 1

W10%

h10%

a

Figure 11.2    Anomalies of chromatographic peaks. As, asymmetry factor; w10%, peak width measured at 
10% peak height (h 10% ).
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the mixing chamber, the high-pressure pump insures the constant composition of the 
eluent during isocratic separation, while increasing eluent strength with time should 
be achieved during gradient elution. Sophisticated instruments are equipped with a 
solvent degasser by applying a helium purge or vacuum. 

 Some factors affecting the performance of the delivery system can be controlled 
by preparation of the eluent. Degassing of eluent is used to prevent gas-bubble for-
mation in the mobile phase. Bubbles, formed mainly from oxygen, can cause deg-
radation of samples and phases, and furthermore affect the sensitivity and baseline 
stability of detectors. Degassing can be carried out by applying a vacuum, ultrasonic 
treatment or a purge with helium. Refl uxing solvent was found to be the most effi -
cient method for reducing oxygen concentration. Solid particles in eluent can cause 
disorders during separation, thus affecting the pressure and effi ciency of solvent 
delivery and leading to the fl uctuation of the fl ow rate. Therefore, fi ltration of solid 
particles from the solvents or sample solution is an important step before analysis.  

  Column 
 The column is an open stainless-steel capillary tube fi lled with the solid support. The 
column is the heart of the chromatograph; however, high effi ciency in separation and 
quantifi cation can be achieved only if the column is placed in a well-designed chro-
matographic instrument. The diameter of a column in analytical separation is about 
2–5       mm; its length is about 10–30       cm. Application of a pre-column is essential for 
saturation of the moving phase with the stationary phase before reaching the column, 
thereby increasing the life of the column. Pre-columns need to be replaced quite fre-
quently. Injection of samples into the column can be carried out manually or by an 
autoinjection procedure. Keeping the column at constant temperature, using a ther-
mostat, is important in liquid–liquid or ion exchange chromatography. 

 Packing materials in the columns in HPLC can be grouped based on different char-
acteristics – rigid solids, fi rm or soft gels, ball- or irregularly-shaped particles, porous 
internally or porous on the surface. The attributes of packing materials in the column 

SR, solvent reservoir; HPP, high-pressure pump; I, injector;
C, column; D, detector; OCS, operation and control system;

DP, data processing.

SR

HPP I C D DP

OCS

Figure 11.3     Block diagram of HPLC instrument.    



vary depending on the chromatographic method. The chromatographic techniques can 
be divided into classes based on the type and quality of the stationary and mobile 
phases. The various liquid chromatographic methods are summarized in  Table 11.1   . 

Silica gel  is the most frequently used adsorbent in liquid chromatography, as it 
has several attributes that are signifi cant in high-performance liquid chromatography. 
The mechanical stability is a crucial criterion for particles packed in the column. 
During separation under high pressure, the particles must not be allowed to fragment 
because this will decrease the kinetic effi ciency of the column. Silica gel is a porous 
material; the size (6–20       nm) of the pores determines the area per unit of the particles 
(50–500       m 2  g �     1 ). The average particle size used in HPLC is 3–10        � m. The silanol 
groups have acidic pH. The number and the activity of silanol groups on the surface 
of silica gel particles affect the polarity of the silica gel ( Figure 11.4   ). 

 Almost all chemically bonded and polymer-encapsulated packaging material in use 
today is prepared from a macroporous silica substrate. Polymer-encapsulated phases 
are prepared by coating the silica surface with an immobilized thin layer of poly-
mer. The bonded phases are prepared by the reaction of free silanol groups on the 
surface with reactive organosilane. The disadvantage of silica-based bonded phases 
is the limited range of pH 2–8 in their application. At low pH, hydrolysis of alkyl 
syloxane exists, while at high pH, the solubility of silica gel limits its use. Several 
factors (activity of organosilane, solvent, catalytic reaction time, temperature, etc.) 
infl uence the quality of the bonded phases.  Table 11.2    shows the structure of some 
siloxane-bonded phases applied in HPLC. 

Table 11.1    Classifi cation of high-performance liquid chromatographic methods  

 Stationary phase  Mobile phase  Name of chromatographic method 

 Polar  Apolar   Normal phase HPLC:  the stationary phase is more polar in 
relation to mobile phase 

 Apolar  Polar   Reversed phase HPLC : the stationary phase is more apolar 
in relation to mobile phase 

 Apolar  Polar   Reversed phase ion-pair HPLC : mobile phase consists of 
hydrophobic ions (1–100       mmol l �     1 ), which have opposite 
charge to compounds of interest for ion-pair formation 

 Charged groups on the surface  Buffer   Ion exchange chromatography:  ionic and/or easily ionized 
compounds are separated on immobilized charged 
groups on stationary phase 

 High-diameter porous particles  Water or organic solvent   Size-exclusion chromatography:  separation can be reached for 
polymers by differences in molecular size on non-sorptive 
stationary phase of controlled pore size (if organic 
gels are used for protein separation this is named gel 
fi ltration) 

 Enantiomeric compound is 
immobilized on the surface 

 Water or organic solvent   Chiral HPLC  is based on various stereochemical 
interactions between enantiomeric compounds and the 
stationary phase 

 Low hydrophobic attributes  High salt content of eluent, 
decreasing the salt content during 
separation 

Hydrophobic interaction chromatography  uses hydrophobic 
properties of proteins. 
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Figure 11.4     Silanol groups of different activity on the surface of silica gel.    

Table 11.2     Structure and utilization of siloxan bonded phases  

 Phases  Application  Structure 

 C1
C2
C3
C4
C6
C8

 Reversed phase materials with less retention 
than C18, useful for ion-pair chromatography, 
hydrophobic interaction chromatography, 
separation for proteins and peptides   

 –Si–CH 3
–Si–C2 H 5
–Si–C3 H 7
–Si–C4 H 9
–Si–C6 H 13

–Si–C8 H 17

C18 Classic reversed phase material for separation 
of huge number of compounds from small 
molecular weight up to proteins

–Si–C18 H 37

 C30  Reversed phase material, useful for separation 
of carotenoids 

   –Si–C 30 H 61

 Phenyl  Reversed phase material, useful for separation 
of aromatic compounds, useful for separation 
of proteins and peptides 

 –Si–C 3 H 6

 CN  Both reversed phase and normal phase 
material, weak anion-exchanger 

 –Si–C 3 H 6 –CN 

 NH2  Both reversed phase and normal phase 
material, weak anion-exchanger 

 –Si–C 3 H 6 –NH 2

 NO2  Normal phase material, useful for separation 
of aromatic and compounds containing 
double bonds 

 –Si–NO 2

 OH  Both reversed phase and normal phase 
material, useful for separation of proteins, 
peptides (gel fi ltration chromatography) 

 –Si–C 3 H 6 –O – CH2  – CH
|

–CH
|

 OH OH

 SAX  Strong anion-exchange material for separation 
of bases (nucleotides, nucleosides) or organic 
acids

 –Si–C 3 H 6 –N � –(CH 3 ) 3

 SCX  Strong cation-exchange material for 
separation of organic acids 

 –Si–C 3 H 6 –SO 2 –OH 

 WCX  Weak cation-exchange material for separation 
of organic acids, useful for basic proteins and 
peptides

 –Si–CH 2 –COOH 

 WAX  Weak anion-exchange material for acidic 
proteins and peptides 

 –Si–C 3 H 6 –N–(CH 2 CH 3 ) 2

��
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  Detectors
 Another essential element of a high-performance liquid chromatographic instrument 
is the detector, which generates a record of the presence and the amount of compo-
nents after elution from the column. There are several criteria for an effi cient detec-
tor, such as sensitivity to a low concentration of analyte, a small detector volume to 
avoid additional band broadening, and a fast response to changes in sample concen-
tration. The performance of detectors is characterized by the detector cell volume, 
the dynamic and linear range of the detector ( Figure 11.5   ), a low limit of detection, 
limited detector noise and a constant time. 

 Depending on the physical and chemical characteristics of the components, suit-
able detectors can be chosen for use in HPLC. A sensitive universal detector, which 
can be used to detect almost all compounds, does not exist in liquid chromatography. 
However,  Table 11.3    lists the most commonly used detectors in HPLC. Normally, the 
nature of the analytes determines the type of a detector to be applied in a study. 

 Nowadays, HPLC systems coupled with mass spectrometer (MS) or MS/MS are 
available at several laboratories. An interface is needed for vaporizing the molecules 
from the liquid phase in the abovementioned detectors, which are useful tools for 
identifying compounds by generating their spectra. 

  Sample preparation ( Imai and Toyo’oka, 1988 ;
 Pool and Poole, 1991 )

 Before the separation of studied components, samples need to be prepared so they 
are in a suitable form for separation and detection. Sometimes, simple dilution and/
or fi ltration is suffi cient. Many methods using different physical properties can be 
applied to isolate compounds of interest. One of the most frequent used techniques 
for isolation of non-volatile components is  extraction . Depending on the phase of 
sample matrix containing the compounds of interest, liquid–liquid or solid–liquid 
extraction can be used. 
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Figure 11.5    Dynamic and linear range of detectors.    



 To fractionate a sample after solvent extraction, liquid chromatography or solid-
phase extraction can be utilized. In the latter technique, small cartridges fi lled with 
sorbents of small particle size are used by applying proper solvents for matrix sim-
plifi cation or for isolation of component(s) of interest. A large number of adsorbents 
can be found in the market, such as silica-based bonded-phase sorbents or macro-
reticular porous polymers, polyurethane foam adsorbents or ion-exchange resins. The 
advantages of solid-phase extraction are the opportunity for enrichment of a highly 
diluted analyte, and its time-saving automatization. 

 Derivatization of compounds is necessary in HPLC primarily to improve the 
response of detectors. Derivatization can be carried out before (pre-column) or after 
(post-column) separation. 

 Reagents used for UV-visible detection should contain a chromophore group with 
a large molar absorption coeffi cient. The reagents should be small and non-polar in 
order not to change the separation characteristics of the molecules of interest. The 
chromophore group in the chemical structure of the reagent molecule is primarily a 
derivative of a benzene ring. Reagents applied in fl uorescent detection should have 
a signifi cant fl uorescent response. Fluorescent derivatives are primarily used in the 
determination of amines and amino acids, and in labeling proteins and enzymes or 
peptides. Some fl uorescent compounds are also used for derivatization of acids and 
alcohols. Reagents used for electrochemical detection can be found among those 

Table 11.3     Detectors used in high-performance liquid chromatography  

Detectors  Detection limit 

Refractive index  ( RI )  detector  – uses the ability of compounds to bend or refract light   � 10–100       ng 

Light-scattering  ( LS )  detector  or  evaporative light-scattering  ( ELS )  detector  – measures the 
 scattered light by particles in a solution or after nebulizing in a heated tube before 
 detection cell 

Ultra violet (UV)-visible detector  – uses the ability of compounds to absorb light
Fixed wavelength detector – measures at one wavelength, usually 254       nm
Variable wavelength detector – measures at one wavelength at a time, using broad 
 range of wavelengths
Photo diode array detector (PDA) – creates UV and/or visible spectrum in optional 
 ranges of wavelengths simultaneously, suitable for identifi cation of some compounds 
 (primarily for carotenoids) 

� 0.1       ng 

Electrochemical detector  – measures compounds which undergo oxidation or reduction 
 reactions passing through between electrodes of different electrical potential 

� 0.01–0.001       ng 

Conductivity detector  – measures the conductivity of compounds in a solution   � 1–10       ng 

Fluorescent detector  – measures compounds, which absorb light then re-emit at given 
 wavelengths 

�0.01–0.001       ng 

Mass spectrometry  (MS) detector  – measures ionized compounds, passing through a mass 
 analyzer and detects the ion current; creates MS spectrum of the analyzed 
 compounds; it is one of the most proper methods for identifi cation of compounds
Methods for ionization: electron impact (EI) – uses electron current or beam created 
 under high electric potential
Chemical ionization (CI) – uses ionized gas to remove electrons from the compounds, 
 less aggressive method
Fast atom bombardment (FAB) – uses Xenon atoms accelerated at high speed 

�0.1–0.001       ng 
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used in UV-visible and fl uorescent detection. Oxidative reagents are favored over 
reductive ones because of diffi culties in excluding oxygen from both the samples and 
the mobile phase. 

  Quantitative analysis ( Macrae, 1982 ; Snyder and 
Kirkland, 1974 )

 One of the more essential purposes of chromatographic methods is to determine the 
quantity of components in a sample solution. Quantitative analysis is based on the 
determination of the magnitude of the detector signal for the component of interest. 
The signal should change linearly with the quantity of compounds, and the signal can 
be measured as the height or area of a chromatographic peak. Most HPLC instruments 
purchased in the market include integrators or computers that can perform acquisition 
and management. 

 Precision of quantitative analysis in HPLC is affected by several factors, such as 
the accuracy of injection, and the processes of separation and detection. Furthermore, 
errors may also originate from methods of sample preparation and calibration. 
Detectors generate signals for various compounds with different sensitivity, and 
therefore calibration curves should be drawn for each peak of interest separately. In 
this case, quantitation is based on a comparison of the peak area/height of the sam-
ple with the calibration curve of a standard of the analyte concerned. Use of inter-
nal standards is especially important for quantitation of low concentration analytes, 
and/or if a wide range of concentrations of compounds is expected in the sample. 
The errors due to sample preparation (extraction, derivatization) or injection can be 
decreased by applying an inner standard. To achieve valuable results using the inner 
standard method, completely separated peaks are needed. The primary requirement 
for an inner standard is that the peak be completely separated from the other peaks of 
interest. Secondly, the inner standard should fall in a blank area of the chromatogram 
of the sample, and should be as near as possible to the compounds analyzed. 

 The validation of an analytical method is an assurance of precise analysis. It means 
that a validated method is accurate, specifi c, reproducible and rugged over the speci-
fi ed range where the sample will be analyzed.   

  Applications 

  Authenticity of fruit juices 

 Authentication of processed fruit juices is commonly used now in Europe in order to 
detect adulteration, as required by the Code of Practice for Fruit and Vegetable Juices 
(Association of the Industry of Juice and Nectars from Fruits and Vegetables of 
European Union (AIJN), 2003). It represents a collection of minimum and maximum 
values and/or ranges specifying criteria for authenticity in multicomponent analysis. 

 Within Europe, the AIJN and several self-control systems form the European 
Quality Control System (EQCS) for the fruit-juice industry. The principal goals of 
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the control system are to ensure fair and free competition in the juice industry; to 
harmonize the work with constant interpretation of analytical results, and to improve 
the system for warning of falsifi cation. 

 However, in spite of all the rules and current regulations, the possibility of adul-
teration cannot be removed from the food industry. Dilution with water, which is the 
simplest method of fruit-juices adulteration, has been used for many years. Owing 
to increasing information regarding the chemical composition of fruits, more refi ned 
methods are now used for adulteration. Supplementation with cheaper juices or with 
pulp wash and peel extract is a sophisticated practice ( Petrus and Attaway, 1980 ; 
 Petrus  et al ., 1984 ). One of the differences in adulteration of various juices is in the 
juice material used for fraud. Because of the lesser cost of apple concentrate, it may 
be used as an adulterant; in other situations, apple-juice products may fall prey to 
adulteration with a cheaper juice ( Andrade  et al ., 1998 ). 

 The fi ght against fraud requires accurate and extensive knowledge regarding the 
minor and specifi c chemical composition of fruits or fruit juice. Therefore, one of 
the targets of research is to study individual minor components or groups of compo-
nents specifi c to the variety and/or species of raw material. One of the best analytical 
tools for this purpose is high-performance liquid chromatography. To date, numerous 
compounds have been investigated for their suitability in assessing the authenticity 
of juices. 

 Organic acids (especially isocitric acid), sugar components and free amino 
acids have been investigated by several workers ( Elkins  et al , 1988 ;  Wallrauch and 
Faethe, 1988 ;  White and Cancalon, 1992 ). The potential of fl avonoids and carote-
noids compounds for the detection of fraud in juices has been particularly studied. 
Chemometric methods in the evaluation of the composition of these specifi c com-
pounds can provide an effective tool for determination of authenticity of fruit prod-
ucts with differentiation of samples according to species, geographical origin, etc. 

  Detection of sugars 
 One method of adulteration in the juice industry is the addition of beet medium- and 
high-invert sugar or high-fructose corn syrup. The use of these natural substances for 
fraud means sophisticated methods of detection are required. Application of the sta-
ble carbon isotope ratio is now the most accepted and effective method for the detec-
tion of such adulteration with natural syrups. However, several applications of HPLC 
are used to identify sugar supplements in fruit juices. 

 The major carbohydrates present in juices are glucose, fructose and sucrose. Some 
fruits, such as apple, pear, quince, cherry, sour cherry, apricot and prune, contain car-
bohydrate alcohol, namely sorbitol. Several columns are available for HPLC analysis 
of reducing sugar compounds. A carbohydrate analysis column ( Hong and Wrolstad, 
1986 ) or ion-exchange column cross-linked with calcium allows complete analysis 
of the reducing sugars mentioned above ( Mattick, 1988 ). Investigation of the ratio 
of reducing sugar does not always provide accurate results, as reducing sugar ratios 
can change in fruit species depending on their variety, maturity, growing condition, 
geographic origin, etc. 
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 Determination of the ratio of sugar components or the proportion of sugar and 
sorbitol may lead to success in determining supplementation with sweeteners 
( Sharkasi  et al ., 1982 ;  Pilando and Wrolstad, 1992  ;   Thavarajah and Low, 2006 ). 
Determination of sorbitol in juice products which naturally do not contain sorbitol 
indicates the addition of other fruits. For example, in blackcurrant juice, the addi-
tion of 10% sour cherry juice can be detected on the basis of the sorbitol level 
( Hofsommer and Koswig, 2005 ). Measured deviations in the sorbitol/sucrose and 
sorbitol/total sugar ratios can be used to detect the addition of pear juice to apple 
juice ( Sharkasi et al ., 1982 ). Adulteration of blackberry juice concentrates and wines 
with the juice of sorbitol-containing fruits can be also detected by the determination 
of carbohydrate and sorbitol contents ( Wrolstad et al ., 1982 ). 

 The other approach to this problem is the investigation and determination of oli-
gosaccharides in fruit juices by HPLC. This seems to be an effective method for indi-
cating adulteration with undeclared sweeteners. Orange juice is an example of a juice 
that is rich in sucrose, and therefore orange juices are susceptible to the addition of 
medium-invert syrups, including sucrose. Investigation of the oligosaccharide pat-
terns of adulterated orange juice can lead to identifi cation of fraud ( Brause, 1992 ).

 Trace oligosaccharides, which are present in much higher concentrations in beet 
invert sugar than in juices, can be analyzed on anion-exchange column fi lled with 
a quaternary amine type resin, as shown by several workers ( Hughes and Johnson, 
1982 ;  Rocklin and Phol, 1983 ;  Low and Swallow, 1991 ;  Swallow  et al ., 1991 ;  White 
and Cancalon, 1992 ; Low and Wudrich, 1993 ;  Wudrich  et al ., 1993 ;  Hammond, 
2001 ). Carbohydrates absorb weakly in UV and visible light. However, the sensitivity 
of the refractive index detector is normally too low to detect minor compounds such 
as oligosaccharides. Conversely, a pulsed amperometric detector coupled with liq-
uid chromatography provides one of the best methods for detection of carbohydrates 
added to juices for the purpose of adulteration. Some HPLC methods for sugar analy-
sis with sample preparation are summarized in  Table 11.4   . 

 As indicated in  Table 11.4 , the oligosaccharide profi le is useful in screening cit-
rus and pineapple juices for potential adulteration. The methods described in  Table 
11.4  provide a good estimation of beet-sugar addition to citrus juices. A limitation 
of these methods is that endogenous saccharides can interfere with those of low beet 
medium-invert sugar ( White and Cancalon, 1992 ). The high sensitivity of the pulsed 
amperometric detector can be also used to detect the addition of enzyme-treated pulp 
washes to juice. The oligogalacturonide fragment produced from the degradation of 
pectin during enzyme treatment can be detected even when a low level of pulpwash 
(10%) is added to a juice ( Hammond, 2001 ).

  Detection of acids 
 Depending on the fruit species, the main organic acids in fruits are tartaric acid 
(grapes), citric acid (citrus fruits, apricot) and malic acid (apple, pear, quince, 
grapes, apricot). For oranges, depending on the variety, degree of maturity, climatic 
conditions, origin, etc., citric acid levels can vary between 7.6 and 11.5       g l �     1 . In some 
cases, the maximum values of citric acid may be considerably exceeded ( Elkins et al ., 



Table 11.4     High-performance liquid chromatographic methods for separation of mono-, di- and oligosaccharides  

Sugars  Sample preparation *   Condition of HPLC separation  Detection  Refs 

 Raffi nose  Orange: no sample preparation  Column: Supelcosil LC18, isocratic elution, mobile phase: 
0.2       mol l �     1  phosphate puffer (pH 6.3) 

 H 2 O 2  sensitive electrochemical detector, 
coupling with enzyme-reactor where H 2 O 2
produced from raffi nose by galactosidase 

 1 

 Reducing sugars  Grapefruit: no sample preparation  CarboPac PA1 (Dionex) anion-exchange column, isocratic 
elution, mobile phase: 0.14       mol l �     1  NaOH, ambient 
temperature 

 Pulsed amperometric detector  2 

   Apple, pear: no sample preparation   a Du Pont Zorbax amine column with amine guard column, 
isocratic elution, mobile phase: acetonitrile/water (76/24),
b Capcell-Pak-NH2 column, isocratic elution, mobile phase: 
acetonitrile/water (80/20),
c CarboPac PA1 column, isocratic elution, mobile phase: 
60       mmol l �     1  NaOH 

 Refractive index detector  2 a ,3 b ,4 c

   Apple passing through activated C18 
Sep-Pak cartridge 

 Aminex HPX-87C monosaccharide analysis column with 
Carbo-C micro-guard column, isocratic elution, mobile 
phase: 200       mg L �     1  Ca(NO 3 ) 2

 UV-visible detector  5 

   Blackberry and plum: using cation- 
and anion-exchange columns after 
extraction with alcohol 

 Aminex HPX-87 cation-exchange column in Ca form, isocratic
elution, mobile phase: deionized water, column temperature: 
86.9°C

 Refractive index detector  6 

 Oligosaccharides  Grapefruit 4 , orange 7,8 : using cation and 
anion-exchange resin and additionally 
C18 Sep-Pak cartridge 

 Two CarboPac PA1 anion-exchange columns with guard 7,4 , 
CarboPac PA1 connected in series 8 , gradient elution, mobile 
phase: A: 100       mmol l �     1  NaOH, B: 100       mmol l �     1  NaOH 
containing 100 or 200       mmol NaOAc, C: 300       mmol l �     1

NaOH4,7,8 , post-column reagent: 300       mmol l �     1  NaOH, 
delivery system is used to minimize baseline drift 4,7 , 
introducing a switching valve to divert simple sugars to waste8

 Pulsed amperometric detector  4, 7, 8 

   Orange: juice is mixed with Celite resin, 
centrifugation, supernatant is eluted 
through a C18 SPE cartridge, eluent 
is passed through cation- and anion-
exchange cartridges connected in series 

 Two CarboPac PA1 anion-exchange columns with guard 
CarboPac PA1 connected in series (switching valve was 
incorporated between the two analytical columns), isocratic 
elution mobile phase: 300       mmol l �     1  NaOH, temperature: 
30°C

 Pulsed amperometric detector  9 

   Citrus juices: passing through On-guard 
H cartridge 

 CarboPac PA-100 column with guard column, gradient elution,
mobile phase: A: 2       mmol sodium acetate in 100       mmol l �     1

NaOH, B: 400       mmol sodium acetate in 100       mmol l �     1  NaOH 

 Pulsed amperometric detector  10 

 Oligo-galact-
uronides 

 Citrus juices: passing through On-guard 
H cartridge 

 CarboPac PA-100 column with guard column, gradient 
elution, mobile phase: A: 2       mmol sodium acetate in 
100       mmol l �     1  NaOH, B: 800       mmol sodium acetate in 
100       mmol l �     1  NaOH 

 Pulsed amperometric detector  10 

  *  Each sample preparation method contains fi ltration before HPLC analysis.  
  1,  Mögle  et al ., 1993 ; 2,  Richard and Widmer, 1990 ; 3,  Thavarajah and Low, 2006 ; 4,  Low and Wudrich, 1993 ; 5,  Pilando and Wrolstad, 1992 ; 6,  Wrolstad  et al ., 1982 ; 7,  Swallow 
et al ., 1991 ; 8,  White and Cancalon, 1992 ; 9,  Iuliano, 1996 ; 10,  Hammond, 2001 .  
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1988 ; AIJN, 2003). D-isocitric acid can be found in small concentrations in most 
fruit juices, such as orange (65–200       mg l �     1 ), grapefruit (140–350       mg l �     1 ), lemon 
(230–500       mg l �     1 ), pineapple (80–250       mg l �     1 ), apricot (75–200       mg l �     1 ), tomato (65–
150       mg l �     1 ), blackcurrant (160–150       mg l �     1 ) and peach (30–160       mg l �     1 ) (AIJN, 2003). 
Since D-isocitric acid is not used as an adulterant because of its high production cost, 
these compounds could be applied to estimate the fruit content of juice products. The 
ratios of citric acid and isocitric acid characterize the fruit species listed above, even 
though the values change with variety, origin, etc. 

 In apple, the principal organic acid is L-malic acid. Synthetically produced malic 
acid consists of the raceme D/L mixture. The much higher cost of L-malic acid com-
pared with that of the D/L mixture discourages the use of L-malic acid as adulterant. 
Therefore, the measurement of D-malic acid alone is suffi cient to detect the illegal 
addition of synthetic malic acid. A ratio of L-malic acid/total malic acid below the 
value of 0.9 indicates non-authentic apple juice ( Elkins et al ., 1988 ; AIJN, 2003). In 
a collaborative study by 14 laboratories using 10 apple-juice samples, the use of the 
ratio was recommended for testing authenticity ( Elkins and Heuser, 1994 ). In pine-
apple, the citric acid/L-malic acid ratio is close to 2, and this value can therefore be 
used as an index of authenticity of pineapple products ( Cámara et al ., 1994 ). 

 Several types of HPLC column are available for the separation of acids. The most 
often used column is ion suppression reversed phase. The mobile phase used for sep-
aration is 0.2-M phosphate buffer (pH 2.2–2.4) ( Coppola and Starr, 1986 ;  Elkins and 
Heuser, 1994 ;  Kiss and Sass-Kiss, 2005 ). The other common column types are those 
fi lled with polymer-based ion-exchange resin. The applied mobile phase for this type 
of columns is usually inorganic acids (H 2 SO 4 , H 3 PO 4 ) of 0.005       mol l �     1  concentration 
( Cámara  et al ., 1994 ). For these columns, sample preparation does not involve com-
plicated extraction procedures.  Shui and Leong (2002)  devised an HPLC method for 
the separation of acids and phenolic compounds in fruit juices in a single separation 
step (in apple samples), and indicated that the method could be used to evaluate the 
authenticity of juices. 

 However, for determination of isocitric acid ( Eckert  et al ., 1987 ;  Saccani  et al ., 
1994 ;  Kvasnička  et al ., 2002 ), several HPLC methods are described in the literature. 
Among them, the simple enzymatic method is preferred in analytical laboratories, 
since sample preparation before chromatographic analysis is highly complicated for 
other methods. 

  Detection of phenolic compounds 
 Phenolic constituents are secondary plant metabolites. They have an important role in 
the fl avor and color of plants, and are signifi cant chemical and nutritional components. 
The specifi c composition and levels of phenolic compounds can be used as an indica-
tor of fruit-juice adulteration. They can be divided into two major groups – phenolic 
acids and related compounds, and fl avonoids. Phenolic acids include derivatives of 
cinnamic acid (such as p-cumaric, caffeic, ferulic, chlorogenic, p-cumaroylquinic and 
neochlorogenic acid) and derivatives of benzoic acid (such as p-hydroxi benzoic, pro-
tocatechuic, vanillic and gallic acid). The  “ cinnamics ”  occur in nature in ester form 
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with other compounds (e.g. the ester of caffeic acid with chlorogenic acid or with 
quinic acid), while  “ bensoics ”  usually occur in the free form ( Spanos and Wrolstad, 
1992 ). Flavonoids ( Bruckner, 1964 ), which are mostly biological pigments, belong to 
the phenyl derivatives of the benzopyrane structure ( Figure 11.6   ). 

 As shown in  Figure 11.6 , the benzopyrane structure consists of two benzene rings 
joined to each other by a heterocyclic six-member ring containing one oxygen atom. 
The main fl avonoid groups differ in the heterocyclic ring. Phenolic hydroxyl groups 
may belong to the ring at the 3, 5, 6, 7, 3 � , 4 � , and 5 �  positions, which may be free, 
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methylated or bound to sugar. Flavonoids are synthesized in plants, and their com-
position varies according to the plant species. Flavanones, fl avonols and anthocya-
nidines are the fl avonoid groups that occur mostly in the glycosilated form in fruits. 
The fl avonol glycosides are found mainly in the skin of the fruits. Other fl avonoid 
groups widely occurring in fruits are the fl avan-3-ols (catechins), procyanidins (con-
densed tannins) formed by the polymerization of fl avan-3-ols or/and fl avan-3,4-diols 
( Ooghe  et al ., 1994a ;  Spanos and Wrolstad, 1992 ).

 Plant species (even cultivars) each have a characteristic fl avonoid composition, 
which is as specifi c as a fi ngerprint and is therefore suitable for chemotaxonomic 
studies. These component groups can be used in authenticity tests in spite of sev-
eral compounds not yet being identifi ed ( Ooghe  et al ., 1994a ;  Bronner and Beecher, 
1995 ;  Hofsommer and Koswig, 2005 ).

  Citrus fruits 
 Flavanone glycosides are most abundant in citrus fl avonoids. Their sugar compo-
nents are mono- or di-saccharides of ramnose and/or glucose ( Bohm, 1975 ;  Park 
et al ., 1983 ;  Peterson  et al ., 2006a ). Polymethoxylated fl avones can be found with 
specifi c distribution in citrus, mainly in the fl avedo part of the fruit ( Mouly  et al ., 
1998 ). Flavanone glycosides and polymethoxylated fl avones that have been identi-
fi ed in citrus fruits are listed in  Table 11.5   . 

 Flavanone glycosides can be determined by different analytical methods, of which 
HPLC is one of the most effective for their separation and quantitative determination. 
The original procedure was developed by  Fisher and Wheaton (1976) , who employed 
C18 reverse phase column with water and acetonitrile isocratic elution. Recently, this 
mobile phase has been modifi ed with other solvents of small volumes to allow the 
separation of fl avanone glycosides in a reasonable time.  Table 11.6    summarizes some 
chromatographic methods with sample preparation. The detection of compounds per-
formed with the HPLC method is almost always by UV detection at 260–283       nm. 

 In sweet orange, the major fl avanone glycosides are hesperidin and narirutin. 
Hesperidin can be found in the largest quantity. Since hesperidin is insoluble, it can 
be found in juices in the form of a fi ne suspension. The fl avanone glycoside pat-
terns in orange and mandarin are similar. Grapefruit contains hesperidin, narirutin, 
naringin and neohesperidin; however, the amount of hesperidin and neohesperidin 
is very small. Naringin and neohesperidin scarcely occur or cannot be detected in 
orange juice ( Rouseff, 1988a ). Differences in the composition of fl avanone glyco-
sides between orange and grapefruit provide a tool for detection of addition of 
grapefruit juice to orange juice. In another collaborative study, by 15 laboratories, it 
was established that determination of naringin and neohesperidin in orange juice by 
HPLC is a reliable method for detecting the presence of grapefruit juice in orange 
juice ( Widmer, 2000 ).

 Since there are several cultivars that contain naringin and can legally be present in 
commercial orange juice, the use of naringin alone to detect the presence of grape-
fruit juice is clearly impossible (Rouseff  et al ., 1997;  Rouseff, 1988a ). However, 
the naringin/neohesperidin ratio can be used to differentiate orange juices that may 
include added grapefruit juice or other naringin-containing citrus cultivars. Addition 
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of citrus aurantium and/or  C. bergamia  to orange ( C. sinensis ) may be detected by 
the presence of naringin and lack of presence of some other specifi c fl avonoids. 
Addition of tangerin (mandarin) or a hybrid of orange and tangerin may be estab-
lished by a strongly decreased hesperidin/narirutin ratio ( Ooghe  et al ., 1994a ). 

 The composition of polymethoxilated fl avones in citrus juices differs greatly. The 
specifi c variation of the polymethoxilated fl avone pattern provides another tool for 
differentiation of citrus juices ( Mouly  et al ., 1998 ).  Ooghe  et al . (1994b)  established 

Table 11.5     Flavonoids of some citrus species and hybrids 

 (Poly)methoxylated fl avones, 
fl avones 

 Flavanone glycoside  Citrus fruits (Refs) 

   Didymin  Clementine (7), grapefruit (2,9), lemon (9), mandarin (4), orange (2,4,7), 
ortanique (7), satsuma (7), sour orange (4), tangelo (4), tangor (2,4) 

   Eriocitrin  Grapefruit (9), lemon (9), mandarin (4), orange (4), sour orange (4), 
tangelo (4), tangor (4) 

   Hesperidin  Clementine (7), grapefruit (3,2,9), lemon (6,9), mandarin (3,4,6), orange 
(3,2,4,6,7), ortanique (7), pummelo (6), satsuma (7), tangelo (3,4), 
tangor (3,2,4) 

   Naringin  Grapefruit (1,3,2,9), lemon (6,9), mandarin (6), orange (3,4,6), pummelo 
(6), sour orange (3,4), tangelo (3,4) 

   Narirutin  Clementine (7), grapefruit (1,3,2,9), lemon (9), mandarin (4), orange 
(3,2,4,7), ortanique (7), pummelo (3), satsuma (7), sour orange (4), 
tangelo (3,4), tangor (3,2,4) 

   Neoeriocitrin  Grapefruit (9), orange (4), sour oranges (4), tangelo (4) 
   Neohesperidin  Grapefruit (2), lemon (6), mandarin (6), pummelo (6), orange (6), sour 

orange (4), tangelo (4) 
 Poncirin  Grapefruit (2,9) 

 Apigenin * -7-O glucoside    Orange (8) 
 Diosmetin-7-O rutinoside 
(diosmin)

   Lemon (6), mandarin (6), orange (6), ortanique (6), pummelo (6) 

 Heptamethoxyfl avone    Clementine (7), orange (5,7), ortanique (7), satsuma (7), tangelo (5) 
 Hexamethoxyfl avone    Orange (2), tangor (2) 
 Hexamethyl-O-gossypetin    Clementine (7), orange (7), ortanique (7), satsuma (7) 
 Hexamethyl-O-quercetagetin    Clementine (7), orange (7), ortanique (7), satsuma (7) 
 Isosinensetin    Clementine (7), orange (7), ortanique (7), satsuma (7) 
 Luteolin *     Lemon (6), mandarin (6), orange (6), ortanique (6) 
 Luteolin * -7-O-glucoside    Orange (8) 
 Nobiletin    Clementine (7), orange (2,5,7), ortanique (7), tangelo (5), tangor (2) 
 Scutellarein* and 
heptamethoxyfl avone 

   Orange (2), tangor (2) 

 Sinensetin    Clementine (7), lemon (6), orange (2,5,6,7), ortanique (7,6), pummelo (6), 
tangelo (5), tangor (2) 

 Tangeretin    Clementine (7), orange (2,5,7), ortanique (7), tangor (2), tangelo (5) 
 Tetramethyl-O-isoscutellearin    Clementine (7), ortanique (7) 
 Tetramethyl-O-scutellarein  Clementine (7), orange (5,7), ortanique (7), tangelo (epi-), mesocarp (5) 

  *  Non-methoxylated fl avone.  
  Clementine, mandarin ( Citrus reticulata ), grapefruit ( Citrus paradisi ), orange ( Citrus sinensis ), ortanique ( Citrus reticulata       	       Citrus sinensis ), 
pummelo (Citrus maxima or Citrus grandis), satsuma ( Citrus unsihu ), sour orange ( Citrus aurantium ), tangelo ( Citrus paradisi       	       Citrus
reticulata or Citrus paradisi       	       Citrus grandis ), tangor ( Citrus reticulata  	  citrus sinensi ). 
 1,  Fisher and Wheaton, 1976 ; 2,  Mouly  et al ., 1998 ; 3,  Rouseff  et al ., 1987 ; 4,  Peterson  et al ., 2006a ; 5,  Pan  et al ., 2002 ; 6,  Wang 
et al ., 2007 ; 7,  Sentandreu  et al ., 2007 ; 8,  de Simóne  et al ., 1992 ; 9,  Peterson  et al ., 2006b .  



Table 11.6    HPLC separation of fl avanone glycosides and polymethoxylated fl avones  

 Compounds  Sample preparation HPLC separation Refs 

 PMFs  Extraction of juice three times with benzene, 
centrifugation, separation of benzene layer, 
drying under N 2  at 40°C, dissolving 

 Column: Novapak RP C18, gradient elution, mobile 
phase: A: water/tetrahydrofuran (84/16), B: water/
acetonitrile/tetrahydrofuran (42/42/16), A/B from 100/0 
to 0/100, temperature: 35°C, PDA detector: 340       nm 

 1, 2, 3, 4 

 FMFs and FGs  Extraction of juice with benzene, elution 
of FGs and FMFs with water/acetonitrile 
(4/6) on a C-18 Sep-Pack cartridge 
activated      �      inner standards 

 Column: Luna II C18, gradient elution, mobile phase: 
A: water/tetrahydrofuran (98.75/1.25), pH:3,5 with 
H3 PO 4 , B: acetonitrile/tetrahydrofuran (98.75/1.25), 
A/B from 100/0 to 30/70, ambient temperature, PDA 
detector: 280       nm (FGs), 330       nm (FMFs) 

 5 

 PMFs and FGs  Dilution of juice samples with dimethyl 
formamide, placing in water bath at 90°C, 
centrifugation

 Column: Alltima C18 with pre-column of the same 
resin, gradient elution, mobile phase: A: acetonitrile, B: 
water/acetic acid (96/4), A/B from 0/100 to 70/30, PDA 
detector: 280       nm (FGs), 330       nm (PMFs) 

 6 

 Flavanone 
glycosides

   Column: LiChrospher R  100RP 18, gradient elution, mobile 
phase: A: 0.5% acetic acid in water, B: 0.5% acetic acid in 
aqueous-acetonitrile (50/50), A/B from 95/5 to 0/100, 
ambient temperature, PDA detector: 280       nm, 330       nm 

 7 

     Column: Nucleosil C18, isocratic elution, mobile 
phase: water/acetonitrile/tetrahydrofuran/acetic acid 
(80/16/3/1), PDA detector: 280       nm 

 8 

 Flavanone 
glycosides

 No sample preparation   fi ltration  Column:  � Bondapack C18, isocratic elution, mobile 
phase: water/acetonitrile (80/20), PDA detector: 280       nm 

 9 

  Centrifugation  Column: Supelco C18 with Speroi-5 C-18 pre-column, 
isocratic elution, mobile phase: water/acetonitrile/glacial 
acetic acid (79.5/20/0.5), PDA detector: 280       nm 

 10 

   Sample      �      inner standard (rhoifolin) 
centrifugation, extraction of solids with 
methanol two times, centrifugation, 
collection of supernatants, dilution 

 Column: Alltima C18, isocratic elution, mobile 
phase: water/acetonitrile/2-propanol/formic acid 
158/23/19/0.2, PDA detector: 283       nm, 335       nm 

 11 

   Sample      �      inner standard 
(rhoifolin)      �      methanol, warming at 55°C 
in water bath, centrifugation, extraction 
of solids with methanol in water bath, 
centrifugation, combination of supernatants, 
dilution, fi ltration 

    

   Freeze-dried sample      �      62.5% methanol 
containing BHA (tert-butyl-4-hydroxy 
anisole), sedimentation, dilution with water 

 Column: Purospher RP C18, gradient elution, 
mobile phase: A: water with 1% formic acid, B: 100% 
acetonitrile, A/B from 95/5 to 40/60, detectors: PDA at 
UV maxima of compounds, mass spectrometer 

 12 

   Putting fruit juices in boiling water bath, 
centrifugation

 Column: Novapak RP C18, gradient elution, mobile 
phase: A: 80       ml 0.25       mol       l �     1  K 2 HPO 4 ,  � 400        � l 85% 
H3 PO 4  diluted to 2       l with water; B: 40       ml 0.25       mol l � 1

K2 HPO 4 ,  � 200        � l 85% H 3 PO 4 ,  � 507.65       g acetonitrile 
diluted to 1 l in water, A/B from 100/0 to 0/100, PDA 
detector: 280       nm 

 4, 13, 
14, 15 

   Taking juice onto Sep-Pak C-18 cartridge, 
washing the cartridge with 10% methanol, 
elution of fl avanone glycosides with methanol 

 Column: Zorbax ODS C18, isocratic elution, mobile 
phase: water/acetonitrile/glacial acetic acid (79.5/20/
0.5), detector: fi xed wavelength UV-visible, 280       nm 

 16 

  FMFs, fully methoxylated fl avones; PMFs, polymethoxylated fl avones; FGs, fl avanone glycosides; PDA, photodiode array. 
 1,  Ooghe  et al ., 1994b ; 2,  Sendra  et al ., 1988 ; 3,  Rouseff and Ting, 1979 ; 4,  Ooghe and Detavernier, 1997 ; 5,  Sentandreu  et al ., 2007 ;
6,  Mouly  et al ., 1998 ; 7,  Wang  et al ., 2007 ; 8,  Pupin  et al ., 1998 ; 9,  Fisher and Wheaton, 1976 ; 10,  Rouseff, 1988b ; 11,  Bronner and 
Beecher, 1995 ; 12,  Justesen  et al ., 1998 ; 13,  Schnüll, 1990 ; 14,  Wade, 1992 ; 15,  Ooghe  et al ., 1994a ; 16,  Rouseff  et al ., 1987 .



in their study that determinations of fl avanone glycosides and polymethoxylated fl a-
vones are complementary techniques. Using these two groups of compounds together 
with various patterns gives a good chance of detecting adulteration of orange juices.  

  Other fruits 
 Besides citrus fruits, other fruits being studied include apple, pear, quince, plum, 
apricot, peach and berries.  Table 11.7    lists the phenolic compounds in these fruits. 
These phenolic compounds are also specifi c  “ fi ngerprints ”  to detect the adultera-
tion of juices of these fruits ( McRae  et al ., 1990 ;  Spanos and Wrolstad, 1990a, 1992 ;
 Tomás-Lorente  et al ., 1992 ;  Tanriöven and Ekşi, 2005 ). 

 There are one or two key compounds among phenolics which are specifi c to just 
one type of fruit. Phloridzin (phloretin 2 � -glucoside), for example, occurs only in 
apple, while isorhamnetin glycoside and arbutin (hydroquinone-glucoside) are spe-
cifi c to pear. Determination of these compounds is a useful tool to detect adulteration. 
Many HPLC methods can be used for the separation and determination of phenolic 
compounds, as reported in the literature. Some of them are summarized in  Table 11.8   . 

 The most common use of the methods listed in  Table 11.8  is to study the chemi-
cal composition of apple, because of its popularity and low price, and because apple 
purée or juice is the most favored natural adulterant of other fruit juices. Using colo-
metric electrode array detectors,  Sontag and Bernwieser (1994)  concluded that the 
phenolic compositions of apple and pear are very simple but different, and there-
fore it is possible to detect adulteration of pear nectar with apple juice down to a 
level of 1%.  Dragovic-Uzelac  et al . (2005)  proved in their study that the addition of 
apple purée to apricot purée during the processing of commercial apricot nectars and 
jams could be easily detected by the presence of phloretin 2 � -glucoside and phlore-
tin 2 � -xylosilglucoside. Phloretin 2 � -xylosilglucoside in particular could be used as a 
marker in detecting the adulteration of apricot nectars containing  � 10% apple purée. 
In apricot jams, it could detect a minimum of 20% apple purée. 

 In certain situations apple juice may be adulterated with pear juice. Since arbutin 
and isorhamnetin glycosides are characteristic of pear juice, they may be used as an 
indicator of the adulteration of apple juice with pear juice ( Spanos and Wrolstad, 
1990a ).  Silva  et al . (2000)  have studied several samples of processed quince jams 
that also contained arbutin, and suggested that these jam samples had been adulter-
ated with pear purée. 

  Detection of anthocyanins 
 Anthocyanins are the fl avonoid-type pigments responsible for the red to dark-blue 
color of fruits, fl owers and vegetables. They are glycoside(s) of anthocyanidins. 
Anthocyanins are present in high content in berries such as strawberry, raspberry, 
blackberry, red- and blackcurrant.  Figure 11.7    shows the structure of anthocyanidins, 
with the most frequent combination of side groups and their names. 

 There is a special interest in natural anthocyanins in the food industry because they 
may potentially be used as alternatives to synthetic colorants. There are some ana-
lytical methods available in the literature based on the structure ( Goiffon  et al ., 1999 ) 
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Table 11.7     Phenolic compounds of fruits and/or fruit products  

 Fruit species 
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 References  1  2  3  4  5  10  6  12  1  2  5  8  6  12  1  9  6  5  5  4  4  5  12  5  5  12  11  12  11  12 

     Ph
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ic
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ci
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 a
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 d
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iv

at
iv

es
, a

ld
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yd
es

                   

 caffeic acid �    �    �    �    �    �    � �    �    �      �    �    �    �    �    �        �              �            �        �
 chlorogenic acid
 isomers 

�                 

 4-O-caffeoylquinic 
 acid 

�    �                  

 5-O-caffeoylquinic 
 acid 

� � �                  

 caffeoyl ester �    �    �        �                
 caftaric acid         �                    
 cinnamic acid                 �    �
 chlorogenic acid �    �    �    �    �    �        �        �    �    �    � �            �          �    �        �              �       
 p-coumaric acid   � �    �    �    � �    �    �    �      �    �    �    �    �    �        �            �            �        �    �
 coumaroyl ester (of 
 tartaric acid) 

�                

 coumaroylquinic 
 acid 

�    � �    �                �              

 coutaric acid         �                    
 3,4-dihydroxybenzoic 
 aldehyde 

� � �        � �       t         

 ellagic acid                     �            �
 ellagic acid derivative                       �            �
 ferulic acid  t   �    �  t   �    �      �    �    �    � �    �        �            �            �        �    �
 feruloyl ester (of 
 tartaric acid) 

�                

 feruloylglucose � �               �            �            
 gallic acid �        �    �              �    �
 2-S-glutathionylcaftaric 
 acid 

        �                    

 p-hydroxybenzoic 
 acid 

� �   b �    �    �    �    �    �        �              � �    

 p-hydroxybenzoic 
 aldehyde 

�    d       �            �       t       

 sinapic acid  n �        �        �            �            �        �    �
 syringic aldehyde  t �       �    �        �            �            �            
 vanillic acid �        �            �          
 vanillic aldehyde  t  n �       �    �        �       t  t       

                              

(Continued)
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 Fruit species 
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 References  1  2  3  4  5  10  6  12  1  2  5  8  6  12  1  9  6  5  5  4  4  5  12  5  5  12  11  12  11  12 

 C
ou

m
a-

rin
s   aesculetin

 scopoletin 
      �                    �

�

�

�

   t       
 t 

        

              

 C
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ns
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s                   

 ( � )-catechin � � � � � � � � � �

 catechin-catechin-
 gallate isomers 

        �                    

 catechin-gallate           �                    
 ( � )-epicatechin �    �    �    �    �    �    �    �    �    �     �    �    �        �                
 ( � )-epigallocatechin �                   
 ( � )-epigallocatechin 
 gallate 

�                   

 procyanidin B1 �         �                    
 procianidin B2 �    � �            �                    
 procyanidin B3           �                    
 procianidin B4           �                    

 D
ih

yd
ro

-
ch

al
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ne
s

 phloretin 2 � -
 glucoside ( phloridzin ) 

� � � � � �

 phloretin 
 2 � -xylosilgalactoside 

�                      

 phloretin 
 2 � -xylosilglucoside 

�    �    � �                      

 H
yd

ro
-

qu
in

on
es  hydroquinone-glucoside 

 ( arbutin ) 
� �

 Fl
av

on
ol

 
gl

yc
os

id
es

 2,3-dihydroquercetin-
 rhamnoside 

�

 2,3-dihydrokaempferol-
 rhamnoside 

        �                    

 isorhamnetin-glucoside   �                    
 isorhamnetin-glycoside   �    �    �                    



 Fl
av

on
ol

 g
ly

co
si

de
s           

 kaempferol 
 3-O-rutinoside 

�                

 kaempferol 
 3-O-glucosid 

�            �             

 kaempferol glycoside           � �              
 myricetin 
 3-O-rhamnosid e

�                

 quercetin 
 3-O-galactoside 

�    �    �    �    � �    �    �    �                

 quercetin 3-O-glucoside �    �    � �    �    �    �    �        �                  � �

 quercetin 
 3-O-glucuronide 

                    �            �

 quercetin 
 3-O-rhamnoside 

� � �    �        � �    �    �                

 quercetin 3-O-xyloside   � � �    �                  
 quercetin 
 3-O-arabinoside 

�    �    �          �                

 quercetin glycoside � �         �                    
 quercetin 3-O-
 rutinoside (rutin) 

�    �    �    �    � �    � �    �    �    �    �        �              �            

 Fl
av

on
ol

s

 kaempferol � � � �

 myricetin       �                
 quercetin � �    �    �    �    �        �              

  t, trace; bd, hydroxyl benzoic acid derivative; n, not detected in all varieties. 
 1,  Andrade  et al ., 1998 ; 2,  Escarpa and González, 1999 ; 3,  Shui and Leong, 2002 ; 4,  Dragovic-Uzelac  et al ., 2005 ; 5,  de Simóne  et al ., 1992 ; 6,  McRae  et al ., 1990 ; 7,  Thavarajah and 
Low, 2006 ; 8,  Tanriöven and Ekşi, 2005 ; 9,  Silva  et al ., 2000 ; 10,  Spanos and Wrolstad, 1992 ; 11,  Versari  et al ., 1997 ; 12,  Mattila  et al ., 2006 .  



Table 11.8     HPLC separation of phenolic compounds of fruit samples  

 Fruits  Sample preparation  HPLC separation  Detection  Refs 

 Apple a , quince a , 
pear a , plum b , peach b , 
sour orange b , apricot b

strawberry b

 Evaporation to dryness of butanol 
extract of samples, dilution with acidic 
water (pH 2, HCl), fi ltration, passing 
through Amberlie XAD-2, after washing 
column with water (pH 2 with HCl) 
eluting phenolic fraction with methanol, 
evaporation, re-dissolving 

 Column: Spherisorb ODS2, gradient elution, 
mobile phase: A: water/formic acid (19/1), B: 
methanol, A/B from 95/5 to 20/80
*column: Lichrochart 100 RP-18, gradient elution, 
mobile phase A: water/formic acid (95/5), B: 
methanol, A/B (95/5) from A/B 95/5 to 20/80 

 PDA detector 280, 350       nm  1 a , 2 a , 3 b * 

 Apple, pear  Isolation of fl avonoids: extraction of 
samples with methanol (containing 1% 
BHT) in dark, hydrolysis of glycosides: 
extraction of samples with ethyl acetate, 
hydrolysis with 2       mol l �     1  HCl, clean-up 
with Sep-Pak C18, isolation of 
procyanidins: elution of diluted samples 
on Sephadex LH-20 with 20% methanol 

 Column: Nucleosil 120, C18, gradient elution, 
mobile phase: A: 0.01       mol l �     1  phosphoric acid, B: 
methanol or acetonitrile, A/B from 95/5 to 0/100 
or from 98/2 to 65/35 

 PDA detector, 280       nm  4 

 Apple a , pear b , quince c   Centrifugation of juice      �      inner standard 
(ethyl syringate)*, or extraction of juice 
with methanol**, elution of phenolic 
compounds through polyamide column 
with methanol, evaporation, re-dissolving 

 *Column: Lichrospher 100 C18, isocratic elution, 
mobile phase: methanol/glacial acetic acid/water 
(35/2/63) column temperature: 32°C,
**column: Hypersil ODS, C18, isocratic or 
gradient elution, mobile phase: A: 1% acetic acid, 
B: acetonitrile, A/B (81/19) or A/B from 85/15 to 
75/25

 *Colorimetric electrode array 
detector,
**PDA detector, 284       nm 

 6 a* , 5 b** , 8 c**

 Apple, pear, orange, 
peach, apricot, grape, 
pineapple 

 Concentration of juice, extraction with 
diethyl ether, then with ethyl acetate, 
evaporation after pooling the fractions 

 Column: Nova-Pak C18, gradient elution for low 
molecular weight phenolics, and fl avan-3-ols, 
mobile phase: A: 2% acetic acid, B: methanol/
acetic acid/water (30/2/68), A/B from 100/0 to 
15/85, isocratic elution for fl avonol glycosides, 
mobile phase: A: 2.5% acetic acid, 
B: tetrahydrofuran/water/acetic acid 
(50/47.5/2.5), A/B (65/35), isocratic elution for 
fl avonol aglycons, mobile phase: water/methanol/
acetic acid (57.5/37. 5/5) 

 PDA detector, 
280       nm, 340       nm

254       nm, 365       nm 

 7 

 Pear a , grape b a Pear: isolation of  phenolics  using C18 Sep-
Pak, evaporation, re-dissolving,  b grape: 
fi ltration for phenolic acids and fl avonol 
glycosides, isolation of procyanidins 
using Sephadex LH-20, evaporation, 
re-dissolving 

 Column: Supelcosil LC-18 with ODS guard 
column, gradient elution, mobile phase: A: 
0.07       mol l �     1  KH 2 PO 4  (pH: 2.5 with phosphoric 
acid), B: methanol, A/B from 98/2 to 60/40 

 PDA detector, 
280       nm, 320       nm 

 9 a

10b

  BHT, 2,6-di-tert-butyl-4-methylphenol. 
 1,  Andrade  et al ., 1998 ; 2,  Silva  et al ., 2000 ; 3,  Tomás-Lorente  et al ., 1992 ; 4,  Escarpa and González, 1999 ; 5,  Hollborn  et al ., 1990 ; 6,  Sontag and Bernwieser, 1994 ; 7,  de Simóne 
et al ., 1992 ; 8,  Wald and Galensa, 1989 ; 9,  Spanos and Wrolstad, 1990b ; 10,  Spanos and Wrolstad, 1990a .  
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and concentration of anthocyanins in fruits ( Gonçalves  et al ., 2004 ;  Pantelidis  et al ., 
2007 ;  Versari  et al ., 1997 ), but information on such methods is incomplete, partly due 
to limitations in analytical methods. 

  Wu and Prior (2005)  carried out a systematic study to identify and characterize 
anthocyanins in various berries (blueberry, cranberry, strawberry, blackberry and 
raspberry), plum, peach, sweet cherry, apple and nectarine. The Code of Practice 
(AIJN, 2003) defi nes protocols for HPLC determination of anthocyanin patterns 
using callistephine as the inner standard. The composition of these acid-like com-
pounds gives a specifi c fi ngerprint on HPLC chromatograms, in the same way as 
the phenolic compounds discussed above. As processing and storage conditions 
affect the composition of anthocyanins, they can be used as markers to determine the 
authenticity of fruit products ( Versari  et al ., 1997 ).  

  Detection of carotenoids 
 The other group of pigments distributed widely among living organisms are 
carotenoids. Carotenoids are synthesized only in plants, and it is thought that animals 
are not capable of synthesizing carotenoids ( Brush, 1981 ;  Simpson  et al ., 1981 ), 
apart from some bacterial species ( Mallorqui  et al ., 2005 ;  Hohmann-Marriott and 
Blankenship, 2007 ). The color of citrus fruits is mostly due to carotenoids, which 
are yellow to red. Carotenoids may be destroyed during processing, and therefore 
colorant may be added to juice products to improve their fi nal color or to mask defi -
ciencies ( Nagy, 1997 ). The most common adulterants are  � -carotene and  � -apo-8 � -
carotenal, lycopene, or natural carotenoid extracts such as marigold fl ower ( Gregory 
et al ., 1986 ), paprika ( Minguez-Mosquera and Hornero-Méndez, 1993 ;  Gnayfeed 
et al ., 2001 ;  Daood  et al ., 2006 ), citrus-peel extract or mandarin and tangerine juice 
( Philip  et al ., 1989 ). Addition of mandarin and tangerin extracts is allowed at levels 
up to 10% in orange juice in some countries, but is forbidden in Europe. Paprika 
extracts are used for coloring orange juice drinks in Europe ( Mouly  et al ., 1999a ).

 Many researchers have studied citrus carotenoid profi les using HPLC.  Table 11.9    
summarizes the conditions of sample preparation and HPLC separation in these 
studies. Of all the carotenoids present in orange juice, � -cryptoxanthin has the high-
est concentrations ( Fisher and Rouseff, 1986 ;  Gregory  et al ., 1986 ;  Rouseff  et al ., 
1996 ). The major carotenoids in orange juice containing OH groups can form fatty 
acid esters such as lauric, myristic and palmitic acids. The concentration of individ-
ual carotenoids depends signifi cantly on the fruit’s variety ( Pupin  et al ., 1999 ) and 
geographical origin ( Mouly  et al ., 1999a, 1999b ).

 In a study conducted by  Philip et al . (1989) , it was established that the calculated 
ratio of cryptoxantin esters to lutein diesters could be used to detect addition of 
tangerine juices to orange juices at levels above 25%. Using this method, the addi-
tion of synthetic carotenoids, � -carotene and  � -apo-8 � -carotenal could be detected 
at levels above 5       mg kg �     1  in orange juice concentrate. In addition,  Pan  et al . (2002)  
could detect addition of 100       g kg �     1  tangelo to orange juice on the basis of the 
ratio of polymethoxylated fl avones to carotenoids, using canonical discrimination 
analysis. 
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Table 11.9     HPLC separation of carotenoids of citrus fruit juices  

 Sample preparation  HPLC separation  Refs 

 Homogenization of samples with methanol, fi ltration, 
extraction of residue with acetone, addition of 10% 
methanolic HCl to combined fi ltrate, extraction with 
petroleum ether, evaporation, dissolving of residue in 
acetone

 Column: Waters Resolve C18 with guard column of the 
same resin, gradient elution, mobile phase: A: methanol, 
B: ethyl acetate, A/B from 100/0 to (0/100), detection: 
variable-wavelength UV detector, 465       nm 

 1 

 Precipitation of juice with aqueous solution of 
ZnSO4 H 2 O      �      K 4 [Fe(CN 6 )]3H 2 O, centrifugation, extraction 
of precipitate with acetone, extraction of supernatant 
with light petroleum, evaporation of petroleum, hydrolysis 
of residue with 10% methanolic KOH, extraction of 
carotenoids with diethyl ether, evaporation, dissolving 
of residue 

 Column: YMC C30 not end capped, gradient 
elution, mobile phase: A: methyl tert-butyl ether, 
B: methanol, C: water, A/B/C from 5/90/5 to 
50/50/0, detection: PDA detector, 290, 350, 430, 
486       nm 

 2, 3 

 Extraction of juice with ethyl acetate containing BHT, 
evaporation, dissolving 

 Column: Vydac 201TP54 C18 with guard column 
Alltima C18, isocratic elution, mobile phase: 
acetonitrile/methanol/1,2-dichloromethane (30/35/5) 
with 0,1% BHT, 0,1% triethyl amine, and 0,05 mol 
ammonium acetate, detection: spectra focus scanning 
detector, 450       nm 

 4 

 Centrifugation of juice, two times extraction of residue 
with methanol, hydrolysis with 10% methanolic KOH, 
extraction of carotenoids with ethylene chloride, 
evaporation, dissolving, sample clean-up on C18 column 
with methanol/water 95/5 followed methylene chloride 

 Column: Du Pont Zorbax ODS, gradient elution,mobile 
phase: acetonitrile, methylene chloride, tetrahydrofuran, 
and ethyl acetate, detection: PDA detector, 465       nm 

 5 

  BHT, 2,6-di-tert-butyl-4-methylphenol; PDA, photodiode array. 
 1,  Philip  et al ., 1989 ; 2, Rouseff  et al ., 1996; 3,  Mouly  et al ., 1999b ; 4,  Pupin  et al ., 1999 ; 5,  Fisher and Rouseff, 1986 .  
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  Authenticity of wines 

 Wine is defi ned as a drink made from the fermented juice of fruit or plants and con-
taining 10–15% alcohol by volume. If a drink is not produced in this way, it is not 
wine. The authenticity of wines represents conformity with established regulations 
and standards; wines are also considered to be adulterated if the label on the bottle is 
not accurate. Wines illegally brought to the market may be adulterated ( Tattay, 2001 ),
and such adulteration may occur both before or after fermentation. Adulterated 
wines may include unauthorized additives, or have been produced by unauthorized 
processes. The methods of adulteration are often similar to those used in fruit juices, 
such as dilution with water, or the addition of sugar, acids, and forbidden colorants 
( Midkiff and Buscemi, 1988 ;  Botos, 1999 ). The wine is also adulterated if the level 
of authorized substances exceeds specifi ed limits. 

 The losses and changes in characteristic compounds during the wine-making proc-
ess (fermentation, fi ltration, clarifi cation) and during ageing affect the species-spe-
cifi c chemical composition so that it becomes simpler than and/or different from that 
in juices ( Somers, 1971 ;  Midkiff and Buscemi, 1988 ;  Liao  et al ., 1992 ). An impor-
tant characteristic of wines is the geographic origin, which greatly affects fl avor, 
aroma and the full-bodied taste. For this reason, the geographic origin is considered 
to be an important factor in the market. Protection of origin is attributed only to a 
high-quality product, and details its geographical region and/or subjective factors. 
Protection of the quality and the origin of wines are closely related. 

 Several HPLC methods described for the detection of sugars and sorbitol in fruits 
( Table 11.4 ) can be adapted to wine analysis. For example, HPLC is a suitable tool 
for determination of artifi cial colorants in wines ( Virtanen and Lehtonen, 1999 ).
Several compounds have been studied as key compounds in differentiating quality 
and/or variety. Ellagic acid can be regarded as a characteristic compound of barrique 
wine ageing, and could become a marker of maturity. Fural aldehydes, absent in nat-
ural wine, can be considered typical components of barrique wine ( Matĕjíček  et al ., 
2005 ). Shikimic acid can be useful for differentiation of red wine varieties ( Etiévant 
et al ., 1989 ;  Holbach  et al ., 2001 ;  Mardones  et al ., 2005 ). 

 In recent years, coupled with computer-based pattern recognition analysis (prin-
cipal component analysis, discriminant analysis), the chromatographic separation 
techniques have become effective tools in authenticity testing. Several workers have 
studied polyphenolic compounds such as phenolic acids and derivatives, and fl avo-
noids, anthocyanins ( Kallithraka et al ., 2001 ; deVilliers  et al ., 2004;  Gambelli and 
Santaroni, 2004 ;  Makris  et al ., 2006 ), amino acids ( Vasconcelos and das Neves, 
1989 ;  Soufl eros  et al ., 2003 ) and acids ( Mardones et al ., 2005 ) using HPLC methods 
to study their suitability for authenticity testing. It is thought that these compound 
classes can be used for the classifi cation and differentiation of wines according to 
grape variety and/or geographic origin, by means of statistical methods. 

 One category of wines is sweet or dessert wines, which are highly priced, smooth- and 
full-bodied with a pleasant bouquet. These wines are produced from grapes infected 
by  Botrytis cinerea  (noble rot). In suitable weather conditions, the infected grapes 
take on a raisin-like form, known in Hungary as aszú grapes. Aszú grapes contain 
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biogenic amines, which appear in particular during infection with  Botrytis cinerea . 
The composition of biogenic amines consists primarily of primer aliphatic amines 
specifi c for botrytized wines ( Sass-Kiss  et al ., 2000 ;  Sass-Kiss and Hajós, 2005 ;  Kiss
et al ., 2006 ). Using multivariate factor analysis (FA) and linear discriminant analysis 
( Figure 11.8   ), Tokaji aszú wines could be classifi ed and differentiated from normal 
wines and botrytized wines of other geographic origin ( Kiss and Sass-Kiss, 2005 ).
The specifi city of amine composition, which depends on infection with  Botrytis cin-
erea  and the wine-making technology, provides the basis for discrimination. 

 A simple and alternative graphical method for differentiation is shown in  Figure 
11.9   , which gives similar results for the differentiation of Tokaji wines from others. 
Plotting the logarithm of the concentration of amines of Tokaji aszú wines in a web 
diagram ( Kiss and Sass-Kiss, 2005 ;  Sass-Kiss  et al ., 2005 ), their shapes should be 

Figure 11.8     Score plot and loading plot of variables (biogenic amines) of normal and botrytized wine 
specialities originating from Hungary (Tokaji Aszú) and abroad.  � , Tokaji Aszú and Tokaji Aszú essence;  � , 
foreign botrytized wines;  � , Hungarian non-botrytized (white) wines; variance, 71%. Variables: i-butyl amine 
(iBa), unknown1 (Unk1), tyramine (Tyr), unknown2 (Unk2), 2-methylbutylamine (2MeBa), agmatine 
(Agm), unknown3 (Unk3), 3-methylbutylamine (3MeBa), n-pentylamine (nPa), phenylethylamine (Phe). 
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Figure 11.9     Spider-web diagram of logarithm of amine concentration of normal and aszú wines.      
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similar to each other; the shapes of the diagrams for wines of other origin and nor-
mal wines are different.  

  Authenticity of honey 

 Honey is a naturally sweet material that is collected from the nectar of living plant 
organs by  Apis mellifera  bee species or insects. The sweet substance is delivered 
to the workers in the hive, which alter it enzymatically, before storing, ripening 
and dehydrating it. The European Directive relating to honey ( Council Directive 
2001 /110/EC) lays down rules regarding the composition and manufacture of 
honey. For specifi c quality criteria, the botanical origin, or regional, territorial and 
topographical origin of honey products should be indicated. In honey, one group of 
compounds derives from plants and the others from bees. Some of these compounds 
appear or change during the maturation of honey. 

 As with other food products, honey is prone to adulteration. A common type of 
fraud is dilution of honey with water or by the addition of syrups (for example, high- 
fructose corn syrup, (HFCS)). One sophisticated form of manipulation is based on 
feeding bees with sugars and syrups. Another method is mislabeling regarding the 
fl oral and geographical origin of the honey ( Anklam, 1998 ). The major carbohydrates 
in honey are glucose (26.3–39.8%) and fructose (35.9–42.1%). Saccharose (sucrose) 
is present at 1.7–2.9% in honey ( Souci  et al ., 2000 ), and the average ratio of fruc-
tose to glucose is 1.2/1. Besides these two main monosaccharides, honey also con-
tains a relatively high number of carbohydrates, such as di-, tri- and tetra-saccharides 
( Anklam, 1998 ). 

 As in other foods, the sugar compounds in honey can be determined by vari-
ous methods. One of the more effective techniques is HPLC. Anion-exchange liq-
uid chromatography coupled with pulsed amperometric detection (PAD) is the best 
way to ascertain honey authenticity, in a similar way to the methods discussed above 
regarding fruits. Analysis of the fi ngerprint of oligosaccharides is extremely good for 
detecting the addition of invert syrups or HFCS to honeys, at levels as low as 5–10% 
( Lipp  et al ., 1988 ;  Swallow and Low, 1990 ;  Swallow and Low, 1994 ;  Cordella  et al ., 
2003 ;  Cotte  et al ., 2003 ).  Goodall  et al . (1995)  studied the oligosaccharide profi les 
of 91 British authentic honey samples, using canonical discriminant analysis. They 
established that oligosaccharide profi les may have a potential role in identifying the 
fl oral origin of honey; however, they stated that this procedure alone would not allow 
defi nite determination of all fl oral types. 

 Phenolics make up a class of compounds, similar to those in fruits, that give infor-
mation about the fl oral and geographic origin of honey owing to its fl oral-specifi c 
composition. High numbers of phenolic compounds have been identifi ed in honey, as 
in fruits. The sample preparation and HPLC separation for phenolic compounds of 
honey and for fruit are similar, and in certain cases the same as those used in juices 
( Ferreres  et al ., 1991 ;  Yao  et al ., 2003, 2005 ;  Kenjerić et al ., 2007 ). Phenolic com-
pounds again provide a fi ngerprint for the botanical ( Gil  et al ., 1995 ) or geographical 
( Anklam, 1998 ;  Tomás-Barberán  et al ., 1993 ) origin of honeys, and some marker 
compounds have been found among fl avonoids, such as hesperetin in citrus honey 
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( Ferreres  et al ., 1993, 1994a ) ,  tricetin, myiricetin and two derivatives in heather 
honey ( Ferreres  et al ., 1994b ) ,  and pinobankin, pinocembrin and chrisin in eucalyp-
tus honey ( Martos  et al ., 2000 ). By studying phenolic acids from several different 
monofl oral honey types,  Dimitrova  et al . (2007)  found several compounds that can 
be served as markers in the quality control of honey. 

  Authenticity of oils, butter and coffee 

  Vegetable oils 
 Oils of plant origin can be divided into seed oils and fruit oils. The chemical compo-
sition of oils is considered to be less complex regarding constituents than for other 
foods. However, this does not mean that fraud practices are any less diverse in this 
area, or that these methods of fraud do not cause serious problems in the assessment 
of authenticity. In vegetable oil, the most often used adulteration process is dilution 
with cheaper oil. 

 The main useful compounds of vegetable oils for detecting the authenticity of oils 
and fats are triacylglycerols and fatty acids. Minor components such as (phyto)sterols 
or tocopherols, carotenoids and sterens can be also used to detect adulteration. The 
triglyceride fraction of oils and fats can be analyzed by HPLC techniques on a reversed 
phase column. The mobile phase usually used for the separation of tri glycerides con-
sists primarily of acetonitrile with a less polar solvent such as acetone or dichlorometh-
ane. The proportion of solvent may vary depending on the samples studied. For the 
separation of positional isomers, argentation high-performance liquid chromatography 
(Ag-HPLC) appears promising. The use of a UV detector is diffi cult owing to the low 
absorbance of triacylglycerols. The most used detector types are refractive index detec-
tors or light-scattering detectors. The refractive index detector is suitable only for iso-
cratic separation, whereas the light-scattering detector offers the opportunity of using 
gradient elution. Mass spectrometric detectors have begun to be used in laboratories 
recently ( Neff and Byrdwell, 1995 ;  Kamm  et al ., 2001 ;  Andrikopoulos, 2002a, 2002b; 
Andrikopoulos  et al ., 2004 ;  Buchgraber  et al ., 2004 ). Some HPLC methods used in 
the analysis of triacylglycerols in oils and fats are shown in  Table 11.10   . 

 The fatty acids in triacylglycerols are specifi c to the plant species. The species-
specifi c distribution of the fatty acid in triacylglycerols allows detection of the addition 
of oils of foreign origin, and of the degree of adulteration. The trilinolein content of 
virgin olive oil is usually less than 0.3%, while other oils (peanut, corn, oat, soybean, 
sunfl ower, sesame, grape and canola) contain trilinolein at higher levels. Soybean oil is 
detectable at levels above 4% in olive oil on the basis of the trilinolein content ( Kamm 
et al ., 2001 ; Lee  et   al., 2001; Marikkar et al ., 2005 ).  Salivaras and McCurdy (1992)  
have detected adulteration of olive oil with canola oil at levels above 7.5% using rec-
ognition pattern analysis of triacylglycerols. Based on the HPLC analysis of wax esters 
using statistical tests, adulteration of olive oils with solvent extracted oils can be identi-
fi ed ( Amelio  et al ., 1993 ). 

 In order to study tocopherols, carotenoids and chlorophylls, several researchers ( Tan, 
1989 ;  Psomiadou and Tsimidou, 1998 ;  Bonvehi  et al ., 2000 ) have provided some alter-
native sensitive tools for detecting adulteration of vegetable oils ( Dionisi  et al ., 1995 ). 
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 Puspitasari-Nienaber  et al . (2002)  found that the carotenoid/carotene profi le analyzed 
by HPLC coupled with a thermal lens spectrometric (TLS) detector is characteristic 
and can be used to assess the authenticity of linseed, olive, sesame and wheat-germ 
vegetable oils. The concentrations of total  � -carotene and  � -carotene together with the 
ratio of trans to cis-isomers of � -carotene are reliable indices for the rapid screening of 
oils ( Luterotti  et al ., 2002 ). 

 The other highly studied fraction of oils and fats is the sterols, which may be used 
to detect authenticity. Recently, one of the most favorable analytical tools for analy-
sis of these compounds has been liquid chromatography coupled with gas chroma-
tography on-line (LC-GC). The addition of solvent-extracted oils to cold-pressed 
extra-virgin olive oil can be detected through investigation of free erythrodiol and 
uvaol in olive oils. No sample preparation is needed prior to LC-GC analysis, apart 

Table 11.10     HPLC separation of triacylglycerols  

 Samples: oils or fats  HPLC separation  Detection  Refs 

 Sesame, perilla  Column:  � Bondapak C18, isocratic elution, mobile phase: 
acetone/acetonitrile (50/50), temperature: 30°C 

 Refractive index detector  1 

 Palm*, lard, beef chicken, 
mutton

 Column: LiChroCART 100-RP-18 or Novena C18*, isocratic 
elution, mobile phase: acetone/acetonitrile (63.5/36.5), 
temperature: 30°C 

 Refractive index detector  2, 3* 

 Lymph  Column: Supelcosil LC-C18, gradient elution, mobile phase: 
A: acetonitrile, B: 2-propanol/hexane (2/1), A/B from 75/25 
to 55/45 or * from 90/10 to 40/60 

 Evaporative light-scattering 
detector, 
* atmospheric pressure 
chemical ionization-MS 

 4 

 Olive, canola  Column: Supelcosil LC-18 with ODS-5S pre-column, 
isocratic elution, mobile phase: acetone/acetonitrile (93/7) 

 Refractive index detector  5 

 Soybean, rapeseed, palm, 
linseed

 Column: Superspher RP-100 C18, gradient elution, 
mobile phase: 1) from acetonitrile/isooctane 90/10 
to acetonitrile/ethanol/isooctane (40/35/25), 2) from 
acetonitrile to acetonitrile/ethanol (59/41), 
temperature: 50°C 

 Light-scattering detector  6 

 Rapeseed, sunfl ower, 
soybean, linseed, palm, 
macadamia, almond, 
poppy-seed, hazel nut, 
Brazil-nut, pistachio 

 Columns: two Nova-Pak C18 connected in series, 
gradient elution, mobile phase: A: water B: acetonitrile, 
C: 2-propanol, A/B/C from 30/70/0 trough 0/100/0 to 
0/40/60, temperature: 40°C 

   UV detector, 205       nm 

 Atmospheric pressure 
chemical ionization-MS 

 7 

Dracocephalum moldavica , 
Silybum arianum , evening 
primrose, corn, amaranth 

 Column: Nova-Pak C18, gradient elution, mobile phase: 
A: acetonitrile, B: ethanol A/B from 100/0 to 30/70, 
temperature: 40°C 

 Palm, trans 
hardened fat (cis-, 
trans-triacylglycerols) 

 Column: ChromSpher Lipids™ cation-exchange silver ion 
mode, gradient elution, mobile phase A: acetonitrile, B: 
dichloromethane/1,2-dichloroethane (1/1) C: acetone, A/B/
C from 0/98/2 trough 0/40/60 to 20/80/0 

 Laser light-scattering detector  8 

  MS, mass spectrometry. 
 1,  Lee  et al ., 2001 ; 2,  Marikkar  et al ., 2005 ; 3,  Haryati  et al ., 1998 ; 4,  Mu and Høy, 2000 ; 5,  Salivaras and McCurdy, 1992 ; 6, 
Bergqvist and Kaufmann, 1993; 7,  Holčapek  et al ., 2003 ; 8,  Smith  et al ., 1994 .
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from fi ltration ( Blanch et al ., 1998 ). By determining fi lberton enantiomers on-line 
coupled with HPLC-GC, the adulteration of olive oils with levels of around 5–10% 
of virgin and refi ned hazelnut oils ( del Castillo et al ., 1998 ;  Flores  et al ., 2006 ) can 
be detected. According to the international ring test using tyrosol and an unknown 
component as key compounds, HPLC analysis was found to be suitable for detecting 
the addition of pressed hazelnut oil to virgin olive oil in 80% of the studied samples 
( Zabaras and Gordon, 2004 ).

  Cocoa butter and coffee 
 Cocoa butter is a highly valued substance used not only in the food but also in the 
confectionery industry.  Directive 2000 /36/EC of the European Parliament allows 
utilization of vegetable fats in cocoa products at levels of up to 5%, besides cocoa 
butter. In this case, the fatty acid composition of vegetable fats permitted for supple-
mentation should be similar to that of cocoa butter. These vegetable fats are termed 
as cocoa butter equivalent (CBE). Detection and quantifi cation of CBE fats is one 
of the main targets of authenticity tests of cocoa butter ( Lipp and Anklam, 1998a, 
1998b ;  Ulberth and Buchgraber, 2003 ). Determination of the triacylglycerols profi le 
is a useful tool for authenticity assessment of cocoa butter and for the estimation of 
CBE content in chocolate ( Buchgraber  et al ., 2000 ;  Dionisi  et al ., 2004 ). Addition 
of foreign fats (except illipé) to cocoa butter can be estimated on the basis of deter-
mining triglycerides such as dipalmityl-oleoyl glycerol (POP), oleoyl-palmityl-
stearyl glycerol (POS) and distearyl-oleoyl glycerol (SOS) ( Eiberger and Matissek, 
1994a, 1994b ). Dionisi et al . (2004)  has devised a mathematical model to assess the 
amount of CBE added to cocoa butter. The ratio of triacylglycerols in both POS/PLP 
(dipalmityl-linoleyl glycerol) and POP/PLS (palmityl-linoleyl-stearyl glycerol) per-
fectly discriminates cocoa butter and CBEs at up to 5% in chocolate ( Hernández 
et al ., 1991 ). The main triacylglycerols, POP, SOS, LOO (dioleoyl-linoleyl glycerol) 
and PSS (distearyl-palmityl glycerol), were used in discriminant analysis to separate 
20 samples according to their geographical origin. 

 Some minor fat components, such as individual tocopherol or tocotrienol isomers, 
can be also used as indicators of the addition of CBE oils to cocoa butter. However, 
quantitative determination of CBE in mixtures in genuine cocoa butter seems to be 
limited ( Lipp et al ., 2001 ). The distribution and content of amino acids in raw cacao 
vary with different origin, and in some cases, country- and even region-specifi c dif-
ferences could be found ( Rohsius et al ., 2006 ). 

 Coffee is also valuable, and a highly popular drink throughout the world. There 
are two commercially important species,  Coffea canephora  var.  robusta  and  Coffea 
arabica . Arabica is considered to be of better quality, with a fi ne fl avor, and is mar-
keted at a relatively higher price than robusta. After roasting, visual differences 
between the two species disappear; therefore one of the main targets of authentic-
ity tests is to indicate whether Robusta has been added to Arabica coffee. HPLC is a 
good tool for analysis of triacylglycerols and tocopherol ( Gonzáles et al ., 2001 ;  Segall 
et al ., 2005b ) or phenolic acids ( Andrade et al ., 1997 ), which are present in coffee. 
Some HPLC methods for analysis of these compounds are listed in  Table 11.11   . 
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Table 11.11     HPLC separation of cocoa butter and coffee  

 Components  Samples  HPLC separation  Detection  Refs 

 Triacylglycerols    Cocoa butter  Column: Microsorb RP C18 and Supelcosil 
RP C18 connected in series, isocratic elution, 
mobile phase: acetonitrile/2-propanol/hexane 
(57/38/5), ambient temperature 

 PDA detector, ESI-MS/MS  1 

   Column: Lichrospher 100-5-RP18, isocratic 
elution,mobile phase: acetonitrile/chloroform 
(40/60)

 Evaporative light-scattering 
detector 

 2 

     Column: Spherisorbe ODS2 or one or two 
Hypersil ODS connected in series, isocratic or 
gradient elution, mobile phase: acetonitrile/
dichloromethane (70/30) or from 80/20 to 
45/54 respectively, temperature: 30°C 

 Evaporative light-scattering 
detector 

 3 

   Coffee bean  Column: Microsorb RP-C18 and Supercosil 
RP C-18 connected in series, isocratic elution, 
mobile phase: acetonitrile/2-propanol/hexane 
(57/38/5)

 PDA detector, ESI-MS/MS  4 

 Soxhlet extract of 
coffee 

 Column: Superspher 100 RP-18, isocratic 
elution, mobile phase: acetonitrile/acetone 
(50/50), temperature: 40–35°C 

 Refractive index detector  5 

 Tocopherols  Soxhlet extract of 
coffee 

 Column: Lichrospher Si60, isocratic elution, 
mobile phase: hexane/2-propanol (99/1), 
temperature: 40–35°C 

 Fluorescence detector, 330       nm 
(excitation 290       nm) 

 5 

 Tocopherols 
tocotrienols

 Cocoa butter, CBE  Column: Lichrosorb Si60, gradient 
elution, mobile phase A: methyl tert -butyl 
ether/hexane (3/100), B: methyl  tert -butyl 
ether/hexane (10/100) A to B 

 Fluorescence detector, 330       nm 
(excitation 290       nm) 

 6 

  CBE, cocoa butter equivalent; ESI-MS/MS, electrospray ionization-tandem mass spectrometry; PDA, photodiode array. 
 1,  Segall  et al ., 2005a ; 2,  Dionisi  et al ., 2004 ; 3,  Buchgraber  et al ., 2000 ; 4,  Segall  et al ., 2005b ; 5,  Gonzáles  et al ., 2001 ; 6,  Lipp  et al ., 
2001 .  

  Authenticity of cheese and milk 

 Dairy products have been consumed since early times. The high volume of cheese 
production and consumption in the world makes the regulation of authenticity of 
cheese products an important issue. False labeling of milk regarding the animal ori-
gin, and the use of reconstituted milk powder have been the subjects of study for 
authenticity. The originality of the cheese depends on several factors, such as the 
cheese-making process and the milk as the raw material. Both of them depend on the 
geographical origin. The confi rmation of geographic origin is therefore necessary in 
order to ensure a dairy product’s authenticity ( Simpkins and Harrison, 1995 ;  De la 
Fuente and Juárez, 2005 ; Karoui and Baerdemaeker, 2007). 

 Reverse phase HPLC separation can be utilized for the analysis of several fractions 
of milk proteins, such as casein ( Mayer  et al ., 1997 ;  Veloso  et al ., 2002, 2004 ;  Mayer 
2005 ) and/or  � -lactoglobulins ( Ferreira and Caçote, 2003 ;  Enne  et al ., 2005 ) or furo-
sine, which comes from the fructolysine complex at the beginning of the Maillard 
reaction during heat treatment of milk. These substances are useful for determining 
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milk origin and the possible adulteration of cheese products ( De la Fuente and Juárez, 
2005 ; Karoui and Baerdemaeker, 2007). The methods of determination of these 
compounds are generally based on ion-exchange chromatography using an acidic 
mobile phase modifi ed with acetonitrile. Gradient elution is usually applied in time-
consuming analysis. Several of those HPLC methods are summarized in  Table 11.12   . 
Precipitation at pH 4 ( Veloso  et al ., 2002, 2004 ;  Ferreira and Caçote, 2003 ;  Enne 
et al ., 2005 ) or hydrolyzation by plasmine are usually used for the isolation of pro-
teins from cheese or milk ( Mayer  et al ., 1997 ;  Volitaki and Kaminarides, 2001 ). 

 Analysis of casein by HPLC is a well-standardized method for the detection of 
rennet whey addition to milk powder ( EU, 1990 ). Separation and quantifi cation of 
major casein fractions ( � -,  � -,  � - and para  � -casein) may be a useful tool for recog-
nition of the addition of foreign milk to milk or cheese ( Mayer  et al ., 1997 ;  Veloso 
et al ., 2002 ;  Mayer, 2005 ). By analyzing  � -casein using HPLC, 20% bovine milk 
could be detected in ovine milk cheese ( Veloso  et al ., 2004 ). 

Table 11.12    HPLC separation of milk and cheese  

 Samples  Compounds  HPLC method  Detection  Refs 

 Bovine, ovine, caprine 
milk, their mixture in 
milk and cheese 

� -lactoglobulins  Column: Chrompack P 300 RP with 
pre-column Chrompack P RP, gradient 
elution, mobile phase: A: 0.1% 
trifl uoroacetic acid, B: 0.1% trifl uoroacetic 
acid in acetonitrile/water (80/50), A/B 
from 64/36 to 40/60, temperature: 45°C 

 PDA detector, 215       nm  1 

 Mixtures: cow, and/or 
sheep and/or goat 
milk

� -lactoglobulins, 
� -lactalbumin, 
albumin

 Column: perfusion reversed phase POROS 
1 10R/glycerol prepared in laboratory, 
gradient elution, mobile phases: A: 
acetonitrile/water/formic acid (5/75/20); 
B: acetonitrile/water (93/7), A/B from 
75/25 to 65/35, temperature: 50°C 

 PDA detector, 280       nm  2 

 Bovine milk in buffalo 
cheese

� -lactoglobulins, 
� -lactalbumin 

 Column: C4 Phenomenex, gradient 
elution, mobile phase: A: 0.1% 
trifl uoroacetic acid, B: 0.1% trifl uoroacetic 
acid in acetonitrile, A/B from 65/35 to 
10/90 ambient temperature 

 UV detector, 205       nm  3 

 Caprine, ovine, bovine 
milk in cheese
*cow, ewe, goat milk 
in cheese 

 para- � -casein,
*� -casein and 
para- � -casein 

 Column: Shodex IEC CM-825 (cation-
exchange), wide-pore (1000       Å), gradient 
elution, mobile phase: A: 10       mmol 
malonic acid, 5       mol urea in water (pH 6.0 
with NaOH), B: the same as A containing 
0.5       mol       l �     1  NaCl, A/B from 100/0 to 
0/100, temperature: 30°C 

 UV/VIS detector, 280       nm  4, 5* 

 Ovine, bovine in 
caprine milk 

� -,  � -,  � -casein  Column: Chrompack P 300 RP with pre-
column Chrompack P RP, gradient elution, 
mobile phase A: 0.1% trifl uoroacetic acid, 
B: acetonitrile/water/trifl uoroacetic acid 
(95/5/0.1), A/B from 71/29 to 0/100, 
temperature: 46°C 

 Variable-wavelength UV 
detector, 280       nm 

 6, 7 

  PDA, photodiode array. 
 1,  Ferreira and Caçote, 2003 ; 2,  Torre  et al ., 1996 ; 3,  Enne  et al ., 2005 ; 4,  Mayer, 2005 ; 5,  Mayer  et al ., 1997 ; 6,  Veloso  et al ., 2002 ; 7, 
 Veloso  et al ., 2004 .  
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  Torre  et al . (1996)  developed a HPLC method based on the analysis of 
� -lactoglobulins. The method seemed to be useful in the detection of homologous 
whey proteins from admixture of milks of different species (cow, sheep and goat). 
High levels of denatured  � -lactoglobulins, furosine and lactulose may indicate addition 
of heated milk at high temperature. High levels of furosine indicate the presence of 
reconstituted milk powder ( Villamiel  et al ., 1999 ). Quantifi cation of  � -lactoglobulins 
by HPLC can be used for determining the origin of milk from different animal 
species – for example, bovine, ovine and caprine milk in cheese ( Ferreira and Caçote, 
2003 ) and bovine-milk addition to water buffalo mozzarella ( Enne et al ., 2005 ) could 
be detected. 

  Conclusions 

 Applications of HPLC for the determination of authenticity of food products have 
been discussed here. The success of the HPLC technique in the analysis of complex 
matrices such as foods has been demonstrated. 

 One of the objectives in the fi ght against adulteration is to develop sensitive ana-
lytical methods to detect the presence or determine the lack of specifi c compound(s) 
which characterize the raw material of foods of plant or animal origin. The main 
advantage of HPLC regarding authenticity is its ability to separate and detect 
compound(s) or compound groups that are at low levels in food products of interest. 
Relatively low molecular mass compounds or those of higher molecular mass, such 
as proteins, are chosen as targets of analysis, and by using these compounds good 
results can be obtained in the determination of authenticity. HPLC is an excellent tool 
for studying and discovering the minor and specifi c compounds mentioned above. 
The application of chemometric methods provides further advantages in the evaluation 
of HPLC data. 
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  Introduction 

 Due to its sensitivity, specifi city, simplicity, robust nature and speed compared 
with protein-based methods, the PCR appears to be the ideal assay for confi rming 
the identity of and quantifying the species present in meat, dairy and marine food 
products, in addition to detecting and quantifying gene lines derived from geneti-
cally modifi ed organisms (GMOs). Early methods for discrimination of species were 
based on DNA–DNA hybridization with specifi c probes. However, more recently, 
amplifi cation of species-specifi c target DNA sequences via the PCR has proven to 
be a more sensitive and rapid technique. In addition, restriction analysis of result-
ing amplicons has allowed even greater discrimination. For those interested in DNA 
probes for meat species identifi cation, the reader is referred to the review by  Meyer 
and Candrian (1996) , where this subject is presented in detail. 

 Gene sequences in mitochondrial DNA (mtDNA), particularly the mtCytochrome 
b gene ( Cytb ), are now commonly targeted for species identifi cation. There are sev-
eral advantages to the use of mt genes. Mammalian cells normally harbor 800–1000 
mitochondria per cell, resulting in enhanced sensitivity of the PCR assays due to 
the inherent multicopy presence of mt genes. Also, mtDNA is considered to have 
evolved more rapidly than nuclear DNA and therefore represents greater sequence 
diversity, so as to facilitate the identifi cation of closely related species ( Brown 
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et al ., 1993 ). In addition, the nucleotide sequences of the mt Cytb  gene from a large 
number of animal species are available from GenBank. However, it is important to 
keep in mind that mitochondrial DNA is derived solely from the maternal progeni-
tor of a given animal. For this reason, hybrids and hybrid species will be undetected 
as hybrids if only the mtDNA gene sequences are amplifi ed. For detection of hybrid 
animal species, the use of satellite fragment length polymorphism  ( SFLP ) on centro-
meric satellite DNA (usually satellite IV, satellite 1.711b or satellite 1.709) is used. 
Satellite DNA has the advantage in that it consists of tandem repeated sequences 
which become species-specifi c via the process of concerted evolution so as to refl ect 
the progenitor history of the animal ( Elder and Turner, 1995 ). 

 Species detection in fi nal food products has become increasingly important with 
respect to food adulterated with less costly and less desirable or even objectionable spe-
cies for health, economic, religious, esthetic or legal reasons. Allergic reactions to the 
presence of small amounts of specifi c species can result in intense and life-threatening 
anaphylactic symptoms. Individuals suffering from celiac disease are unable to toler-
ate even small quantities of gluten derived from wheat, barley or rye ( Davidson and 
Bridges, 1987 ). The presence of GMO grain, with specifi c labeling indicating such, 
in the European Union (EU) is presently restricted to no more than 0.9%. All of these 
factors have contributed to the development of molecular techniques, in particular the 
PCR, for detecting small quantities of tissue derived from specifi c species or from spe-
cifi c varieties, strains or lines of a given species. 

 Universal primer systems for mt Cytb  PCR can allow identifi cation of several spe-
cies within a single analysis. The PCR systems involving only short amplicons can 
be successful in identifying several species with the use of multiplex assays involving 
the simultaneous amplifi cation of different amplicons with different pairs of primers 
for each species ( Matsunaga et al ., 1999 ). However, for restriction fragment length 
polymorphism analysis (RFLP), amplicons have to be larger so as to encompass one 
or more restriction sites. In processed food products, degradation of DNA to a few 
hundred base pairs, allowing only a short amplicon, may preclude restriction analysis. 

  Stability of DNA in foods 

 Most food products contain suffi cient levels of DNA from the tissue of origin to allow 
detection and quantifi cation as a result of the extreme sensitivity of the PCR if sig-
nifi cant DNA degradation has not occurred and if PCR inhibitors have been removed. 
High molecular weight DNA (20–50       kbp) has been found to be readily isolated from 
fresh meat ( Ebbehoj and Thompson, 1991 ). Refrigerated storage of raw meat resulted 
in degradation of the DNA to average lengths of 15–20       kbp. Heating meat to 121°C 
for 10 minutes before DNA extraction reduced the average length to 300       bp. DNA 
extracted from blood sausage has been found to be larger than 20       kbp ( Candrian, 
1994 ). However, DNA from salami was degraded to an average length of 100       bp to 
15       kbp ( Candrian, 1994 ). Interestingly, DNA isolated from bread was found to have an 
average length of 300       bp. Highly degraded DNA may still be amplifi ed, as long as the 
average DNA strand is not less than the desired DNA sequence to be amplifi ed ( Meyer 



and Candrian, 1996 ). This means that the smaller the amplicon, the larger will be 
the number of intact target sequences to be amplifi ed. Conversely, the larger the ampli-
con, the fewer will be the number of intact target sequences, resulting in a much lower 
effi ciency of detection. An amplicon of 60–80       bp is therefore ideal for detection of low 
levels of species-related DNA in foods that have undergone a signifi cant level of degra-
dation. This precludes the use of conventional PCR with resolution and visualization of 
the resulting amplicons using an agarose gel slab and ethidium bromide (EB) respec-
tively. This limitation results from the fact that such small amplicons will electropho-
retically migrate at or near the leading edge of migration along with transfer RNA, 
making molecular weight confi rmation of the band diffi cult or impossible. However, 
real-time PCR is ideally suited to the amplifi cation of target sequences of 60–80       bp in 
length and their quantifi cation based on a standard curve. 

  Methods of DNA extraction from foods 

 Foods can be expected to contain a wide variety of PCR inhibitors, including com-
plex polysaccharides ( Lantz  et al ., 1997 ), hemoglobin ( Ruano  et al ., 1992 ), urea 
( Khan  et al ., 1991 ), DNases in oysters (author ’ s unpublished observation) and pro-
teases in milk ( Powell  et al ., 1994 ) and oysters ( Blackstone et al ., 2003 ). Presently, 
two methods are most frequently used for the extraction and purifi cation of high-
quality DNA from a wide variety of raw materials and food products. The CTAB 
method is based on a “ classical ”  protocol for plant tissue. Food samples are incu-
bated in the presence of the detergent  hexadecyltrimethyl-ammonium bromide
(CTAB ), then extracted with chloroform, and the DNA is precipitated with isopropa-
nol. The second involves the treatment of the food sample (usually meat) with pro-
teinase K and SDS followed by the use of a DNA-binding silica resin (Wizard ™ , 
Promega Inc.) to purify the released DNA.  Meyer (1999)  has reviewed a variety 
of modifi cations of these two methods in addition to a number of alternative DNA 
extraction methods applied to foods. 

  Molecular techniques used to discriminate 
between similar species and strains 

  Random amplifi ed polymorphic DNA (RAPD) 

 In conventional PCR, a known DNA sequence is amplifi ed by using two primers. The 
fi rst anneals to the 5 �  end of the sequence on the A strand and is extended inward 
with Taq  polymerase from the 3 �  end of the primer, whereas the second anneals to 
the 3 �  of the B strand and is also extended inward from the 3 �  end ( Figure 12.1   ). 
After the fi rst cycle and denaturation, four target sequences are then available for 
duplication. The sequence is usually highly specifi c for the target gene. 

 With RAPD, a single random primer of about 10 nucleotides is used with no known 
target sequence being required, and the fi rst round of amplifi cation results in single 
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strands having palindromatic termini ( Figure 12.2   ) ( Levin, 2003 ). The single randomly 
chosen primer targets specifi c but unknown sites in the genomic DNA, which are 
polymorphic (repeating) with respect to the terminal sequences that the single primer 
anneals to. During subsequent cycles a number of different target sequences are ampli-
fi ed, many of which will be of differing base-pair length so as to generate a variety 
of DNA bands, resulting in a specifi c DNA banding pattern for each species ( Figure 
12.3   ). The RAPD method is most frequently used for identifying identical clonal iso-
lates of pathogenic bacteria involved in outbreaks or in sanitation studies ( Soto  et al ., 
1999 ;  Tu  et al ., 2005 ). It has also been used successfully for distinguishing mammalian 
species ( Koh  et al ., 1998 ). 

 The ratio of primer to template in the RAPD reaction is critical. A hazy smear 
obscuring the amplifi ed bands on the agarose gel is usually caused by failure to satu-
rate the DNA template with primer. This is easily corrected by adjusting the ratio of 
primer to template.  

  Real-time PCR 

Real-time PCR  refers to the detection of PCR-amplifi ed target DNA (amplicons) usu-
ally after each PCR cycle. The signal is readily followed on a computer screen, where 
each point is automatically plotted and the extent of amplifi cation is followed as an 

5′ A strand

B strand

3′

5′3′

Extension

Extension

3′ - Primer #1–5′

5′ - Primer #2–3′

Figure 12.1     Amplifi cation of a known target sequence with a pair of two different primers.    

5′-GATC GATC-3′

5′-CTAG GATC-3′ 5′-CTAG′ CTAG-3′

3′-GATC CTAG-5′ 3′-GATC GATC-5′

3′-CTAG CTAG-5′ 3′-CTAG GATC-5′

5′-GATC CTAG-3′
A strand

B strand

Figure 12.2     Random amplifi cation of polymorphic DNA sequences with a single random primer.    



ongoing continual direct graphical plot ( Figure 12.4   ). Computer software handles all 
of the preprogrammed calculations and plotting of data. Conventional thermocyclers 
often require 2 to 3 hours to complete 35–40 “ thermal ”  cycles. Much of this time 
is consumed by the  “ ramp ”  time required to traverse from one temperature to 
another. Real-time PCR units offer a number of advantages compared to conventional 
PCR. The incorporation of air heating and cooling, capillary sample systems and 
thermoelectrically controlled blocks have greatly reduced ramp times. The use of 
shortened target DNA sequences (60–70       bp) in real-time PCR results in more effi cient 

1 2 3 4 5 6

Figure 12.3    RAPD DNA banding patterns of distinguishable strains of the same species. Strains 
corresponding to lanes 1 and 5 have identical banding patterns and are therefore considered of identical 
clonal origin. Strains corresponding to lanes 2, 3, 4 and 6 are distinguishable from each of the other fi ve 
strains on the basis of DNA banding patterns.    
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Figure 12.4    Real-time PCR amplifi cation profi le derived from a single PCR reaction. 
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amplifi cation than standard PCR, where amplicons are required to be at least 200       bp 
in length to allow detection in agarose gels, and also allows reduced extension times. 
In addition, conventional PCR requires visualization of amplifi ed products after 
agarose gel electrophoresis, which usually involves an additional 30 to 60 minutes. 
Real-time PCR completely eliminates this step through the use of a fl uorometer built 
into the real-time PCR thermal cycler that measures the intensity of fl uorescence 
after each amplifi cation cycle. Real-time PCR systems also allow the option of pro-
grammed generation of a thermal denaturation curve of the amplifi ed product after 
the PCR that allows automatic calculation of the thermal denaturation temperature 
(Tm) value of the amplicon when SYBR Green is the fl uorescent reporter molecule. 
This is most useful in confi rming the identity of an amplicon. 

 The quantitative range with conventional PCR is no more than 1.5 to 2.0 log 
cycles, whereas with real-time PCR an operational range of at least 5 to 6 log cycles 
is usually achieved. Because of the signifi cantly increased cost of reagents, particu-
larly the fl uorescent probes and dyes, compared with reagents used with conventional 
PCR, the reaction volume is usually reduced to 10–20        � l. 

 In addition to detection of amplicons, real-time PCR units can quantify amplifi ed 
target DNA and differentiate amplicons with point mutation or sequence variation. 
Sequence variation can be assessed on the basis of Tm variations derived from the 
analysis of melting curves of duplexes formed by fl uorescent probes and amplicons. 
An additional advantage of real-time PCR is that two or more different PCR reac-
tions (multiplex real-time PCR) amplifying different target sequences can be fol-
lowed and quantifi ed in the same PCR tube. 

 Real-time PCR depends on the emission of an ultraviolet (UV)-induced fl uores-
cent signal that is proportional to the quantity of DNA that has been synthesized. 
Several fl uorescent systems have been developed for this purpose. The simplest, least 
expensive and most direct fl uorescent system for real-time PCR involves the incor-
poration of the dye  SYBR Green , whose fl uorescence under UV greatly increases 
when bound to the minor groove of double-helical DNA. SYBR Green lacks the spe-
cifi city of fl uorescent DNA probes, but has the advantage of allowing a DNA melt-
ing curve to be generated and software calculation of the Tm of the amplicon after 
the PCR. This allows identifi cation of the amplifi ed product and its differentiation 
from primer dimers which also result in a fl uorescent signal with SYBR Green but 
usually have a lower Tm value. The fl uorescent signal is measured immediately after 
the extension step of each cycle, since thermal denaturation yielding single-stranded 
DNA eliminates fl uorescence with SYBR green. A software plot of the negative fi rst 
derivative of the thermal denaturation plot yields a bell-shaped symmetrical curve, 
the mid-point of which yields the Tm value for the amplifi ed product ( Figure 12.5   ). 
Interference of the amplicons signal by the signal resulting from primer-dimer for-
mation can be eliminated by raising the temperature to a critical point that is above 
the Tm of the primer-dimer formed (resulting in thermal denaturation of the primer-
dimers) but below the Tm of the amplicons prior to measuring the intensity of fl ores-
cence emission. 

 The use of custom-synthesized dual-labeled probes allows multiplex real-time 
PCR assays. Such dual-labeled probes harbor a  fl uorophore  (fl uorescent emitter dye) 



at the 5 � -end and a quencher dye at the 3 � -end, which are close enough to prevent 
emitted fl uorescence of the emitter. During primer extension,  Taq  polymerase cleaves 
the probe from the 5 �  to the 3 �  direction, releasing the reporter dye, which then emits 
fl uorescence as a result of its increased distance from the quencher. Fluorescence is 
then measured following each extension stage of every cycle. Increasing amounts of 
the single-stranded amplicons will bind increasing amounts of the probe. The various 
types of probes that are available for real-time PCR have been previously described 
in detail ( Levin, 2004 ).

 With quantitative real-time PCR, the software calculates a value termed  � Rn or 
� RQ from the following:  � Rn      =      (Rn � )P      −      (Rn      −      ), where Rn �       =         emission intensity of 
reporter/emission intensity of the quencher at any given time in a reaction tube, and 
Rn     −            =      emission intensity of reporter/emission intensity of quencher measured prior to 
PCR amplifi cation in the same reaction tube ( Heid et al ., 1996 ). The  � Rn mean val-
ues are plotted on the Y-axis and the number of cycles is plotted on the X-axis. During 
the early cycles, the  � Rn remains at base line. When a suffi cient amount of hybridiza-
tion probe has been cleaved by the 5-nuclease activity of  Taq  polymerase, the intensity 
of reporter fl uorescence emission increases to a detectable level. A threshold level of 
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Figure 12.5    Determination of Tm value from thermal denaturation plot of an amplicon involving SYBR 
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emission above the base line is selected, and the point at which the amplifi cation plot 
crosses the threshold is defi ned as the Ct value and represents the number of cycles 
at which the log phase of product accumulation is initiated or fi rst detected ( Figure 
12.4 ). The threshold is usually set at 10 times the standard deviation (SD) of the base 
line. By setting up a series of wells containing a 4 to 5 log span of genomic DNA 
concentrations, a series of amplifi cation plots is generated by the software in real-time 
( Figure 12.6   ). The amplifi cation plots shift to the right as the quantity of input target 
DNA is reduced. Note that the fl attened slopes and early plateaus do not infl uence the 
calculated Ct values. The Ct values decrease linearly with increasing target quantity. 
A plot of the resulting Ct values on the Y axis versus the log of the ng of input 
genomic DNA yields a straight line ( Figure 12.7   ), which is then used as a standard 
curve for quantitation of samples with unknown levels of genomic DNA. This 
approach and the original nomenclature of  Heid  et al . (1996)  have been universally 
adapted for quantitative PCR. 

 Real-time PCR assays utilizing SYBR Green are usually not suitable for multi-
plex amplifi cation because the emission spectrum of SYBR Green is identical for all 
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amplicons. However, the software program accompanying real-time PCR analytical 
systems is able to generate peak Tm values by plotting the negative fi rst derivative of 
each amplicon ’ s distinct melting curve.  Hernández  et al . (2003)  exploited this feature 
of SYBR Green for distinguishing the multiplex derived amplicons from several GM 
strains of maize. 

  Nested PCR assays 

 There are two forms of nested PCR assays; fully nested and semi-nested.  Fully-
nested PCR  assays involve the initial use of a pair of external primers that amplify 
the entirety of the target sequence to yield a primary amplicon. In a second PCR 
amplifi cation, an internal pair of primers is utilized that amplifi es a target sequence 
internal to both ends of the initial amplicon ( Figure 12.8   ). The internal or nested 
PCR, in being applied to the product of the external primers, greatly increases both 
sensitivity of detection and specifi city. With the  semi-nested PCR  assay, an initial 
pair of external primers is utilized to again yield a primary amplicon. The secondary 
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pair of primers consists of either the initial forward or initial reverse primer used in 
conjunction with an opposing internal primer so that the resulting secondary ampli-
con has only one end internal to the initial amplicon. The use of two pairs of primers 
spanning the boundary of two or three genetic elements is regarded as suffi ciently 
specifi c for detection and identifi cation of a specifi c GMO strain or line.  

  Quantitative competitive PCR (QC-PCR) for determining the 
percent of a species present in a mixture 

 In using the PCR for quantifi cation of a specifi c species in a mixture, an important 
consideration is the partial inhibition of the PCR derived from trace tissue com-
ponents which will result in an erroneously low estimate of the level of the target 
species. One approach to overcome this problem is to use an internal standard for 
competitive PCR. The advantage of competitive PCR is that it automatically cor-
rects for partial PCR inhibition.  Quantitative competitive PCR  ( QC-PCR ) was fi rst 
described by  Gilliland  et al . (1990) .  Wolf and Lüthy (2001)  were the fi rst to apply it 
to the quantitative detection of animal species in food products. A competitive DNA 
sequence is synthesized by the PCR that is either 30–50       bp larger or shorter than the 
target sequence to be co-amplifi ed, so as to allow both amplicon bands to be distin-
guished on an agarose gel. The internal standard (IS) is constructed so that its 5 �  and 
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Figure 12.8     Two-tube nested PCR. Amplifi cation with external primers for 25 cycles followed by 
amplifi cation of an aliquot for 20 cycles using internal nested primers.    



3�  terminal sequences are homologous to the primer pair to be used to simultane-
ously amplify the target sequence (TS) ( Figure 12.9   ). A uniform standard amount of 
the IS is added to each PCR assay tube in a series containing varying amounts of the 
TS. During the co-amplifi cation with the single pair of primers, partial inhibition of 
the PCR during annealing of the primers and their extension will occur to the same 
extent with respect to amplifi cation of both the TS and IS. This results in the ratio of 
the intensity of both bands in an ethidium bromide agarose gel remaining constant for 
a given percent of the species in the sample with partial PCR inhibition. A standard 
curve is then derived by plotting the log of the ratio of fl uorescent intensity (TS/IS) 
against the log of the amount of the target species added to a mixed sample. The 
precise numerical level of fl uorescent intensity of each band is determined by pho-
tographing the gel and using the public domain NIH Image 1.61 software program. 
The resulting fl uorescent agarose bands from an unknown sample are similarly pho-
toanalyzed and the quantity of the species in the mixed sample determined from the 
ratio of numerical fl uorescence of TS/IS from the standard curve ( Wang and Levin, 
2005 ). Alternatively, if an approximate percent content of the target species is satis-
factory, visual inspection of the relative band intensities to identify the equivalence 
point ( Figure 12.10   ) can be used as described by  Wolf and Lüthy (2001) .
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Figure 12.9    Protocol for PCR synthesis of internal competitive PCR standard.    

Molecular techniques used to discriminate between similar species and strains 421



422 DNA-based Technique: Polymerase Chain Reaction (PCR)

  Restriction fragment length polymorphism (RFLP) 

Restriction fragment length polymorphism  ( RFLP ) is a technique in which species 
may be differentiated by analysis of patterns derived from cleavage of their DNA by 
restriction nucleases. If two species differ in the distance between sites of cleavage 
by a particular restriction endonuclease, the length of the fragments produced will 
differ when the DNA is digested with such a restriction enzyme. The differences of 
the patterns generated can be used to differentiate species (and even strains) from 
one another. DNA is fi rst extracted from tissue and purifi ed. The PCR amplifi ca-
tion of a sequence from a gene, such as that of mitochondrial 12S ribosomal RNA 
(mt12S rRNA), is then undertaken. The resulting amplicon is then cleaved with one 
or more restriction endonucleases and the resulting segments resolved by agarose 
electrophoresis with visualization of the DNA bands with EB.  

  PCR-single strand conformation polymorphism (PCR-SSCP) 

PCR-single strand conformation polymorphism  ( SSCP ) involves PCR amplifi cation of 
a sequence from a suitable gene (usually the mt Cytb  gene) followed by denaturation 
and electrophoresis of the resulting single-stranded DNA (ssDNA) through a non-
denaturing polyacrylamide gel, and visualization of a limiting number of DNA bands. 
Under appropriate conditions, especially low temperature and non-denaturing condi-
tions, single DNA strands fold into structures that migrate according to their shape. 
DNA strands of different sequence usually do not assume the same shape, and there-
fore have distinct gel mobilities. These mobility differences are based primarily on 
tertiary rather than secondary DNA structure ( Liu  et al ., 1999 ). It should be noted that 
interaction between residual PCR primers and ssDNAs may occur, resulting in the 
formation of mixed bands ( Cai and Touitou 1993 ;  Kasuga  et al ., 1995 ). The sensitivity 
of the technique is inversely proportional to the size of the fragment. Single base-pair 
differences are generally resolved 99% of the time for 100- to 300-bp fragments, while 
with 400-bp fragments the resolution of single base-pair differences occurs at least 
80% of the time ( Sunnucks  et al ., 2000 ). Conformational changes and migration of 
ssDNA are infl uenced by the size of PCR fragments, the electrophoresis temperature, 
the percentage of polyacrylamide, the ratio of acrylamide to bis-acrylamide, and the 

Target DNA
bands

Standard DNA 
bands

Equivalence point 
(target � standard)

Figure 12.10     Agarose gel resolution of constant amount of internal competitive PCR standard and 
variable amounts of target DNA illustrating equivalence point. 



ionic strength of the electrophoresis buffer ( Miterski et al ., 2000 ). The technique is 
sensitive enough to detect one base exchange or a few differences in short (100- to 
140-bp) DNA fragments ( Hayashi, 1996 ). In addition, PCR-SSCP can also be used to 
identify fi sh species in mixed products, with very distinct patterns usually consisting 
of fewer bands than RAPD ( Rehbein et al ., 1999 ). Since EB does not stain ssDNA 
well, staining with silver or gold stains is commonly used in addition to autoradiogra-
phy involving the labeling of the amplifi ed DNA with a  32 P-labeled dNTP. 

  Amplifi ed fragment length polymorphism (AFLP) 

Amplifi ed fragment length polymorphism  ( AFLP ) is PCR-based, and results in the 
development of DNA banding profi les. However, it differs from RAPD and RFLP in 
that it involves initial restriction of genomic DNA, followed by ligation of adaptors 
complementary to the restriction sites and selective PCR amplifi cation of a subset of 
the adapted restriction fragments. These fragments are then visualized on denatur-
ing polyacrylamide gels by labeling one of the primers. Its greatest advantage is in 
its sensitivity to detect genomic polymorphism.  Vos  et al . (1995)  have presented the 
mechanism in detail. Target DNA is prepared by fi rst digesting to completion 50–
200       ng of purifi ed genomic DNA, with two restriction enzymes, one such as  Eco RI 
(6-bp recognition sequence) that results in few restriction cuts and one such as  Mse I 
(4-bp recognition sequences) that results in a large number of restriction cuts. The 
frequent cutter will generate small DNA fragments, while the rare cutter reduces the 
number of fragments to be amplifi ed, since only the rare cutter/frequent cutter frag-
ments are amplifi ed. This in turn limits the number of selective nucleotides needed 
for selective amplifi cation. In addition, the use of two restriction enzymes makes it 
possible to label one strand of the double-stranded PCR (dsPCR) products, which 
prevents  “ doublets ”  on the gel due to unequal mobility of the two amplifi ed strands. 

 Restriction of genomic DNA with  Eco RI and  Mse I will result in three classes of 
restriction fragments, Mse I     −      Mse I fragments ( � 90%),  Eco RI�Mse I fragments and 
Eco RI�Eco RI fragments. The  Eco RI�Mse I fragments (several thousand) will 
be about twice the number of Eco RI restriction sites, and a small number will be 
Eco RI�Eco RI fragments. Following restriction, an  Eco RI adapter and an  Mse I 
adapter are added with T4 DNA ligase ( Figure 12.11   ). AFLP adapters are comprised 
of a core sequence and a restriction enzyme-specifi c sequence. The structure of the 
Eco RI-adapter is:

  5 � -CTCGTAGACTGCGTACC 
 CATCTGACGCATGGTTAA-5 �

 The structure of the  Mse I-adapter is:

  5 � -GACGATGAGTCCYGAG 
 TACTCAGGACTCAT-5 �

 For PCR amplifi cation of only the  Eco RI � Mse I fragments,  Eco RI and  Mse I 
primers are used simultaneously in a PCR ( Figure 12.11 ). The AFLP primers consist 
of three parts; a core sequence, a restriction enzyme specifi c sequence (ENZ), and 
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a selective extension (EXT) of usually one to three nucleotides chosen by the inves-
tigator which extend into the unknown portion of the fragment, thereby reducing the 
number of fragments amplifi ed. This is illustrated below for  Eco RI and  Mse I primers 
with three selective nucleotides (NNN): 

 CORE  ENZ  EXT 

Eco RI 5 � -GACTGCGTACC  AATTC  NNN-3 �
Mse I 5 � -GATGAGTCCTGAG  TAA  NNN-3 

 With the fi rst PCR only one selective extension nucleotide is used, which results 
in amplifi cation of  � 1/16 of all  Eco RI � Mse I fragments. The PCR products are then 
diluted 10-fold and the PCR repeated with the same primers containing three selec-
tive nucleotides ( Figure 12.11 ), which results in amplifi cation of  � 1/4000 of the 
Eco RI � Mse I fragments. If the  Eco RI primer is labeled in the second PCR, then only 
the restriction fragments with an Eco RI site will be detected. 

 The two-step PCR results in reduction of background smears and large amounts of 
template DNA, allowing many gel banding profi le comparisons. The fi nal amplicons 
are thermally denatured and subjected to electrophoresis in 10% polyacrylamide 
denaturing gel electrophoresis. The AFLP procedure typically detects more polymor-
phism per reaction than RFLP or RAPD analysis. Any combination of infrequent/
frequent cutting restriction nucleases can be used for generating large numbers of 
banding profi les among disparate samples. 

 An important aspect of the AFLP procedure is that adding selective nucleotides 
to the primers reduces the number of bands about four-fold with each selective 
nucleotide. Another important feature of the technique is that all primers start with 

AATTCCAC TCGT
GGTT AGCAAT

18-bp Common sequence 22-bp Common sequence

CTCGTAGACTGCGTACCAATTCCAC TCGTTACTCAGGACTCAT

Selective bases
AFLP primer

GACTGCGTACCAATTCCAC
GAGCATCTGACGCATGGTTAAGGTG

CTCGTAGACTGCGTACCAATTCCAC

AFLP primer

Selective bases
Amplification

TCCTTACTCAGGACTCATCGTC
AGCAATGAGTCCTGAGTAG

AGCAATGAGTCCTGAGTAGCAG

CATCTGACGCATGGTTAAGGTG AGCAATGAGTCCTGAGTAGCAG

Adapter ligation

Restriction fragment

Figure 12.11     Diagrammatic representation of the AFLP technique. Redrawn from  Vos  et al.  (1995) , with 
permission.



a 5 � -guanine (G) residue so as to prevent double bands. The AFLP procedure has 
been found to be insensitive to the amount of template DNA, with the exception of 
extremely low or extremely high DNA concentrations ( Vos  et al ., (1995) .

  Denaturing gradient gel electrophoresis (DGGE) 

Denaturing gradient gel electrophoresis  ( DGGE ) separates DNA fragments of the 
same length on the basis of differences in base-pair sequences, and is capable of 
distinguishing single base changes in a segment of DNA. It is usually applied to a 
mixture of 16S RNA gene fragments amplifi ed by the PCR using a common pair 
of primers from samples containing more than one species. With the use of a dena-
turing gradient acrylamide gel, double-stranded DNA is subjected to electrophoretic 
migration in an increasing denaturant environment. This results in discrete segments 
undergoing  “ melting ”  or denaturation, referred to as  “ melting domains ” . When the 
Tm of the lowest melting domain is reached, the DNA will become partially dena-
tured, creating branched or Y-shaped molecules at the leading end ( Figure 12.12   ). 
Partial denaturation of the DNA reduces its mobility in the gel. Since the Tm of a 
particular melting domain is sequence-specifi c, the presence of one or more base-
pair differences will alter the melting profi le of that DNA when compared to the 
same DNA fragment from another species. Variations in DNA sequence of two spe-
cies will therefore result in variable mobility shifts at different positions in the gel. 
If a fragment completely denatures, its migration becomes a function of size. In a 
typical DGGE system, the temperature is held constant and the denaturing environ-
ment is created by a linear denaturing gradient formed with urea and formamide. 
A solution of 100% denaturant consists of 7       M urea and 40% formamide. Usually 
a gradient of 0 to 100% denaturant is prepared in a 6 to 10% polyacrylamide. The 
concentration of the polyacrylamide is dependent on the size of the fragment. With 
the gradient parallel to the electric fi eld, different species will form distinguishable 
bands. Each band in a DGGE gel is believed to represent a single species. 

Direction of electrophoretic migration

Species 2

Species 1

Figure 12.12    DGGE example. DNA denaturation of 16S rDNA segments of equal length but differing 
in nucleotide sequence from two distinct species. Direction of electrophoretic migration is parallel to an 
increasing denaturant polyacrylamide gel.    
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  Species-specifi c PCR assays 

  Genetically modifi ed organisms (GMOs) 

  Genetic and biological characteristics of GMOs 
 A  genetically modifi ed organism  ( GMO ) is usually defi ned as a living organism 
whose genetic composition has been altered by the insertion of a new gene encoding 
a desired protein that is expressed. A typical insert (gene construct or  cassette ) in a 
GMO is composed of at least three elements: (i) the promoter , which functions as an 
on/off switch for reading of the inserted gene; (ii) the gene that has been inserted and 
that encodes the desired protein, and (iii) the terminator , which functions as a stop 
signal for reading of the inserted cassette. A gene construct or cassette must be inte-
grated into the genome of the organism to become stably inherited. 

 At present, the PCR is the most commonly used DNA-based method for detection 
of GMOs and involves amplifi cation of specifi c DNA sequences that are unique to 
GMOs. Subsequent agarose gel electrophoresis (AGE) allows the detection, quantifi -
cation and size of the resulting amplifi ed target sequence (amplicon) to be estimated. 
The identity of the amplicon may be further verifi ed by DNA sequencing or diges-
tion of the PCR product with restriction endonucleases (RFLP) followed by fragment 
analysis with AGE. Real-time PCR is presently considered the most reliable method 
for quantifi cation of GMOs ( Miraglia  et al ., 2004 ).  

  Molecular methods for detection of GMOs 
 A variety of methods, such as PCR, PCR-RFLP, Southern hybridization, DNA 
sequencing, real-time quantitative PCR, PCR biosensor technology, microarray tech-
nology and peptide nucleic acid (PNA) clamping, have all been utilized to increase 
the specifi city of GMO analysis. Detection of GMOs is limited to foods and food 
products in which suffi cient intact DNA is present for detection. In general, no DNA 
is detectable in highly heat-treated food products, hydrolyzed plant protein (e.g. soya 
sauce), purifi ed lecithin, starch derivatives (e.g. maltodextrin, glucose syrup) and 
refi ned chemical substances such as refi ned soya oil ( Meyer, 1999 ). All of the above 
techniques involve PCR to amplify specifi c DNA target sequences from GMOs, 
which are discussed in detail below with specifi c examples.  

  The transgenic cassette 
 GMOs are biological species whose genomes have been modifi ed by the introduction 
of an exogenous gene able to express an additional protein that confers new charac-
teristics. The foreign gene is usually inserted into a gene  “ cassette ”  consisting of an 
expression promoter (P), a structural gene encoding the new protein, and an expres-
sion terminator sequence (T). Two of the frequently utilized sequences for geneti-
cally modifi ed (GM) grains and fruits commonly inserted into most of the available 
transgenic products are the promoter of the 35S subunit of rRNA caulifl ower mosaic 
virus (CaMVX35S) and the nopaline synthase (NOS) terminator (NOS-T) from 
the plant pathogenic bacterium  Agrobacterium tumefaciens . The two proteins most 



frequently encoded by genetic inserts in GMOs are the Cry protein and the enzyme 
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), discussed below.  

  Bt GMOs 
 Transgenic Bt corn contains genetic material from the soil-borne bacterium  Bacillus
thuringiensis  (Bt). During spore formation, Bt produces a crystal-like or  “ Cry ”  pro-
tein which, when ingested by susceptible larvae, particularly of the order Lepidoptera 
such as the European corn borer, disrupts the intestinal wall, resulting in death. The 
Cry protein is known as the  delta toxin , is completely harmless to all mammals and 
is encoded by the  CryIA(b) (Cry)  gene. The insecticidal effects of sprayed applica-
tion of Bt cultures to fi eld crops is of short duration, usually dissipating within about 
2 weeks due to UV, heat, dryness or oxidation. Transgenic corn plants producing 
their own Cry protein circumvent these problems with no need for fi eld application. 

  EPSPS GMOs 
Glyphosate  is a general herbicide applied to food and non-food fi eld crops such as 
soybeans, fi eld corn and hay for the destruction of weeds. Glyphosate controls weeds 
by inhibiting the enzyme EPSP synthase necessary for plant growth. EPSP synthase-
resistant GMOs contain the gene encoding CP4 EPSP synthase derived from a soil 
bacterium ( Agrobacterium  sp., strain CP4). This gene produces an enzyme (EPSPS) 
that is functionally identical to plant EPSP synthase but which is not inhibited by 
glyphosate, allowing GMO fi eld crops containing the gene insert to be sprayed with 
glyphosate for weed control. 

  Specifi city of PCR-based GMO detection methods 
 PCR-based GMO assays can be divided into four levels of specifi city ( Miraglia 
et al ., 2004 ).  “ Screening ”  methods are the least specifi c, and usually relate to tar-
get DNA sequences such as promoters and terminators that are commonly present 
in most GMOs. The second level of sensitivity normally targets a sequence of the 
protein-encoding gene. Examples are the EPSPS gene coding for tolerance to the 
general herbicide glyphosate and the Bt gene coding for the delta toxin of  Bacillus
thuringiensis , imparting resistance to certain insects. The third level of specifi city 
involves the junctions between two DNA elements in a cassette, such as the promoter 
and the protein-encoding gene. These methods target DNA sequence junctions not 
present in natural genomes. Different GMOs, however, may share the same promoter 
and protein-encoding gene. The fourth and highest level of specifi city occurs when 
the target sequence is derived from the junction between the inserted cassette and the 
recipient genome, and is referred to as an  event-specifi c method . 

 It is important to recognize that the high level of sensitivity of molecular tech-
niques such as PCR can result in the detection of low levels of inadvertent GMO 
contamination. Such contamination may result from cross-fertilization with maize 
pollen in fi elds, or cross-contamination of crops with dust during harvesting, trans-
portation, milling and food processing. In addition, false-positive results from PCR 

Species-specifi c PCR assays 427



428 DNA-based Technique: Polymerase Chain Reaction (PCR)

assays targeting the P-35S, nos 3 � , and  npt II sequences may be due to infection of 
food plants by tobacco mosaic virus (CaMV) or contamination by microorganisms 
such as the soil bacterium Agrobacterium tumefaciens  containing the  nos  or  nptII
target sequences. An additional limitation of the PCR in identifying specifi c GMO 
strains occurs when cross-breeding between two GMO strains occurs, which results 
in  “ stacked genes ”  when, for example, an insect-resistant GMO strain is combined 
with a herbicide-tolerant GMO. Both cassettes may reside on different chromosomes. 
Quantitative PCR cannot distinguish between the gene-stacked GMO and a mixture 
of the two parental GMOs ( Miraglia  et al ., 2004 ).  

  Applications of PCR methodology for detection of GMOs 
 The GM corn Bt11 expresses a 6.3-kbp DNA sequence containing the  Bacillus thur-
ingiensis (Bt)  transgene coding for the cryIA(b) delta-endotoxin which imparts resist-
ance of the Br11-corn strain against lepidopteron insects, especially the European 
corn borer. In addition, the strain also harbors a pat transgene for tolerance to the 
non-selective herbicide  phosphinothricin  ( PPT ).  Zimmerman  et al . (2000)  reported 
on the development of a competitive quantitative PCR assay for Bt11 involving the 
genomic sequence at the 5 � -site of the integrated transgenic sequence. The inverse 
PCR (iPCR) used employed a pair of primers that amplifi ed a 207-bp sequence 
comprised mostly of the transgenic vector but extended by 11 nucleotides into the 
genomic integration site so as to avoid amplifi cation of the repeated GM DNA in 
the corn genome. The assay was capable of detecting 1% Bt11-DNA. The assay sys-
tem overcomes two problems involved in the application of conventional PCR for 
quantifi cation of GMOs; the fi rst encompasses different copy numbers of integrated 
constructs in different GMOs, and the second involves different GMOs containing 
identical transgenic constructs. In addition, the amplifi cation of only one integrated 
target results in highly accurate quantifi cation, independent of how many constructs 
being integrated into the genome. The utilization of iPCR allowed amplifi cation of 
unknown sequences without cloning. The competitive PCR was calibrated to a 1% 
GMO content by performing the competitive PCR with a constant level of a 1% mix-
ture of Bt11 with varying levels of competitor DNA to obtain a visual equivalence 
point whereby a 1% level results in equivalent band intensity from a known quan-
tity of competitive DNA. The resulting inverted PCR system amplifi ed DNA only 
from Bt11 corn yielding the 207-bp amplicon, whereas conventional corn as well as 
BT176, MaiseGard ™ , and LibertyLinkTM T25 failed to yield amplicons. The assay 
is therefore highly specifi c for the quantitative detection of only the Bt11 corn strain. 

 Rapid quantitative real-time PCR methodology was developed by  Vaïtilingom  et al . 
(1999)  for detection of  Maximizer maize event 176  and Rounded Ready ™   soy and 
soybeans in foods. For each GMO, two PCR primer systems were used, one for the 
total detection of maize or soybean (endogenous PCR systems) and the other for spe-
cifi c detection of the GMO. For maize, the endogenous PCR system amplifi ed a 69-bp 
sequence of the 10-kdalt zein  gene and the transgenic PCR system amplifi ed a 105-bp 
sequence of the cryIA(b)  gene. For soybean, the endogenous PCR system ampli-
fi ed an 81-bp sequence of the  Le1  lectin gene and the transgenic system amplifi ed 



a 146-bp sequence of the CP4 EPSPS  gene. Endogenous probes were labeled with 
the fl uorescent reporter dye tetrachloro-6-carboxyfl uorescein (TET) at the 5 � -end and 
the transgenic probes with 6-carboxyfl uorescein (FAM) at the 5 � -end. The fl uorescent 
quencher dye 6-carboxy-N,N,N � ,N � -tetramethylrhodamine (TAMRA) was used to 
label the 3 � -ends of the probes. The PCR reactions utilized multiplex systems com-
prised of the maize endogenous and transgenic primer pairs in the same PCR tube. 
A similar strategy was used for soybean; 0.01% transgenic DNA could be detected, 
and 2       pg of total or transgenic DNA per gram of starting material could be detected, 
which is at least 10-fold more sensitive in GMO detection than the quantitative com-
petitive PCR reported by  Stüder et al . (1998) . The real-time PCR assays required only 
3 hours after DNA extraction. 

  Wurz  et al . (1999)  developed two different PCR assays for determining (i) the 
threshold levels of GMO content in foods via competitive PCR and (ii) the ratio 
of transgenic to non-transgenic components present using real-time PCR. The two 
methods use the soybean lectin  le1  gene as a general soybean gene. The fi rst method 
uses a competitive conventional PCR approach in which the Roundup Ready ™  soy 
(RRS) DNA and the general soy DNA content are measured by two independent 
competitive PCRs. The second is a quantitative approach using real-time PCR and 
Taqman probes to generate a standard curve for the RRS DNA and for the general 
soy  le1  gene DNA, allowing the ratio of the two to be determined. A RRS content of 
0.5% was clearly distinguished from a RRS content of 0.5% using the double com-
petitive PCR method.  Wurz  et al . (1999)  indicated that the copy number of both the 
target and competitor DNA should be identical or similar and that, for reliable quan-
titation at the 1% level, at least 10       000 copies of amplifi able DNA of the soy genome 
should be present in the PCR ( � 50       ng of DNA). 

 A number of studies have been conducted in which GM DNA derived from feed 
ingredients has not been detected in milk, meat or eggs ( Flachowsky and Aulrich, 
2001 ;  Phipps  et al ., 2002 ). A possible explanation is that the diet-derived DNA is 
degraded in the digestive tract to small fragments detectable in fecal material but 
not taken up by the circulatory system ( Chowdbury  et al ., 2004 ).  Agodi  et al . (2006) 
found from PCR screening of 60 milk samples involving 12 different milk brands 
that 15 (25%) contained GM maize sequences and 7 (11.7%) contained GM soybean 
sequences; and concluded that the detection of GM DNA in milk refl ects either fecal 
contamination or airborne contamination with feed DNA or feed particles respec-
tively, with other environmental sources also being possible. The primers were those 
described by  Vaïtilingom  et al . (1999) . One set of primers ZETM1/ZETM3 was used 
for the total detection of maize (EM endogenous maize) targeting the  Zein  gene, which 
encodes a methionine-rich Zein protein from maize, and another primer set Sltm1/
Sltm2 was used for the total detection of soy (ES endogenous soy), targeting the Le 
1 lectin gene le1 . For detection of  Maximizer  maize (TM transgenic maize), a set of 
primers Crytm1/Crytm2 targeting the  CryIA(b)  gene, encoding the CRYIA(b) protein 
(Bt- delta-endotoxin) from  Bacillus thuringiensis  was used. For detection of  Roundup
Ready™  soybean (TS transgenic soybean), the primer set Sttmf3a/Sttmf2a was used 
to target the CP4  EPSPS  gene, encoding the enzyme 5-enolpyruvoylshikimate-
3-phosphate synthase derived from  Agrobacterium  sp. strain CP4.  Vaïtilingom  et al . 
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(1999)  used four sets of primers in a multiplex PCR format, and labeled each primer 
pair at the 5 � -end with FAM, RHOD, TET or HEX respectively for automated gener-
ation of an electropherogram distinguishing amplicon intensities and bp size. Spiking 
experiments indicated that 10       pg of GM DNA in 200        � l of milk could be detected. 

  James  et al . (2003)  developed three independent multiplex PCR procedures 
for detecting multiple target sequences in genetically modifi ed (GM) soybeans 
(Roundup Ready ), maize (event 176, Bt11, Mon810 and T14 / 25) and canola (Gt73, 
HCN92/28, MS8/RF3 and Oxy235). Internal control targets were included to elimi-
nate false negatives. Since each set of primers generated a single band from the cor-
responding GM target sequence, a given strain or line harboring multiple transgenic 
modifi cations could be readily detected from the two or three resulting agarose bands 
with differing bp lengths. These systems can also be used to detect the presence of 
unspecifi ed GMOs, including unapproved lines, since many GM crops contain at 
least one of the targets detected by the primers. 

  Hernández  et al . (2003)  cleverly exploited the ability of real-time PCR software 
to generate the Tm values of resulting amplicons by developing a multiplex SYBR 
Green I mediated real-time PCR detection assay for three different GM maize lines 
and one GM soybean line. Differentiation was based on the differences in Tm values 
of the amplicons. In so doing, they found that amplicon pairs differing by at least 
1.5ºC in Tm could still be identifi ed in a duplex format, whereas amplicons differing 
by only 1.2ºC produced only single peak melting curves. A triplex real-time PCR 
assay was therefore developed for  Maximizer  maize 176, Bt11 maize and MON810 
maize, with resulting Tm values of 76.9, 85.2 and 88.9 respectively. The sensitivity 
of detection for the duplex GM maize system was 0.1%, and for the soybean duplex 
system it was 1%. The method, however, is unsuitable for precise quantifi cation. 

  Yamaguchi  et al . (2003)  compared a multiplex PCR assay with an ELISA assay 
for detecting GM maize. Primer pairs were designed to amplify a 437-bp sequence of 
the Bt11 cry1A(b)  gene, a 522-bp sequence of the Btm  pat  gene, a 619-bp sequence 
of the Event176  cry1A(b)  gene, a 199-bp sequence of the MON810  cry1A(b)  gene, 
and a 231-bp sequence of the LIBERTY  pat  gene. One pair of primers amplifi ed 
a 329-bp sequence of the zein protein gene ( Kirihara  et al ., 1988 ) as a control to 
ensure against false negatives. The PCR method had the advantage of distinguish-
ing between the various GM lines of maize from one another, which the ELISA was 
unable to do.  Yamaguchi  et al . (2003)  presented schematic diagrams of genetic maps 
illustrating the origin of the primers which encompassed gene junctions for specifi c 
recognition of the individual maize lines. 

 The maize line GA21 was developed to exhibit tolerance to the Roundup glypho-
sate herbicide. Hernández  et al . (2004)  were able to amplify a nucleotide sequence 
corresponding to the polylinker plasmid vector fl anked by the  r-act  promoter and 
nopaline synthase  3 � -terminator in transgenic maize line GA21, constituting a 
unique junction region between the transgenic and plasmid vector by real-time PCR. 
Duplex real-time PCR assays were performed with SYBR Green, Amplifl uor ™  and 
Taqman systems targeting the same 72-bp junction region, together with a primer 
pair that amplifi ed a sequence of the  maize invertase  ( ivr ) gene as an external con-
trol. Taqman ™  and SYBR Green systems yielded similar sensitivities, while the 



Amplifl uor system was slightly less sensitive. The Amplifl uor system is based on a 
universal hairpin primer. The Taqman system exhibited a detection level of 0.01% for 
GA21 DNA, which is notably less than the threshold of 1% for the accidental pres-
ence of GMOs due to fi eld contamination during cultivation. Three real-time PCR 
systems involving SYBR Green, Amplifl uor and Taqman were found to be specifi c, 
highly sensitive and reliable for both identifi cation and quantifi cation of GA21 DNA. 

 Currently, many GMOs can be detected because they share the same DNA pro-
moter and terminator sequences. A molecular screening method based on multi-
plex-PCR was developed by  Forte  et al . (2005)  for the detection of GM soybeans 
and maize. The multiplex assay consisted of a primer pair that amplifi ed a 414-bp 
sequence of the soybean lectin gene  le1  as a negative soy control and a pair of prim-
ers that amplifi ed a 277-bp sequence of the  zein  gene of maize as a negative maize 
control. A pair of primers was also used that amplifi ed a 180-bp sequence of the 
NOS terminator, in addition to a pair of primers that amplifi ed an 83-bp sequence of 
the 35S promoter, both of which are common to GM Bt176 maize and GM  Roundup
Ready  soybean. Since the GMO sequences amplifi ed are external to the specifi c 
transgenes they do not allow GM strains to be identifi ed, but are capable of distin-
guishing approved from certain non-approved GM strains. Both GM primer pairs 
detected 0.1% Roundup Ready ™ soy, Bt176 maize and Bt11 maize. 

  Greiner  et al . (2005)  made use of primers from the Offi cial Collection of Test 
Methods (OCTM) (1998, 2002) for the qualitative and quantitative detection of 
GM soy ( Roundup Ready  soy) and maize (Bt176  Maximizer  maise, Bt11 maize, 
MON810 Yield Gard  corn, and T25  LibertyR  link maize) in commercial processed 
foods in Brazil. A total of 100 foods containing maize and soy were analyzed in 2000 
and again in 2001. In 2000, 13 of the 100 soy samples contained  Roundup Ready , 
whereas in 2001, 21 of the 100 samples contained  Roundup Ready  soy. In Brazil, the 
majority of food products that tested positive for transgenic soy or maize contained 
more than 1% as determined by real-time PCRs. In 2000, 15% of the soy- and 25% 
of the maize-containing products contained less than 1% GMOs, while in 2001 only 
14% of the soy- and 13% of the maize-containing products contained less than 1% 
GMOs. Some of these products were above the 4% limit allowed in Brazil, and were 
not appropriately labeled. These results emphasize the importance of having conven-
ient and reliable techniques available for quantitative assessment of GMOs in food 
products.

  Liu  et al . (2005)  employed a double monoplex PCR system with unique dual-
labeled electrochemiluminescence (ECL) probes for detection of GM capsicum, 
tomatoes and Arabidopsis thalianicus . The methodology utilized tris-propylamine 
(TPA) and tris (2,2 � -bipyridyl) ruthenium II (TBR) for quantifying amplifi ed DNA. 
TPA and TBR are oxidized at approximately the same voltage on an anodic surface. 
After deprotonation, TPA chemically reacts with TBR, resulting in electron trans-
fer. The resulting TBR molecule relaxes to its ground state by emitting a photon at 
614       nm. TPA decomposes to dipropyl amine in this reaction. The TBR is recycled. 
The PCR products were mixed with two pairs of probes. One pair of primers (35S 
sense/35S antisense) was utilized to amplify a 195-bp sequence of the 35S pro-
moter, and the other pair of primers (NOS sense/NOS antisense) amplifi ed a 180-bp 
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sequence of the NOS terminator. Both of the PCR products (20        � l) were then mixed 
independently with an equal volume of one of the two probes. One set of probes 
(35S 1/35S 2) was designed to hybridize to different locals along the 35S amplicon. 
Probe 35S 1 was labeled at the 3 � -end with biotin and probe 35S 2 was labeled at the 
5� -end with TBR. A second set of probes (NOS 1/NOS 2) was designed to hybrid-
ize to different locals along the NOS amplicon. After hybridization of the probes, 
streptavidin (SA)-coated magnetic beads were added to capture the amplicons. The 
samples were then added to a fl ow ECL detection cell with TPA added. A magnet 
interfaced with the anodic electrode captured the magnetic beads, resulting in a 
chemical reaction between TPA- and TBR-labeled amplicons yielding luminescence 
only from the amplifi ed GMO sequences. The ECL system has the advantage of high 
sensitivity of detection, with the limit of detection being 100       fmol of PCR products 
and the dynamic range extending over six orders of magnitude. This methodology 
has also been applied for the detection of GM soy and papaya ( Liu  et al ., 2004a ). 

 The GMO corn  MaisGard ™   is resistant to the European corn borer due to the 
insertion and expression of the  cryIA(b)  gene that encodes the delta-toxin from 
Bacillus thuringiensis  ssp.  kurtaki . This gene controlled by a 35S promoter from the 
caulifl ower mosaic virus is fl anked at its 5 � -site by the corn-specifi c intron 1 of heat 
shock protein 70 (hsp 70). Zimmerman  et al . (1998)  made use of a nested PCR sys-
tem for the specifi c detection and quantifi cation of  MaisGard . The system utilized a 
primer pair mgd1/mg2 that amplifi ed an outer 401-bp fragment spanning a region of 
the 35S-promoter through the hsp70 exon and into the hsp70 intron, and a primer pair 
mg3/mgd4 that amplifi ed a 149-bp fragment also spanning the interface of the 35S 
promoter and the hsp exon 1 ( Figure 12.13   ). A nested high mobility (hm)-system was 
also used for amplifying sequences of the high-mobility protein present in all corn 
as a positive control for all corn strains assayed. This system involved the outer 
primers hm1/hm2 and the inner primers hm3/hm4. No other transgenic corn could 
be detected other than MaisGard , since no other GM corn contains this specifi c gene 
interface involving the 35S promoter, the hsp70 exon and the hsp70 intron 1. 

  Liu  et al . (2004a, 2004b)  described a liquid-phase hybridization (LPH) method for 
developing a LPH-PCR-ELISA assay for detecting and quantifying  Roundup Ready™
soybean and BT1 maize in food products. A 185-bp fragment of the 35S CaMVX35S 
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Figure 12.13     Map of the MaisGard ™  transgene illustrating the location of the 35S promoter, the hsp70 
exon1, the hsp70 intron 1, the delta-endotoxin cryIA(b), the NOS terminator, and the location of the 
primers. Redrawn from  Zimmerman  et al . (1998) , with permission.    



promoter was amplifi ed with primers 35S-F/35S-R. The 35S-F primer was labeled 
at the 5 � -end with biotin and the resulting amplicon was hybridized with the dig-
oxygenin (DIG)-labeled probe 35-S-P. In addition, primers nos-F/nos-R were used to 
amplify a 180-bp fragment of the NOS terminator and hybridized with a DIG-labeled 
probe nos-P. A control DNA fragment from the soybean lectin locus was amplifi ed 
with the primers lec-F/lec-R. The lec-F primer was labeled with biotin. The result-
ing amplicon was hybridized with a DIG-labeled probe lec-P. A control DNA frag-
ment from the maize invertase locus was co-amplifi ed with primers inv-F/inv-R. The 
inv-F primer was labeled with biotin. The resulting amplicon was hybridized with 
a DIG-labeled probe inv-P. Hybridization products were transferred to SA-coated 
microplate wells and processed with alkaline phosphatase conjugated to DIG-IgG 
with para-nitro-phenyl phosphate (PNPP) as a colorimetric substrate. The limit of 
detection was 0.3% for  Roundup Ready ™ soy and 0.15% for Bt1 maize. The major 
advantage of this LPH-PCR-ELISA is that it has a more accurate digital readout than 
conventional agarose gel-electrophoresis, and is therefore ideally suited for quantifi -
cation of GMOs in foods. 

  Abdullah  et al . (2006)  made use of conventional PCR to determine the percent dis-
tribution of GMO soy in raw soybeans and soybean products (soy fl our, tofu, fucuk, 
tempe and soy sauce) in Malaysia. The primers p35S1-5/p35S1-3 amplifi ed a 101-bp 
sequence of the CaMVX promoter. The primers HA-nos118-r/HA-nos118-f ampli-
fi ed a 118-bp sequence of the nos-terminator. The primers RRO1/RRO4 amplifi ed 
a 356-bp sequence of the Roundup Ready™  soy-specifi c gene. The primers Lectin 
1/Lectin 6 were used to amplify a 318-bp sequence of the  lectin  gene, present in all 
strains of soy as a positive control. Results from assaying a total of 85 soy-based 
food products involving 6 soy food types yielded 18 samples positive for the 35       s 
promoter, the NOS terminator and the EPSPS/RR gene. No targeted DNA sequences 
from fi ve samples of soy sauce were amplifi ed, due presumably to DNA degradation 
during the soy-sauce fermentation process. 

  Moriuchi  et al . (2007)  applied quantitative real-time PCR for the detection of 
Roundup Ready  soy in a variety of processed soy products, including tofu and 
soymilk. A pair of primers Le1n02-5 � /Le1n0-3 �  was used for detection of the  lectin
gene and a pair of primers RRS01-5 � /RRs01-3 �  amplifi ed a sequence derived from 
the CTP4-CP4 EPSPS junction with the RRS ( RRS  gene). Respective dual-labeled 
probes were labeled at the 5 � -end with FAM and with TAMRA at the 3 � -end. The 
assay system was capable of detecting 0.16%  Roundup Ready  soy in the soy content 
of various soybean processed foods. Precise quantifi cation was based on the prelimi-
nary determination of copy numbers of both the  lectin  and  RRS  genes in the various 
soy products.  

  Membrane based detection systems for GMOs 
  Su  et al . (2003)  described the development of a multiplex PCR/membrane hybridiza-
tion assay (MPCR-MHA) for the detection of foreign genes present in GMOs. Primers 
were labeled with biotin at the 5 � -end. Biotinylated MPCR products were detected by 
hybridization to oligonucleotide probes immobilized on a nylon membrane with sub-
sequent colorimetric detection using SA conjugated alkaline phosphatase. GMO soy 
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samples yielded colored dots derived from 18S rRNA, CaMV 35S, Tnos amplicons 
and one from CP4EPSPE for specifi c identifi cation of glyphosate herbicide tolerance. 
GMO maize samples yielded colored dots derived from 18S rRNA, CaMV 35S, Tnos, 
nPtII amlicons, and one from CryIA(b)  for specifi c identifi cation of the presence of 
the gene encoding the delta toxin of  B. thuringiensis  for insect resistance. Potato sam-
ples yielded colored dots derived from 18S rRNA, CaMV 35S, Tnos, npII amplicons, 
and one from CryIIA for identifying the presence of the gene for insect resistance. 
Rice samples yielded colored dots derived from 18S rRNA, CaMV 35S, Tnos, npII 
amplicons and one from CP4EPSPS for identifi cation of herbicide tolerance. A pair 
of primers designed to amplify a sequence derived from the 18S rRNA gene which is 
present in all plants and highly conserved was used as a general positive control for all 
samples. The identifying primers were designed to detect the presence of GMOs and 
the foreign protein expressed. However, they were not designed to identify the specifi c 
strain of GMO, which normally requires amplifi cation of the junction sequence of two 
adjacent genes. The assay can be completed within 5 hours. 

  Yoke-Kqueen  et al . (2006)  reported on the development of a membrane-based 
detection system for GMO soy in various foods. The PCR was used to develop a 
set of two double-stranded probes labeled with biotin-N4-dCTP. The primer pairs 
EPSPS-F/EPSPS-R and P35S-F/P35S-R used amplifi ed 134 and 101-bp sequences 
of the EPSPS  and  P35S  promoter genes, respectively, which were applied to a nitro-
cellulose or nylon membrane. The dots were allowed to dry and were then exposed 
to UV to crosslink the DNA to the membrane. The membrane was then incubated 
in blocking solution and washed, and labeled probes were applied. The membrane 
was then washed and conjugate solution containing HRP-SA added and washed. A 
chemiluminescent substrate was then added for 1 minute, blotted dry, and the mem-
brane placed into an X-ray fi lm cassette with X-ray fi lm for 10 minutes. The fi lm 
was subsequently developed and fi xed. Standards were utilized for semi-quantitative 
assessment of the GMO in foods. Both probes were found to be capable of detecting 
2% or more of GM in food samples.  

  Microarrays 
 The major advantage of  microarrays  is that they allow the employment of large num-
bers of amplicons to be used to screen many samples simultaneously. An oligonucle-
otide microarray usually consists of a glass chip to the surface of which is applied 
an array of a number of sequence-specifi c nucleotide probes. Microarray technology 
offers the advantage of rapid automated detection of PCR amplicons and circumvents 
the problem associated with the generation of non-specifi c products in multiplex reac-
tions.  Peano  et al . (2005a)  developed a multiplex PCR system for the simultaneous 
detection of target sequences derived from  Roundup Ready ™ soy, maize MO11810, 
Bt176, Bt11 and GA21, utilizing slide microarray technology. Primer pairs were 
designed to amplify the junction regions of the transgenic cassettes. The endogenous 
lectin gene of soy and that of the  zein  gene of maize were included as internal con-
trols to assess the effi ciency of all amplifi cations. A universal array (UA) was used to 
detect unique junction sequences of the GMOs. A UA consists of a set of synthetic 
oligonucleotides called Zip Codes or tags with similar thermodynamic characteristics 



but different sequences; with the sequences unrelated to those targeted. A ligation 
detection reaction (LDR) was involved which required the design of two adjacent 
oligonucleotide probes, specifi c for each sequence to be analyzed. A  discriminating
probe  is 5 � -fl uorescently labeled and a  common probe  carries at its 3 � -end a unique 
artifi cial sequence called a Zip Code, complementary to a  Zip Code  sequence in the 
UA ( Figure 12.14   ). 

 These probes hybridize at adjacent sites on the purifi ed amplicons and a thermosta-
ble ligase joins the ends, linking the fl uorescent label with a complementary or cZip 
Code ( Figure 12.14 ). The PCR thermal cycling between 94°C and 58°C is then under-
taken in the presence of the thermostable DNA ligase to maximize the amount of 
ligated product. The resulting products are hybridized onto the UA, where the cZip 
Code directs the ligated oligonucleotide to the corresponding Zip Code. To prepare 
the UA, Zip Codes carrying an additional polyd(dA) 10  tail at the 5 � -end were spotted 
onto CodeLink slides. The fl uorescent signals from nucleotides bound to the Code 
Link slides were detected using a laser scanner with a green laser for the Cy3 dye at 
the 5 � -end of the discriminating probes. The limit of detection for each GMO was 1% 
or 0.2       ng of DNA, which corresponds to about 50 copies for Bt11, Bt176, GA21 and 
MON811 maize and about 100 copies for Roundup Ready ™ soy. The multiplex PCR 
used was found not to generate amplicons quantitatively related to the amount of ini-
tial target DNA present, so that the LDR-PCR analysis system is limited to qualitative 
analysis. A 210-bp fragment encompassing the junction CP4EDSPS and terminator 
NOS gene sequences was amplifi ed with primers RR2075-F/NOSterN-R for detection 
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Figure 12.14    Multiplex PCR product ligation and hybridization to a universal array. Redrawn from  Peano 
et al . (2005a) .    
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of Roundup Ready  soy ( Figure 12.15   ). A 241-bp fragment encompassing the junc-
tion of the 35S promoter and IVS2 gene sequences was amplifi ed with the primers 
Bt1135SADH241-F/Bt1135SADH241-R for detection of Bt11 MaizeGuard ™   ( Figure 
12.15 ). A 151-bp fragment encompassing the junction of the 35S promoter and BAR 
gene sequences was amplifi ed with primers Bt17635SBAR151-F/Bt17635SBAR151-R 
for detection of Bt176 maize ( Figure 12.15 ). A 193-bp fragment encompassing the 
junction of the RACT promoter and the OTP gene sequences was amplifi ed with 
primers RACTN-F/RACTN-R for detection of GA21 maize ( Figure 12.14 ). A 101-bp 
fragment encompassing the junction of the 35S promoter and HSP70 gene sequences 
was amplifi ed with primers MON-F/MON-R for detection of MON810 maize ( Figure 
12.14 ). In addition, an 81-bp sequence of the soybean  lectin  gene was amplifi ed with 
the primers Lectin-F/Lectin-R and a 133-bp sequence of the maize zein  gene was 
amplifi ed with primers Zeindeg-F/Zein133-R as positive controls. 

  Xu  et al . (2006)  reported on the development of a multiplex-PCR coupled with 
a DNA array system simultaneously targeting 18 specifi c DNA sequences associ-
ated with GMOs in addition to the soy  lectin  gene, the maize  protein  gene, and the 
18S rRNA  highly conserved plant gene as controls. A total of 21 primer pairs and 
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Figure 12.15     Linear maps of recombinant DNA junction regions of GMOs showing position of primers. 
Redrawn from  Peano  et al . (2005a) with permission .    



corresponding probes were designed. Each probe contained a 5 � -amine group and a 
10-nucleotide poly-dT spacer. The amine group enabled the probe to be covalently 
attached to the aldehyde-activated glass slides. The poly-dT 10  oligonucleotide arm 
is used as a link to facilitate the hybridization between amplicons and homologous 
probes. Amplicons were labeled by incorporation of Cy5-dCTP during the PCR. 
Three types of GMO microarrays were designed. The fi rst is the screen chip that 
contains screen and control probes. It includes category probes such as the 35S pro-
moter, nos terminator, PPtII terminator, 35S terminator, nos promoter and the FMV 
promoter, which encompasses more than 95% of GM plants. The second is the spe-
cies-specifi c chip. For soy, the microarray consisted of category probes such as lec-
tin, 35S promoter, nos terminator and EPSPS. For maize, the microarray consists of 
category probes such as zein, 35S promoter, nos terminator, 35S terminator, Bar, 
PAT, CryIA(b) and Cry9C. For canola, the microarray consisted of category probes 
such as Fbp, 35S promoter, FMV35S promoter, nos terminator, Bar, PAT,  GOX  gene, 
Barstar and Barnase. For cotton, the microarray consisted of category probes such as 
Rbc1, 35S promoter, nos terminator, Npt terminator and CryIA(c). The third type is 
the integrated chip. It is the integration of the various species-specifi c chips and is 
suitable for multiple detections. A sequence of the  18S rRNA  gene was included in 
all chips as a positive control for evaluating DNA quality and PCR effi ciency, since it 
is highly conserved and present in all plant tissue. After the PCR, 8        � l of product was 
mixed with an equal volume of hybridization solution, denatured at 95°C for 5       min, 
and applied onto a chip under a cover slip. Chips were then incubated at 55°C for 1       h 
for hybridization, and then washed and dried. The chips were subsequently scanned 
with a confocal scanner, and fl uorescence quantifi ed with computer software. A neg-
ative control probe from human HLA that is unrelated to all the target sequences was 
used to assess the background of the microarrays. The 35S promoter commonly used 
in GMO detection is derived from the CaMV, and therefore a false-positive result 
can occur when the virus has infected non-GM plants. A control probe was therefore 
designed, based on the CaMV-CP sequence. When the CaMV-CP is positive, it can 
be concluded that the sample is contaminated by the infecting virus. When the 35S 
promoter is positive while the CaMV-CP is negative, the sample is transgenic. 

  Peptide nucleic acid (PNA) clamping inhibition of the PCR 
 A PNA is a DNA mimic, with a polyamide instead of a phosphodiester backbone, 
that forms very stable duplexes with complementary DNA or RNA oligomers ( Peano 
et al ., 2005b ). A PNA pseudo-peptide backbone is composed of N-2 aminoethylgly-
cine repeating units, and is not degraded by proteases or peptidases. PNA clamping 
is a method to discreetly modulate the PCR. It is capable of specifi c inhibition of 
amplifi cation of target sequences differing by only a single base-pair, and can there-
fore be used to assess DNA band identity.  Peano  et al . (2005b)  developed PNA meth-
odology for identifi cation of Roundup Ready  soy, MON811, Bt176, Bt11, and GA21 
maize. The minimum concentration of each PNA resulting in PNA clamp inhibition 
of the PCR targeting a specifi c transgenic sequence was determined. A correlation 
between this minimum concentration and the percent of the GMO target sequence in 
the sample was established. Primer pairs were designed for amplifying specifi c DNA 
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sequences corresponding to the junction regions of the fi ve corresponding trans-
genic cassettes ( Figure 12.15 ). PNAs were designed to match a specifi c region of 
each transgene suitable for PCR clamping and adhered to the generally accepted cri-
teria for the design of PNAs in which the length was between 11 and 15 nucleotides, 
allowing for suffi cient specifi city and solubility, low self-complementarity, and low 
purine (in particular guanine) content, to avoid self-aggregation, and suffi ciently high 
melting temperature (63–77°C). The best strategy to obtain effi cient PNA clamping 
inhibition of the PCR was found to involve a PNA of 15 nucleotides sharing a maxi-
mum of 2 nucleotides with the adjacent primer. The cost of PNA synthesis is high; 
however, a low amount of PNA is utilized in each PCR reaction, ensuring that at 
least 20       000 reactions are possible with a single batch of PNA. The technique is pres-
ently limited to semiquantifi cation of GMOs. The mechanism of PNA clamping inhi-
bition of the PCR is presented in  Figure 12.16   .

  Dip stick biosensor 
  Kalogianni  et al . (2006)  reported on the development of the fi rst DNA biosensor in a 
dry dipstick confi guration for visual detection and confi rmation of GMO-related 35S 
rRNA and NOS sequences by rapid (7-min) hybridization following the PCR. The 
primers P-35S-F amplifi ed a 207-bp fragment from the  35S rRNA  gene sequence; 
the primers T-NOS-F/TNOS-R amplifi ed a 123-bp fragment from the NOS termina-
tor sequence; and the primers Lectin -F/Lectin-R amplifi ed a 181-bp sequence of the 
lectin gene sequence. In addition, probes with oligo (dA) tails at the 3 � -ends specifi c 
for the NOS, 35S and Lectin amplicons were utilized. For GMO screening, oligo 
dT-conjugated gold particles are placed on the conjugation pad and allowed to dry 
( Figure 12.17   ). Each amplicon product (10        � l) is mixed with 1        � l of a dA-tailed spe-
cifi c probe. The preparations are then heated at 95°C for 2       min for denaturation and 
then hybridized at 37°C for 5       min. A 5- � l aliquot of each is then applied to the con-
jugation pad of the dipstick next to the gold nanoparticles (area S, Figure 12.17). 
The bottom portion (wick) of the sensor is then immersed in the developing solution. 
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Figure 12.16     Schematic illustrations of the possible mechanisms of PCR inhibition by PNA clamping. 
When the PNA and PCR primer target binding sites overlap, PNA clamping results in primer exclusion 
(1). When the PNA binding site is adjacent to the PCR primer binding site, the PNA prevents polymerase 
access to the PCR primer (2). When the PNA target site is located at a distance from the PCR primer site, 
PNA clamping results in extension arrest (3) ( Orum  et al . 1993 ). Redrawn from  Peano  et al . (2005b) , with 
permission.



As the developing solution migrates along the strip it rehydrates the aligned (dT)-
gold nanoparticle conjugate, which hybridizes with the free oligo (dA) tail of the 
probe hybridized to the amplicon. The hybrids are then captured through the 5 � -end 
of the biotin-labeled target DNA by immobilized SA, forming a characteristic red 
line derived from the 40-nm diameter gold nanoparticles that have a red color. If 
target DNA is not present, then the oligonucleotide nanoparticle conjugates are not 
captured at the test zone by the immobilized streptavidin. The excess of nanoparti-
cle conjugates form hybrids with immobilized oligo (dA) fragments at the control 
zone of the sensor, resulting in a second red line. A red line at the control zone con-
fi rms the proper functioning of the sensor. A positive result therefore yields two red 
lines with a continuous increase of the intensity of the red line in the test zone as the 
amount of target DNA increases up to a plateau region which can be made use of for 
semiquantitative analysis. The major advantages of this system are visual detection 
in a few minutes without the need for AGE, and its simplicity. 

  Non-GMO grains and seeds 

 Plant storage proteins are known to be highly species-specifi c.  Hernández  et al . 
(2005)  developed a series of real-time PCR assays for quantitative detection of bar-
ley, rice, sunfl ower and wheat based in part on species-specifi c storage proteins. The 
primers hor1/hor2 amplifi ed a 73-bp sequence of the barley  � hordein  gene which 
encodes a storage protein, the primers orgi/org2 amplifi ed a 68-bp sequence of the 
rice gos9  gene, the primers tri1/tri2 amplifi ed a 93-bp sequence of the wheat acetyl-
CoA carboxylase gene ( acc1 ), and the primers hel1/hel2 amplifi ed a 60-bp sequence 
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Figure 12.17    Schematic illustration of the operational principles of the nanoparticle-based biosensor 
for visual detection of GMOs. Biotinylated PCR amplicon is hybridized to a specifi c oligo(dA)-tailed probe 
and loaded onto sample application area (S). As the developing solution migrates upward (direction 
of arrow) it rehydrates the oligo(dT)-conjugated gold nanoparticles, which are then coupled with the 
amplicon through poly(dA/dT) of the probe by hybridization. The fi rst red line is formed in the test zone 
(TZ) as the immobilized streptavidin binds the complex through the biotinylated amplicon. The second 
red line develops in the control zone (CZ), when the excess conjugated gold nanoparticles hybridize with 
the immobilized oligo(dA) probe. B, biotin; SA, streptavidin. Redrawn from  Kalogianni  et al . (2006) , with 
permission.
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of the sunfl ower  hel  gene encoding the HELIANTHIN or 11S storage protein. The 
probes were labeled at the 5 � -end with FAM and with TAMRA at the 3 � -end. 

 Wild and cultivated wheats ( Triticium  spp.) exist as diploid (AA), tetraploid 
(AABB and AAGG) and hexaploid (AABBDD and AAAAGG) forms. Morpholog-
ical features can be used to assign an intact plant to the correct ploidy level. However, 
problems frequently occur with identifi cation of incomplete ears and dehucked grain. 
This is particularly relevant in archeobotany, where agriculturally important varieties 
are often impossible to distinguish in the archeological record. Interestingly, hexa-
ploids (AABBDD) do not exist in the wild, and the origins and subsequent spread 
of prehistoric wheat are questions that cannot be answered without the determina-
tion of the ploidy levels of archeobiological remains. DNA has been found to be 
present in ancient mummifi ed maize ( Rollo  et al ., 1988, 1991 ).  Allaby  et al . (1994) 
extended this work to wheat, and successfully used the PCR to amplify ancient DNA 
from 2000- and 3000-year-old charred grains.  Sallares et al . (1995)  described a 
PCR system that distinguishes the A, B and D genomes in wheat DNA. PCRs were 
directed at the  “ non-transcribed spacer ”  regions of the rDNA loci. The spacers within 
the D genome locus have a 71-bp insertion that is absent from the corresponding 
A and B loci. The PCR amplicon sizes therefore enabled D �  and D �  genomes to 
be distinguished by PCR with an internal primer that does not anneal to A genome 
sequences. The primers 1B/2D distinguished the A, B and D genomes, while the 
internal primer 3A used in conjunction with the 1B primer distinguished the A and B 
genomes ( Table 12.1   ). 

Spelt  is the traditional hard-grained wheat of the Alamanns of central Europe, 
and has over the past century been somewhat displaced by high-yielding cultivars 
of common bread wheat. The advent of organically grown foods has created a niche 
market for spelt. However, the smaller yields and the required dehulling after thresh-
ing make spelt more costly than wheat. Spelt fl our is available in specialty outlets 
at a cost of up to 50% above that of conventional wheat fl our. There is therefore an 
incentive for fraudulent partial or complete replacement of spelt fl our with conven-
tional fl our.  Von Büren  et al . (2001)  developed a QC-PCR for the quantitative deter-
mination of the presence of wheat fl our in spelt fl our. The wheat-specifi c primers 
GAG31/GAG28 amplifi ed a 236-bp sequence of the  � -gliadin  GAG56P  gene which 
is present in spelt and conventional wheat. An internal competitive PCR standard was 
constructed for quantifi cation which was based on an equivalence point. Applying 
the two PCR primers, a wheat-specifi c amplicon of 236-bp was generated from each 
of fi ve different wheat cultivars. Spelt cultivars in addition to other cereals and soy 
failed to yield an amplicon. The assay was able to detect the presence of 0.01% to 
0.1% wheat in spelt. The spelt-specifi c  ok  allele differs from the conventional wheat 
specifi c  fo  allele of the  GAG56P  gene by a 9-bp deletion/duplication and a linked 
Bst 4CI restriction site. The primers GAG15/GAG16 and the restriction nuclease 
Bst 4CI were therefore used for PCR-RFLP. The primers GAG15/GAG16 yield an 
amplicon of 350-bp with spelt and 359-bp with wheat, respectively. The two ampli-
cons compete in the PCR, functioning as natural internal competitive PCR standards 
for each other. Since the spelt specifi c  ok  allele contains a  Bst 4CI restriction site, it 
yields additional fragments of 272 and 296       bp. The resulting 359 PCR band of wheat 
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Table 12.1     PCR primers and DNA probesa  

 Species  Primer or probe  Sequence (5 � –3 � )  Size of amplifi ed 
sequence (bps) 

 Gene or DNA target 
sequence

 References 

 Bovine  L8129  GCC-ATA-TAC-TCT-CCT-TGG-TGA-A  270  mt tRNase Lys -
ATPase8-ATPase6 

  Tartaglia  et al . (1998)  

 H8357  GTA-GGC-TTG-GGA-ATA-GTA-CGA   Tartaglia  et al . (1998)  
 Bovine  LBOF  GCC-ATA-TAC-TCT-CCT-TGG � 200  8 �  region of mt

ATPase  6/8 
  Tartaglia  et al . (1998)  

 LBOR  GTA-GGC-TTG-GGA-ATA-GTA   Tartaglia  et al . (1998)  
 Poultry  LCHF  GGG-ACA-CCC-TCC-CCC-TTA � 200  8 �  region of mt

ATPase  6/8 
  Tartaglia  et al . (1998)  

 LCHR  GGA-GGG-CTG-GAA-GAA-GGA   Colgan  et al . (2001)  
 Porcine  LPOF  GCC-TAA-ATC-TCC-CCT-CAA � 200  8 �  region of mt

ATPase  6/ 
  Tartaglia  et al . (1998)  

 GAA-AGA-GGC-AAA-TAG-ATT-TTC   Colgan  et al . (2001)  
 Ovine  FOV  TTA-AAG-ACT-GAG-AGC-ATG-ATA � 200  8 �  region of mt

ATPase  6/ 
  Colgan  et al . (2001)  

 RPO  GAA-AGA-GGC-AAA-TAG-ATT-TTC   Colgan  et al . (2001)  
 Ruminant    GAA-AGG-ACA-AGA-GAA-ATA-AGG  104  16S RNA   Dalmasso  et al . (2004)  

 TAG-GCC-CTT-TTC-TAG-GGC-A   Dalmasso  et al . (2004)  
 Pork  CTA-CAT-AAG-AAT-ATC-CAC-CAC  290  12S rRNA–tRNA Val   Dalmasso  et al . (2004)  

 ACA-TTG-GAT-CTT-CTA-GGT   Dalmasso  et al . (2004)  
 Fish  TAA-GAG-GC-CGG-TA-AAC-TC  224  12S rRNA   Dalmasso  et al . (2004)  

 GTG-GGG-TAT-CTA-ATC-CCA-G   Dalmasso  et al . (2004)  
 Poultry  TGA-GAA-CTA-CGA-GCA-CAA-AC  183  12S rRNA   Dalmasso  et al . (2004)  

 GGG-CTA-TTG-AGC-TCA-CTG-YY   Dalmasso  et al . (2004)  
 Bovine  mtDNA  ACA-AAT-CCT-CAC-AGG-CCT-ATT-C  271  mt Cytb   Verkaar  et al . (2002)  

 TAG-GAC-GTA-TCC-TAT-GAA-TGC-T 
 Bovine  mtDNA  ATG-GCA-TAT-CCC-ATA-CAA-CTA-G  651  mt Cyt ox II   Verkaar  et al . (2002)  

 ACT-TTA-GTG-GGA-CTA-ACT-CAA-G   Verkaar  et al . (2002)  
 Bovine satellite  DNA  AAG-CTT-GTG-ACA-GAT-AGA-ACG-AT  604  satellite IV   Verkaar  et al . (2002)  

 CAA-GCT-GTC-TAG-AAT-TCA-GGG-A   Verkaar  et al . (2002)  
 Bovine satellite  DNA  CTG-GGT-GTG-ACA-GTG-TTT-AAC  822  satellite 1.711B   Verkaar  et al . (2002)  

 TGA-TCC-AGG-GTA-TTC-GAA-GGA   Verkaar  et al . (2002)  
 Goose  mtCytb1  CCA-TCT-GCT-TAG-CCA-CAC-AAA-TCC-TA   � 300  mt Cytb   Colombo  et al . (2002a)  

 mtCytb2  TAT-GTT-TCT-TTG-GAC-TTT-GTG-TCC-TC     Colombo  et al . (2002a)  
 Chicken  CF  TCA-CAA-ACC-TAT-TCT-CAG-CAA-TT  120  mt Cytb   Hird  et al .(2003)

 CR  GGG-GAG-GAG-GAA-GTG-TAA-A   Hird  et al .(2003)
 Turkey  TF  CCT-TCC-TAA-TCG-CAG-GA  101  mt Cytb   Hird  et al .(2003)

 TR  TGG-AAT-GGG-ATT-TTG-TCA-GC   Hird  et al .(2003)
 Deer  RD-1  TCA-TCG-CAG-CAC-TCG-CTA-TAG-TAC-ACT  194  mt Cytb   Matsunaga  et al . (1998)  

 RD-2  ATC-TCC-AAG-TAG-GTC-TGG-TGC-GAA-TAA     Matsunaga  et al . (1998)  

(Continued)
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Table 12.1    (Continued) 

 Species  Primer or probe  Sequence (5 � –3 � )  Size of amplifi ed 
sequence (bps) 

 Gene or DNA target 
sequence

 References 

 Swine  GHP1  CAT-CCT-TGG-GGG-TCT-C  225  Growth hormone 
gene

  Wolf and Lüthy (2001)  

 GHP2  TTT-CAT-CTC-TTT-CCA-TTC-TTG   Wolf and Lüthy (2001)  
 22 spp.  CYT b1  CCA-TCC-AAC-ATC-TCA-GCA-TGA-TGA-AA  359  mt Cytb   Partis  et al . (2000)  from 

Carr and Marshall (2000) 
 CYT b2  GCC-CCT-CAG-AAT-GAT-ATT-TGT-CCT-CA   Partis  et al . (2000)  from 

Carr and Marshall (2000) 
 Bovine  12SpVACADIR  TTA-GTT-GAA-TTA-GGC-CAT-GAA-GCA  84  Mt 12S rDNA    Martín  et al . (2006)  

 12SpVACAINN  GTT-TAA-ATA-GGG-TTA-AGA-TGC-ACT-CAA-TC     Martín  et al . (2006)  
 Sheep  12SpOVJDIR  CTA-AGA-ATA-GAG-TGC-TTA-GTT-GAA-CCA-GG  121  Mt 12S rDNA    Martín  et al . (2006)  

 12SpOVJINN  GTC-TCC-TCT-CGT-GTG-GTT-CAG-ATA   Martín  et al . (2006)  
 Goat  12SpCABRADIR  AAA-CGT-GTT-AAA-GCA-CTA-CAT-C  122  Mt 12S rDNA    Martín  et al . (2006)  

 12SpCABRAINV  GTC-TTA-GCT-ATA-GTG-TAT-CAG-CTG-CA     Martín  et al . (2006)  
 Beef  Satellite DNA  TGT-ACG-AAG-AAA-TGT-GCG-G  218  1.109 satellite   Guoli  et al . (1999)  

 TCA-ATG-CAA-AGG-ACA-AGC-CTG-C   Guoli  et al . (1999)  
 Chicken  Exon  TTT-GCG-GAT-CCA-CAT-CTG-CTG-GAG  391 � -cardiac actin   Hopwood  et al . (1999)  

 Intron  GAT-ACA-GGT-ACC-ACT-CAT-AAA-TGA-GAC-CAT-
CAG-G 

  Hopwood  et al . (1999)  

 Meat  Forward  CAA-CTG-GGA-TTA-GAT-ACC-CCA-CTA  456  Mt 12S rRNA    Girish  et al . (2004)  
 Reverse  GAG-GGT-GAC-GGG-CGG-TGT-GT   Girish  et al . (2004)  

 C. Allig.  Alli-M  GCA-CTT-CTC-ATC-GGG-TGA-C  180  mt Cytb   Yan  et al . (2005)  
 Alli-R  ACG-TGC-TCT-CGT-GAA-GGT-AG   Yan  et al . (2005)  

 Univ.  L1091  AAA-CTG-GGA-TTA-GAT-ACC-CCA-CTA-T   � 400  mt 12S rRNA    Yan  et al . (2005)  from 
 Kocher  et al . (1989)  

 H1478  GAG-GGT-GAC-GGG-CGG-TGT-GT   Yan  et al . (2005)  from 
 Kocher  et al . (1989)  

 Bovine  GCC-ATA-TAC-TCT-CCT-TGG-TGA-CA  271   Lahiff  et al . (2001)  from 
 Tartaglia  et al . (1998)  

 GTA-GGC-TTG-GGA-ATA-GTA-CGA   Lahiff  et al . (2001)  from 
 Tartaglia  et al . (1998)  

 Chicken  GGG-ACA-CCC-TCC-CCC-TTA-ATG-ACA  266   Lahiff  et al . (2001)  
 GGA-GGG-CTG-GAA-GAA-GGA-GTG   Lahiff  et al . (2001)  

 Swine  GCC-TAA-TCT-CCC-CTC-AAT-GGT-A  212   Lahiff  et al . (2001)  
 ATG-AAA-GAG-GCA-AAT-AGA-TTT-TCG   Lahiff  et al . (2001)  

 Sheep  TTA-AAG-ACT-GAG-AGC-ATG-ATA  225   Lahiff  et al . (2001)  
 ATG-AAA-GAG-GCA-AAT-AGA-TTT-TCG   Lahiff  et al . (2001)  

 Chicken  Forward  GAC-CAT-CAG-CTG-ATG-AGC-CAA-G  327 � -cardiac actin   Lockley and Bardsley 
(2002)

 Turkey  Forward  GAT-GTG-GAT-TAG-TTG-TGC-AGG-AAT-AC  159 � -cardiac actin   Lockley and Bardsley 
(2002)
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 Reverse  TTT-GCG-GAT-CCA-CAT-CTG-CTG-GAA-G   � -cardiac actin   Lockley and Bardsley 
(2002)

 Bovine  Forward  TTT-CTT-GTT-ATA-GCC-CAC-CAC-AC  98  1.711B   Walker  et al . (2003)  
 Reverse  TTT-CTC-TAA-AGG-TGG-TTG-GTA-AG   Walker  et al . (2003)  

 Porcine  Forward  GAC-TAG-GAA-CCA-TGA-GGT-TGC-G  134  PRE-1SINE   Walker  et al . (2003)  
 Reverse  AGC-CTA-CAC-CAC-AGC-CAC-AG   Walker  et al . (2003)  

 Chicken  Forward  CTG-GGT-TGA-AAA-GGA-CCA-CAG-T  169  CR1 SINE   Walker  et al . (2003)  
 Reverse  GTG-ACG-CAC-TGA-ACA-GGT-TG   Walker  et al . (2003)  

 Ruminants  Forward  CAG-TCG-TGT-CCG-ACT-CTT-TGT  100  Bov-tA2 SINE   Walker  et al . (2003)  
 Reverse  AAT-GGC-AAC-ACG-CTT-CAG-TAT-T   Walker  et al . (2003)  

 Universal  Forward  CAA-ACT-GGG-ATT-AGA-TAC-CCC-ACT-AT  456 12S  mt rRNA    Girish  et al . (2005)  from 
 Kocher  et al . (1989)  

 Universal  Reverse  GAG-GGT-GAC-GGG-CGG-TGT-GT   Girish  et al . (2005)  from 
 Kocher  et al . (1989)  

 Random  50–06  AGG-TTC-TAG-C   Koh  et al . (1998)  
 Random  80–04  CGC-CCG-ATC-C   Koh  et al . (1998)  
 Maize EM  Zetm1  FAM-TGT-TAG-GCG-TCA-TCA-TCT-GTG-G  69 zein   Agodi  et al . (2006)  from 

Vaïtilingom (1999) 
 Zetm3  FAM-TGC-AGC-AAC-TGT-TGG-CCT-TAC   Agodi  et al . (2006)  from 

Vaïtilingom (1999) 
 Maize TG  Crytm1  RHOD-GTG-GAC-AGC-CTG-GAC-GAG-AT  105 CRYIA(B)   Agodi  et al . (2006)  from 

Vaïtilingom (1999) 
 Crytm2  RHOD-TGC-TGA-AGC-CAC-TGC-CGA-AC   Agodi  et al . (2006)  from 

Vaïtilingom (1999) 
 Soy EM  Sltm1  TET-AAC-CGG-TAG-CGT-TGC-CAG  81 le1   Agodi  et al . (2006)  from 

Vaïtilingom (1999) 
 Sltm2  TET-AGC-CCA-TCT-GCA-AGC-CTT-T   Agodi  et al . (2006)  from 

Vaïtilingom (1999) 
 Soy TG  Sttmf3a  HEX-GCA-AAT-CCT-CTG-GCC-TTT-CC  146  CP4  EPSPS   Agodi  et al . (2006)  from 

Vaïtilingom (1999) 
 Sttmr2a  HEX-CTT-GCC-CGT-ATT-GAT-GAC-GTC   Agodi  et al . (2006)  from 

Vaïtilingom (1999) 
 Soy  bac1  GAT-CCT-CCA-ATC-CAG-ACA-CTG  319  B-actin   James  et al . (2003)  from 

Promega Inc. 
 bac2  GAA-CTA-TGA-ATT-ACC-TGA-TGG   James  et al . (2003)  from 

Promega Inc. 
 Soy  LecMP1  GGG-TGA-GGA-TAG-GGT-TCT-CTG  210  soy lectin   James  et al . (2003)  from 

Promega Inc. 
 LecMP2  GCG-ATC-GAG-TAG-TGA-GAG-TCG   James  et al . (2003)  from 

Promega Inc. 

 Soy  sttmf3a  GCA-AAT-CCT-CTG-GCC-TTT-CC  145  cp4-epsps   James  et al . (2003)  from 
 Vaïtilingom  et al . (1999)  

 sttmr2a  CTT-GCC-CGT-ATT-GAT-GAC-GTC   James  et al . (2003)  from 
 Vaïtilingom  et al . (1999)  

(Continued)
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 Soy  35SFZMP1  CCG-ACAQ-GTG-GTC-CCA-AAG-ATG  158  P35S promoter   James  et al . (2003)  from 
 Vaïtilingom  et al . (1999)  

 35SFZMP2  AGA-GGA-AGG-GTC-TTG-CGA-AGG   James  et al . (2003)  from 
 Vaïtilingom  et al . (1999)  

 Soy  nosFZMP1  GAA-TCC-TGT-TGC-CGG-TCT-TG  125 NOS ter   James  et al . (2003)  from 
 Vaïtilingom  et al . (1999)  

 nosFZMP2  GCG-GGA-CTC-TAA-TCA-TAA-AAA-CC   James  et al . (2003)  from 
 Vaïtilingom  et al . (1999)  

 Canola  NPTII-3  GAG-GCT-ATT-CGG-CTA-TGA-CT  271  NPTII   James  et al . (2003)  from 
 Beck  et al . (1982)  

 NPTII-4R  AAG-GTG-AGA-TGA-CAG-GAG-AT   James  et al . (2003)  from 
 Beck  et al . (1982)  

 Maize  Ivr-F  CCG-CTG-TAT-CAC-AAG-GGC-TGG-TAC-C  226  maize inertase   James  et al . (2003)  from 
 Ehlers  et al . (1997)  

 Ivr-R  GGA-GCC-CGT-GTA-GAG-CAT-GAC-GAT-C     James  et al . (2003)  from 
 Ehlers  et al . (1997)  

 Maize  crylA 4-5 ́    GGA-CAA-CAA-CCC-MAA-CAT-CAA-C a  152 crylA(b)   James  et al . (2003)  from 
 Matsuoka  et al . (2000)  

 crylA 4-3 ́    GCA-CGA-ACT-CGC-TSA-GCA-G a   James  et al . (2003)  from 
 Matsuoka  et al . (2000)  

 Maize  patF2  GAA-GGC-TAG-GAA-CGC-TTA-CG  262 pat   James  et al . (2003)  from 
 Permingeat  et al . (2002)  

 patR2  GCC-AAA-AAC-CAA-CAT-CAT-GC   James  et al . (2003)  from 
 Permingeat  et al . (2002)  

 Maize  barF2  GCA-CAG-GGC-TTC-AAG-AGC-GTG-GTC  177  bar   James  et al . (2003)  from 
 Permingeat  et al . (2002)  

 barR2  GGG-CGG-TAC-CGG-CAG-GCT-GAA   James  et al . (2003)  from 
 Permingeat  et al . (2002)  

 Canola  PL-1C  CGA-AAT-CGG-TAG-ACG-CTA-CG  387 tml   James  et al . (2003)  from 
Taberlet  et al . (1991) 

 GGG-GAT-AGA-GGG-ACT-TGA-AC   James  et al . (2003)  from 
Taberlet  et al . (1991) 

 Canola  cruMPF1  TGG-CTA-AAG-GTA-CGT-GAA-TCT-G  258  cruciferin gene   James  et al . (2003)  from 
Taberlet  et al . (1991) 

 cruMPR1  CTC-TCC-CCA-TAA-GAC-CTT-CTC-C   James  et al . (2003)  from 
Taberlet  et al . (1991) 

 Canola  goxF3  TAA-GGC-ACT-CCG-TAA-CCT-CAT-C  509 gox  247   James  et al . (2003)  from 
Taberlet  et al . (1991) 
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 goxR2  TGT-GGT-ATC-CAC-GTT-CGG-TAT-C   James  et al . (2003)  from 
Taberlet  et al . (1991) 

 Canola  bx3  ACT-TTC-AAA-GCA-GCC-GCT-CTT  459 oxy   James  et al . (2003)  from 
Demeke et al . (2002) 

 bx4  CAC-CCG-AAC-CAA-CGC-TAA-GTT-T   James  et al . (2003)  from 
Demeke et al . (2002) 

 Canola  bnaseMPF1  ATC-AAA-AGG-GAA-CCT-TGC-AGA-C  202 bamase   James  et al . (2003)  from 
Demeke et al . (2002) 

 bnaseMPR1  CTG-ATA-ATG-GTC-CGT-TGT-TTT-G   James  et al . (2003)  from 
Demeke et al . (2002) 

 Canola  patF1  GAT-ATG-GCC-GCG-GTT-TGT-GAT  186  pat   James  et al . (2003)  from 
Demeke et al . (2002) 

 patR1  TTC-CAG-GGC-CCA-GCG-TAA-G   James  et al . (2003)  from 
Demeke et al . (2002) 

 Maize  IVR1-F  CCG-CTG-TAT-CAC-AAG-GGC-YGG-TAC-C a   226  Maize  inv   Greiner  et al . (2005)  from 
OCTM (2002) 

 IVR1-R  GGA-GCC-CGT-GTA-GAG-CAT-GAC-GAT   Greiner  et al . (2005)  from 
OCTM (2002) 

 Soy  GMO3  GCC-CTC-TAC-TCC-ACC-CCC-ATC-C  118  Soy  lec     Greiner  et al . (2005)  from 
OCTM (1998) 

 GMO4  GCC-CAT-CTG-CAA-GCC-TTT-TTG-TG   Greiner  et al . (2005)  from 
OCTM (1998) 

 Bt176 maize  Cry03  CTC-TCG-CCG-TTC-ATG-TCC-GT  211  Bt11   Greiner  et al . (2005)  from 
OCTM (2002) 

 Cry04  GGT-CAG-GCT-CAG-GCT-GAT-GT   Greiner  et al . (2005)  from 
OCTM (2002) 

 Bt11 maize  IVS2-2  CTG-GGA-GGC-CAA-GGT-ATC-TAA-T  189  Bt11   Greiner  et al . (2005)  from 
OCTM (2002) 

 PAT-B  GCT-GCT-CTA-GCT-GGC-CTA-ATC-T   Greiner  et al . (2005)  from 
OCTM (2002) 

 MON810 
maize

 VWO1  TCG-AAG-GAC-GAA-GGA-CTC-TAA-CG  178  MON810   Greiner  et al . (2005)  from 
OCTM (2002) 

 VW03  TCC-ATC-TTT-GGG-ACC-ACT-GTC-G   Greiner  et al . (2005)  from 
OCTM (2002) 

 T25 maize  T25-F7  ATG-GTG-GAT-GGC-ATG-ATG-TTG  209  T25    Greiner  et al . (2005)  from 
OCTM (2002) 

 T25-R3  TGA-GCG-AAA-CCC-TAT-AAG-AAC-CC   Greiner  et al . (2005)  from 
OCTM (2002) 

 Roundup-
Ready ™  soy 

 p35s-f2  TGA-TGT-GAT-ATC-TCC-ACT-GAC-G  172  P35s   Greiner  et al . (2005)  from 
OCTM (2002) 

 petu-r1  TGT-ATC-CCT-TGA-GCC-ATG-TTG-T   Greiner  et al . (2005)  from 
OCTM (2002) 

(Continued)
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 Endog.maize  Zetm1  TGT-TAG-GCG-TCA-TCA-TCT-GTG-G  69 Zein   Vaïtilingom  et al . (1999)  
 Zetm3  TGC-AGC-AAC-TGT-TGG-CCT-TAC   Vaïtilingom  et al . (1999)  
 Zetmp  ATC-ATC-ACT-GGC-ATC-GTC-TGA-AGC-GG     Vaïtilingom  et al . (1999)  

 Trans. maize  Crytm1  GTG-GAC-AGC-CTG-GAC-GAG-AT  105 CryIA(b)   Vaïtilingom  et al . (1999)  
 Crytm2  TGC-TGA-AGC-CAC-TGC-GGA-AC   Vaïtilingom  et al . (1999)  

 Crytmp  AAC-AAC-AAC-GTG-CCA-CCT-CGA-CAG-G   Vaïtilingom  et al . (1999)  
 Endog. soy  Sltm1  AAC-CGG-TAG-CGT-TGC-CAG  81 le1   Vaïtilingom  et al . (1999)  

 Sltm2  AGC-CCA-TCT-GCA-AGC-CTT-T   Vaïtilingom  et al . (1999)  
 Sltmp  TTC-GCC-GCT-TCC-TTC-AAC-TTC-ACC-T   Vaïtilingom  et al . (1999)  

 Trans. soy  Sttmf3a  GCA-AAT-CCT-CTCG-CCC-TTT-CC  145  CP4  EPSP   Vaïtilingom  et al . (1999)  
 Sttmr2a  CTT-GCC-CGT-ATT-GAT-GAC-GTC   Vaïtilingom  et al . (1999)  
 Sttmpa  TTC-ATG-TTC-GGC-GGT-CTC-GCG   Vaïtilingom  et al . (1999)  

 Endog. soy  le1-F  GAC-GCT-ATT-GTG-ACC-TCC-TC le1   Wurz  et al . (1999)  
 le1-R  CAG-GGG-CAT-AGA-ACG-TG   Wurz  et al . (1999)  
 le1-F  GAC-GCT-ATT-GTG-ACC-TCC-TC le1   Wurz  et al . (1999)  
 le1-R  TGT-CAG-GGG-CAT-AGA-AGG-TG   Wurz  et al . (1999)  

 GA21 maize  GA141F  GGA-TCC-CCC-AGC-TTG-CAT  72   Hernández  et al . (2004)  
 GA212R  TTT-GGA-CTA-TCC-CGA-CTC-TCT-TCT   Hernández  et al . (2004)  
 GA160P  FAM-CCT-GCA-GGT-CGA-GGT-CAT-TCA-TAT-GCT-

T-TAMRA 
  Hernández  et al . (2004)  

 GA21 maize  GA141ZF  act-gaa-cct-gac-cgt-aca-GGA-TCC-CCC-AGC-TTG-
CAT b

 72   Hernández  et al . (2004)  

 GA212R  TTT-GGA-CTA-TCC-CGA-CTC-TCT-TCT   Hernández  et al . (2004)  
 Endog. maize  IVR7F  GCG-CTC-TGT-ACA-AGC-GTG-C ivr1   Hernández  et al . (2004)  

 IVR8R  GCA-AAG-TGT-TGT-GCT-TGG-ACC   Hernández  et al . (2004)  
 IVR78P  VIC-CAC-GTG-AGA-ATT-TCC-GTC-TAC-TCG-AGC-

C-TAMRA 
  Hernández  et al . (2004)  

 Endog. soy  F  TGC-CGA-AGC-AAC-CAA-ACA-TGA-TCC-T  414 le1   Forte  et al . (2005)  from 
 Brodmann  et al . (1997)  

 R  TGA-TGG-ATC-TGA-TAG-AAT-TGA-CGT-T     Forte  et al.  (2005)  from 
 Brodmann  et al.  (1997)  

 Endog. maize  F  AGT-GCG-ACC-CAT-ATT-CCA-G  277 zein   Forte  et al . (2005)  from 
 Stüder et al. (1997)  

 R  GAC-ATT-GTG-GCA-TCA-TCA-TTT   Forte  et al . (2005)  from 
 Stüder  et al . (1997)  

 GMO NOS  F  GAA-TCC-TGT-TGC-CGG-TCT-TG  180 nos   Forte  et al . (2005)  from 
 Lipp  et al . (1999)  

 R  TTA-TCC-TAG-TTT-GCG-CGC-TA   Forte  et al . (2005)  from 
 Lipp  et al . (1999)  
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 GMO 35S  F  TGC-CTC-TGC-CGA-CAG-TGG-TC  83 35S   Forte  et al . (2005)  from 
 Trapman  et al . (2002)  

 R  AAG-ACG-TGG-TTG-GAA-CGT-CTT-C   Forte  et al . (2005)  from 
 Trapman  et al . (2002)  

 Bt11 maize  Bt11-1  TAT-CAT-CGA-CTT-CCA-TGA-CCA  207 cry1A(b)   Zimmerman  et al . (2000)  
 Bt11-2  AGC-CAG-TTA-CCT-TCG-GAA-AA   Zimmerman  et al . (2000)  

 Bt11 maize  ir c-F  GGT-ACA-GTA-CAC-ACA-CAT-GTA-T  437  IVS6- cry1A(b)    Yamaguchi  et al . (2003)  
 ir c -R  GAT-GTT-TGG-GTT-GTT-GTC-CAT   Yamaguchi  et al . (2003)  

 Bt11 maize  ht d -F  CCT-TCG-CAA-GAC-CCT-TCC-TCT-ATA  522  35S- pat   Yamaguchi  et al . (2003)  
 ht d -R  AGA-TCA-TCA-ATC-CAC-TCT-TGT-GGT-G     Yamaguchi  et al . (2003)  

 Maize 176  ir c -F  AGA-TTC-TTC-ACT-CCG-ATG-CAG-CCT-A  619  PEPC prom- cry1A(b)    Yamaguchi  et al . (2003)  
 Event maize  ir c -R  GAT-GTT-TGG-GTT-GTT-GTC-CAT  Yamaguchi  et al . (2003) 

 ir c -F  AGT-TTC-CTT-TTT-GTT-GCT-CTC-CT  194  hsp70 int.1- cry1A(b)    Yamaguchi  et al . (2003)  
 MON810  ir c -R  GAT-GTT-TGG-GTT-GTT-GTC-CAT   Yamaguchi  et al . (2003)  
 LIBERTY maize  ht d -F  CCT-TCG-CAA-GAC-CCT-TCC-TCT-ATA  231  35S- pat   Yamaguchi  et al . (2003)  

 ht d -R  AGA-TCA-TCA-ATC-CAC-TCT-TGT-GGT-G     Yamaguchi  et al . (2003)  
 zein  F  TGC-TTG-CAT-TGT-TCG-CTC-TCC-TAG  329 zein   Yamaguchi  et al . (2003)  

 R  GTC-GCA-GTG-ACA-TTG-TGG-CAT   Yamaguchi  et al . (2003)  
 Barley  hor1  AGA-CAA-GGC-GTG-CAG-ATC-G  73 � -hordein   Hernández  et al . (2005)  
 Barley  hor2  GAC-CCT-GGA-CGA-GCA-CAC-AT   Hernández  et al . (2005)  
 Barley  hor-probe  CCT-CAG-CCG-CAA-CAG-GTG-GGT-C   Hernández  et al . (2005)  
 Rice  org1  TTA-GCC-TCC-CGC-TGC-AGA  68 gos9   Hernández  et al . (2005)  
 Rice  org2  AGA-GTC-CAC-AAG-TGC-TCC-CG   Hernández  et al . (2005)  
 Rice  orb-probe  FAM-CGG-CAG-T6T-GGT-TGG-TTT-CTT-CGG   Hernández  et al . (2005)  
 Wheat  tri1  TGC-CCA-TTG-TCG-GCC-TTA  93 acc1   Hernández  et al . (2005)  
 Wheat  tri2  GCA-TTC-CAA-CCA-TCT-GCC-C   Hernández  et al . (2005)  
 Wheat  tri-probe  TGC-CTC-GAC-AAC-ACC-ATC-GCT-ATC0-C   Hernández  et al . (2005)  
 Wheat  UnivF  CAA-GTA-TGT-CAT-AGA-GAT-TTG-AA  PKABA1   Ronning  et al . (2006)  
 Wheat  UnivR  GTA-ACC-GAA-GTC-ACA-AAT-CT   Ronning  et al . (2006)  
 Wheat probe  Taest  FAM-TCG-CAC-CTC-GGC-T-MGBNFQ   Ronning  et al . (2006)  
 Barley probe  Hvulg  VIC-TCG-CTC-CTC-GAC-TC-MGBNFQ   Ronning  et al . (2006)  
 Sunfl ower  hel1  CTC-GAG-CAC-CTC-CGG-CT  60 hel   Ronning  et al . (2006)  
 Sunfl ower  hel2  AGC-GTG-GAA-AGA-GGC-GAA-CTC-CG   Ronning  et al . (2006)  
 Sunfl ower  hel-probe  GGA-TTG-GAT-GGC-ATT-CGG   Ronning  et al . (2006)  
 WBR11  Sense  GGT-AAC-TTC-CAA-ATT-CAG-AGA-AAC  196  &  201   trnL   Dahinden  et al . (2001)  
 WBR13  Antisense  TCT-CTA-ATT—TAG-AAT-TAG-AAG-GAA   Dahinden  et al . (2001)  

 Mussel  MusRFLP-F  CGA-GGC-CCC-GTA-ATT-GGA-ATG-A  230–237  18S rDNA   Santaclara  et al . (2006)  
 MusRFLP-R  TCA-GTC-AAG-AGC-ACC-AAG-GGC   Santaclara  et al . (2006)  

 Mussel  MusRFLP-F  CGA-GGC-CCC-GTA-ATT-GGA-ATG-A  167–169  18S rDNA   Santaclara  et al . (2006)  
 MusFINS-R  AAA-CCG-GGA-GGT-AGG-TCA-GG 

 Mussel  Pspp-F  AYA-AAC-GGA-GGT-TAC-GGT-TTC a  171–207  –   Santaclara  et al . (2006)  
 Pspp-R  GTG-CGA-GGC-MRA-WRW-GGA-AAA a   Santaclara  et al . (2006)  

(Continued)
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 Mussel  CHORO-F  AGG-ATC-ATT-ACC-GCA-ATA-CGA-T  100  –   Santaclara  et al . (2006)  
 CHORO-R  AAA-CGA-CGK-AGG-ACT-TTG-CRT a    Santaclara  et al . (2006)  

 Mussel  Me 15  CCA-GTA-TAC-AAA-CCT-GTG-AAG-A  126–180  adhes. prot. Gene   Santaclara  et al . (2006)  
from  Inoue  et al . (1995)  

 Me 16  TGT-TGT-CTT-AAT-AGG-TTT-GTA-AGA   Santaclara  et al . (2006)  
from  Inoue  et al . (1995)  

 Crustaceans  F-primer  TAA-AGT-CTG-GCC-TGC-CCA  205  16S rDNA   Brzezinski (2005)  
 R-primer  GCT-TTA-TAC-GGT-CTT-ATC-GT   Brzezinski (2005)  

 Tuna  59–3  AAA-CTG-CAG-CCC-CTC-AGA-ATG-ATA-TTT-GTC-
CTC-A 

 123  mt Cytb   Rehbein  et al . (1999)  

 59–5  GCT-GGT-ACC-TCT-ACA-AAG-AAA-CAT-GAA-ACA     Rehbein  et al . (1999)  
 Red snapper  L232  GAT-AGT-CTC-GTT-AGC-ACA-AAA-GCT-TGG-T � 850  mt12S rDNA   Zhang  et al . (2006)  

 H231  TGA-CTG-CAG-AGG-GTG-ACG-GGC-GGT-GTG-T     Zhang  et al . (2006)  
 Red snapper  L231  TCA-AAC-TGG-GGA-TTA-GAT-ACC-CCA-CTA-T   � 450  mt12S rDNA   Zhang  et al . (2006)  

 H231  TGA-CTG-CAG-AGG-GTG-ACG-GGC-GGT-GTG-T   Zhang  et al . (2006)  
 Soy  Le1n02-5 ́  GGC-CTC-TAC-TCC-ACC-CCC-A lel   Moriuchi  et al . (2007)  
 Lectin  Le1n02-3 ́  GCC-CAT-CTG-CAA-GCC-TTT-TT   Moriuchi  et al . (2007)  

 Le1-probe  FAM-AGC-TTC-GCC-GCT      =      YCC-TTC-AAC-TTC-
ACTAMRA 

  Moriuchi  et al . (2007)  

 RRS  RRS01-5 ́  CCT-TTA-GGA-TTT-CAG-CAT-CAG-TGG  RRS gene   Moriuchi  et al . (2007)  
 RRS01-3 ́  GAC-TTG-TCG-CCG-GGA-ATG   Moriuchi  et al . (2007)  

 RRS-probe    FAM-CGC-AAC-CGC-CCG-CAA-ATC-C-TAMRA     Moriuchi  et al . (2007)  
 Pectinid  ISA1  AGG-TCC-TGT-GAA-TGG-TTT-GAC-GAG � 470  16S mtrRNA   Colombo  et al . (2004)  

from  Palumbi  et al . 
(1991)

 Scallops  OSA2  CAA-GCC-TTA-GGA-TAT-CCA-GAG-CCA-AC   Colombo  et al . (2004)  
from  Palumbi  et al . 
(1991)

 Messolongi  16SARL  CGC-CTG-TTT-ATL-AAA-AAC-AT  600–630  16S mtrRNA   Klossa-Kilia et al . (2002)  
from  Palumbi  et al . 
(1991)

 Roe  16SARH  CCG-GTG-TGA-ACT-CAG-ATC-ACG-T   Klossa-Kilia  et al . (2002)  
from  Palumbi  et al . 
(1991)

 Molluscs  16SAR  CGC-CTG-TTT-ATC-AAA-AAC-AT  600–700  16S mtrRNA   Colombo  et al . (2002b)  
from  Bonnaud  et al . 
(1998)

 16SBR  CCG-GTC-TGA-ACT-CTG-ATC-AT   Colombo  et al . (2002b)  
from  Bonnaud  et al . 
(1998)
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 Billfi sh  L-CYTBF  GCT-ATI-CAC-TAY-ACM-TCR-GAC a  348  mt cytb   Hsieh  et al . (2005)  
 H-CYTBF  GCC-TCC-TCA-0RAT-TCA-TTG-GAC a   Hsieh  et al . (2005)  

 Pisces  5SA  TAC-GCC-CGA-TCT-CGT-CCG-ATC  210–430  16S mtRNA   Karaiskou  et al . (2005)
from  Pendas  et al . (1995)  

 5SB  CAG-GCT-GGT-ATG-GCC-GTA-AGC   Karaiskou  et al . (2005)  
from  Pendas  et al . (1995)  

 Cod  cytB1  CCA-TCC-AAC-ATC-TCA-GCA-TGA-TGA-AA  307  mt cytb   Comi  et al . (2005)  from 
 Barlet and Davidson 
(1991)

 cytB2  CCC-CTC-AGA-ATG-ATA-TTT-GTC-CTC   Comi  et al . (2005)  from 
 Barlet and Davidson 
(1991)

 GC clamp  GCC-AGC-GGC-CCG-GCG-CCG-GCC-GGG-CGG-
CGG-GGG-CCG-CGG-C

 Puffer fi sh  L14841  AAA-AAG-CTT-CCA-TCC-AAC-ATC-TCA-GCA-TGA-
TGA-AA 

 376  mt cytb   Chen  et al . (2002)  

 Puffer fi sh  L15149  TGA-GGA-CAA-ATA-TCC-ATT-CTG-AGG-GGC-TGC-
AGT-TT 

  Chen  et al . (2002)  

 Wreck fi sh  12S1  AAA-CTA-GGA-TTA-GAT-ACC-CTA-TTA-T  436  12 rDNA   Asensio  et al . (2000)  
 Wreck fi sh  12S2  AAG-AGC-GAC-GGG-CGA-TGT-GT   Asensio  et al . (2000)  
 35S sense    GCT-CCT-ACA-AAT-GCC-ATC-A  195  35S rRNA   Liu  et al . (2005)  
 35S antisense    GAT-AGT-GGG-ATT-GTG-CGT-CA   Liu  et al . (2005)  
 35S probe 1    CGG-CAG-AGG-CAT-CTT-CAA-CGA-TGG-CC-biotin     Liu  et al . (2005)  
 35S probe 2    Ru-TTT-CCA-CGA-TGC-TCC-TCG-TGG-GTG-GG   Liu  et al . (2005)  
 NOS sense    GAA-TCC-TGT-TGC-CGG-TCT-TG  180  NOS terminator   Liu  et al . (2005)  
 NOS antisense    TTA-TCC-TAG-TTT-GCG-CGC-TA   Liu  et al . (2005)  
 NOS probe 1    CCA-TCT-AAA-TAA-CGT-CAT-GCA-T-biotin   Liu  et al . (2005)  
 NOS probe 2    Ru-CGC-GTA-TTA-AAT-GTA-TAA-TTG-CG   Liu  et al . (2005)  
 Mg1  P-35S  TAT-CTC-CAC-TGA-CGT-AAG-GGA-TGA-C  401  35S rRNA   Zimmerman  et al . (1998)  
 Mg2  hsp70  TGC-CCT-ATA-ACA-CCA-ACA-TGT-GCT-T    hsp70   Zimmerman  et al . (1998)  
 Mg3  P-35S  ACT-ATC-CTT-CGC-AAG-ACC-CTT-CCT-C  149  35S-rRNA   Zimmerman  et al . (1998)  
 Mg4  hsp70  GCA-TTC-AGA-GAA-ACG-TGG-CAG-TAA-C    hsp70   Zimmerman  et al . (1998)  
 hm1  CTA-CTT-TGA-CTT-TCC-CTT-AAT-GAC   Zimmerman  et al . (1998)  
 hm2  AGC-AGG-AGC-AGT-GTA-TAT-ACA-CAT   Zimmerman  et al . (1998)  

 hm3  GAA-ATC-CCT-GAG-CGA-GTC-GGT-A   Zimmerman  et al . (1998)  
 hm4  GCG-ATG-GCC-TTG-TTG-TAC-TCG-A   Zimmerman  et al . (1998)  
 35S-F  biotin-GCT-CCT-ACA-AAT-GCC-ATC-A  195  35S rRNA   Liu  et al . (2005)  
 35S-R  GAT-AGT-GGG-ATT-GTG-CGT-CA   Liu  et al . (2005)  
 35S-P  DIG-CAA-CCA-CGT-CTT-CAA-AGC-AA   Liu  et al . (2005)  
 nos-F  biotin-GAA-TCC-TGT-TGC-CGG-TCT-TG  180 NOS  terminator   Liu  et al . (2005)  
 nos-R  TTA-TCC-TAG-TTT-GCG-CGC-TA   Liu  et al . (2005)  
 nos-P  DIG-TGC-CGG-TCT-TGC-GAT-GAT-TAT-CAT-A     Liu  et al . (2005)  
 lec-F  biotin-CCA-GCT-TCG-CCG-CTT-CCT-TC NOS  terminator   Liu  et al . (2005)  

(Continued)
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 lec-R  GAA-GCC-AAG-CCC-ATC-TGC-AAG-CC   Liu  et al . (2005)  
 lec-P  DIG-CTT-CAC-CTT-CTA-TGC-CCC-TGA-CAC     Liu  et al . (2005)  
 inv-F  biotin-TGG-CGG-ACG-ACG-ACT-TGT inv   Liu  et al . (2005)  
 inv-R  AAA-GTT-TGG-AGG-CTG-CCG   Liu  et al . (2005)  
 inv-P  DIG-CGA-GCA-GAC-CGC-CGT-GTA-CTT-CTA-CC     Liu  et al . (2005)  
 P35S1-5  ATT-GAT-GTG-ATA-TCT-CCA-CTG-ACG  101  35S rRNA   Abdullah  et al . (2006)  

from  Tengel  et al . (2001)  
 P35S1-3  CCT-CTC-CAA-ATG-AAA-TGA-ACT-TCC-T     Abdullah  et al . (2006)  

from  Tengel  et al . (2001)  
 HA-nos118-R    GAC-ACC-GCG-CGC-GAT-AAT-TTA-TCC  118  NOS terminator   Abdullah  et al . (2006)  

from  Lipp  et al . (1999)  
 HA-nos118-f    GCA-TGA-CGT-TAT-TTA-TGA-GAT-GGG   Abdullah  et al . (2006)  

from  Lipp  et al . (1999)  
 RR soy  RR01  TGG-CGC-CCA-AAG-CTT-GCA-TGG-C  356  EPSPS enzyme   Abdullah  et al . (2006)  

from  Tengel  et al . (2001)  
 RR04  CCC-CAA-GTT-CCT-AAA-TCT-TCA-AGT   Abdullah  et al . (2006)  

from  Tengel  et al . (2001)  
 Lectin 1   GAC-GCT-ATT-GTG-ACC-TCC-TC 318 le1   Abdullah  et al . (2006)  

from  Tengel  et al . (2001)  
 Lectin 6   GAA-AGT-GTC-AAG-CTT-AAC-AGC-GAC-G     Abdullah  et al . (2006)  

from  Tengel  et al . (2001)  
 Soy  Lectin-F  TCC-ACC-CCC-ATC-CAC-ATT-T  81 le1   Peano  et al . (2005a)  

 Lectin-R  GGC-ATA-GAA-GGT-GAA-GTT-GAA-GGA   Peano  et al . (2005a)  
 Maize  Zeindeg-F  TAC-AAG-GAT-GCG-ATA-CAC-ACA  133 Zein   Peano  et al . (2005a)  

 Zein133-R  TAC-AAG-GAT-GCG-ATA-CAC-ACA   Peano  et al . (2005a)  
 RR soy  RR2075-F  CTG-CCT-GAT-GAG-CTC-GAA-TTC  210 CP4EPSPS-TNOS    Peano  et al . (2005a)  

 MOSterN-R  GCG-GGA-CTC-TAA-TCA-TAA-AAA-CCC   Peano  et al . (2005a)  
 Maize  Bt1135SADH241-F  CAA-TCC-CAC-TAT-CCT-TCG-CAA  241 35S rRNA-IV 2    Peano  et al . (2005a)  

 Bt1135SADH241-F  GTA-GAC-GTC-GGT-GTG-GCA-GA   Peano  et al . (2005a)  
 Maize  Bt17635SBAR151-F  TTC-TTA-TAG-GGT-TTC-GCT-CAG-CTG  151 35S rRNA-BAR    Peano  et al . (2005a)  

 Bt17635SBAR151-R  GGT-TGA-CGA-TGG-TGC-AGA-CC   Peano  et al . (2005a)  

 Maize  RACTN-F  TCC-CTC-AGC-ATT-GTT-CAT-CGG-TA  193 RACT-OTP   Peano  et al . (2005a)  
 CTPN-R  ACC-ATG-TTG-GCC-TGA-GCA-GG   Peano  et al . (2005a)  

 Maize  MON-F  TGG-AGA-GGA-GAC-GCT-GAC-AA  101 35S rRNA-HSP79    Peano  et al . (2005a)  
 MON-R  GCA-TTC-AGA-GAA-ACG-TGG-CAG-TA   Peano  et al . (2005a)  

 Soy  lectin Disc-P  Cy3-GTA-GCG-TTG-CCA-GCT-TCG-CCG   Peano  et al . (2005a)  
 lectin Comm-P  CTT-CCT-TCA-ACT-TCA-CCT-TCT-ATG-cca-tct-tgc-

gcg-gca-gct-cgt-cga-ccge
  Peano  et al . (2005a)  

 Maize  Zein Disc-P  Cy3-ATG-CGA-TAC-ACA-CAT-CAG-CTA-GTC-CTA-A     Peano  et al . (2005a)  
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 Zein Comm-P  TGA-TGC-CAC-CGA-CTT-TAC-TTAGG-AAA-Acc-gta-
ccc-ttc-cgc-tgg-aga-ttt-ace

  Peano  et al . (2005a)  

 Soy  RRsoy Disc-P  Cy3-GCC-TGA-TGA-GCT-CGA-ATT-CGA-GC   Peano  et al . (2005a)  
 RRsoy Comm-P  TCG-GTA-CCG-GAT-CCA-TTC-CGC-Gct-tga-gcg-atg-

acg-gac-ggg-aaa-age
  Peano  et al . (2005a)  

 Maize  Bt11maize 
Disc-P

 Cy3-CTC-TAG-CGA-AGA-TCC-TCT-TCA-CCT-C     Peano  et al . (2005a)  

 BT11maize 
Comm-P

 GCT-CTG-CCA-CAC-CGA-CGT-CTA-caa-agc-ggg-cgg-
cga-tcg-cga-atg-tce

  Peano  et al . (2005a)  

 Maize  Bt176maize 
Disc-P

 Cy3-ATC-TGT-TGG-GGA-TCT-ACC-ATG-AGC-C     Peano  et al . (2005a)  

 BT176maize 
Comm-P

 CAG-AAC-GAC-GCC-CGG-CCG-agg-att-gca-ccg-tca-
gca-cca-ccg-age

  Peano  et al . (2005a)  

 Maize  GA21 maize 
Disc-P

 Cy3-CGA-TAA-GCT-GGG-CTG-CAG-GAA-TTC   Peano  et al . (2005a)  

 GA21 maize 
Comm-P

 CGA-AAG-ACA-AAG-ATT-ATC-GCC-ATG-GCg-tgg-
tcc-atc-aca-aac-age

  Peano  et al . (2005a)  

 Maize  MON810 maize 
Disc-P

 Cy3-GCA-GAT-CTA-CCG-TCT-TCG      =      GTA-CG     Peano  et al . (2005a)  

 MON810 maize 
Comm-P

 CGC-TCA-CTC-CGC-CCT-CTG-Ctg-tgc-gcc-cga-gat-
cgg-tat-ccc-cg e

  Peano  et al . (2005a)  

 Wheat  1B F-primer  GGC-CAT-GGA-AAA-CTG-GGC-AA  rDNA   Sallares  et al . (1995)  
 Wheat  2D R-primer  GCG-TTT-CAA-AAC-AGT-GTA-CCC   Sallares  et al . (1995)  
 Wheat  3A I-primer  AGC-GAA-AAC-ATG-TCT-CAT-GGC   Sallares  et al . (1995)  
 Salmon/trout  L14735  AAA-AAC-CAC-CGT-TGT-TAT-TCA-ACT-A  mt Cytb   Dooley  et al . (2005)  from 

 Russell  et al . (2000)  
 H15149  GCI-CCT-CAR-AAT-GAY-ATT-TGT-CCT a   Dooley  et al . (2005)  from 

 Russell  et al . (2000)  
 GMOs  T-NOS-F  GAG-TCC-TGT-TGC-CGG-TCT-TG  207  NOS terminator  Kalogianni  et al . (2006) 

 T-NOS-R  GGG-ACT-CTA-ATC-ATA-AAA-ACC-CAT   Dooley  et al . (2005)  from 
 Russell  et al . (2000)  

 NOS-P  ACA-TGC-TTA-ACG-TAA-TTC-AAC-AGA   Dooley  et al . (2005)  from 
 Russell  et al . (2000)  

 Wheat/spelt  GAG31  GCA-GCA-AGA-ACA-ACA-AGA-ACA-AA  236 GAG56P   von Büren  et al . (2001)  
 Wheat/spelt  GAG28  CGG-CGA-CTA-CGT-TGG-A   von Büren  et al . (2001)  
 Wheat/spelt  GAG15  GCA-ACC-ACA-ACA-ACA-ATT-TTC-T  350  &  359   GAG56D   von Büren  et al . (2001)  
 Wheat/spelt  GAG16  GAT-ATA-GTG-GCA-GCA-GGA-TAT-G   von Büren  et al . (2001)  
 GMOs  P35S-F  CGA-AGG-ATA-GTG-GGA-TTG-TGC-GTC  35S rRNA   von Büren  et al . (2001)  

 P35S-R  AAG-GTG-GCT-CCT-ACA-AAT-GCC-ATC   von Büren  et al . (2001)  
 35S-P  GCA-AGT-GGA-TTG-ATG-TGA-TAT-CTC   von Büren  et al . (2001)  

 Soy  Lectin-F  GAC-GCT-ATT-GTG-ACC-TCC-TC le1   von Büren  et al . (2001)  
 Lectin-R  TGT-CAG-GGG-CAT-AGA-AGG-TG   von Büren  et al . (2001)  
 Lectin-P  AAT-GTG-GAT-GGG-GGT-GGA-GTA-GAG   von Büren  et al . (2001)  

(Continued)
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 Fish  L14735  AAA-AAC-CAC-CGT-TGT-TAT-TCA-ACT-A  464  mt Cytb   Wolf  et al . (2000)  
 H15149ad  GDCN-CCT-CAR-AAT-GDAY-ATT-TGT-CCT-CA a   Wolf  et al . (2000)  

 RR soy  RRS-F  CCA-TTC-TTG-AAA-GAT-CTG-CT  102  CP4EPSPS/NOS-T   Peano  et al . (2005b)  
 RRS-R  ATC-CCA-CTA-TCC-TTC-GCA-A   Peano  et al . (2005b)  

 Maize  Bt176Cle-F  CGA-ACT-CGA-TGC-CGT-CGA-TGT  96  35SCAMV/bar   Peano  et al . (2005b)  
 Bt176Cle-R  CCC-TTC0AAC-TTC-AGC-AAC-GCC   Peano  et al . (2005b)  

 Maize  BT11Cle-F  AAC-CGC-GAG-TTG-TTG-TAT  131  35SCaMV/adh intron   Peano  et al . (2005b)  
 BT11Cle-R  CCT-TAC-TCT-AGC-GAA-GAT-CCT   Peano  et al . (2005b)  

 Maize  MONCle-F  GCA-GAT-CTA-CCG-TCT-TCG-GTA-CG  98  35SCaMV/hsp70 
intron 

  Peano  et al . (2005b)  

 MONCle-R  CTC-GCA-ATC-ACC-ACA-CAA-GAG-AG   Peano  et al . (2005b)  
 Maize  GA21-F  TCC-CTC-AGC-ATT-GTT-CAT-CGG-TA  120  Actin promoter/CTP   Peano  et al . (2005b)  

 GA21-R  ACC-ATG-TTG-GCC-TGA-GCA-GG   Peano  et al . (2005b)  
 RR soy  PNA  PNA H-CTA-GAG-TCA-GCT-TGT-NH 2   Peano  et al . (2005b)  
 Maize  BT176  PNA H-ACA-CCT-CGT-TGC-CGC-NH 2   Peano  et al . (2005b)  
 Maize  Bt11  PNA H-ATA-TCT-ACT-GAC-AAA-NH 2   Peano  et al . (2005b)  
 Maize  MON810  PNA H-H-AGC-CCA-GCT-TAT-CGT-NH 2   Peano  et al . (2005b)  
 Maize  GA12  PNA H-AGE-CCA-GCT-TAT-CGT-NH 2   Peano  et al . (2005b)  
 Soy  EPSPS-F  GTC-TTC-CCG-TTA-CCT-TGC-GC  134 ESPSP   Peano  et al . (2005b)  

 EPSP-R  CTC-GAT-GAC-CGT-CGT-GAT-GC   Peano  et al . (2005b)  
 Soy  P35S-F  ATT-GAT-GTC-ATA-TCT-CCA-CTG-ACG-T  101 35S rRNA   Peano  et al . (2005b)  

 P35S-R  CCT-CTC-CAA-ATG-AAA-TGA-ACT-TCC-T   Peano  et al . (2005b)  
 Sesame  F-primer  TTA-CCA-GAG-GGC-TAG-GGA-CCT-T  66  2S albumin   Brzezinski (2007)  
 Sesame  R-primer  AAC-TCG-GAA-TTG-GCA-TTG-CT   Brzezinski (2007)  
 Sesame  probe  FAM-CTCGCA-GGT-GCA-ACA-TGC-GAC-C   Brzezinski (2007)  
 Bovine  12SM-FW  CTA-GAG-GAG-CCT-GTT-CTA-TAA-TCG-ATA-A  233  mt12S rRNA  Inéz  et al . (2005) 

 12SBT-RV  TGG-TTT-CAT-AAT-AAC-TTT-CGC-GCT    Inéz  et al . (2005) 
 Bovine  12SM-FW  CTA-GAG-GAG-CCT-GTT-CTA-TAA-TCG-ATA  346  mt12S rRNA   López-Calleja  et al . (2005)  

 12SBT-REV2  AAA-TAG-GGT-TAG-ATG-GAC-TGA-ATC-CAT   López-Calleja  et al . (2005)  
 Buffalo  12SBUF-REV  TTC-ATA-ATA-ACT-TTC-GTG-TTG-GGT-GT    mt12S rRNA   López-Calleja  et al . (2005)  
 Bovine  CytOx IIa  AYG-GCA-TAT-CCC-ATA-CAA-CTA-G  651  mt Cyt ox  II   Mayer (2005)  from 

 Verkaar  et al . (2002)  
 CytOx IIb  ACT-TTA-GTG-GGA-CTA-ACT-CAA-G   Mayer (2005)  from 

 Verkaar  et al . (2002)  

bl ( i d)
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 Bovine  BosL-15794  TTC-TAT-TTA-AAC-TAT-TCC-CTG-AAC  413  mtDNA   Mayer (2005)  from 
Maudet and Taberlat 
(2001)

 BosH-16102  GAT-ATA-CTA-TCA-AGA-ATG-AAT-TTG-AC     Mayer (2005)  from 
 Verkaar  et al . (2002)  

 Bovine  Cow-14814  GGC-TTA-TAT-TAC-GGG-TCT-TAC-ACT  279  Mt Cytb   Bottero  et al . (2002)  

 Cow-15092  GGC-AAT-TGC-TAT-GAT-GAT-AAA-TGG-A     Bottero  et al . (2002)  
 Bovine  Bos taurus1  GTA-CTA-CTA-GCA-ACA-GCT-TA  256  mt12S rRNA   Bottero  et al . (2003)  

 Bos taurus2  GCT-TGA-TTC-TCT-TGG-TGT-AGA-G   Bottero  et al . (2002)  
 Sheep  Sense 959  ATA-TCA-ACC-ACA-CGA-GAG-GAG-AC  172  mt12S rRNA   Bottero  et al . (2003)  

 Antisense 1130  TAA-ACT-GGA-GAG-TGG-GAG-AT   Bottero  et al . (2002)  
 Goat  Sense 144  GGC-CCT-CCA-AAT-CAA-TAA-G  326  mt12S rRNA   Bottero  et al . (2003)  

 AGT-GTA-TCA-GCT-GCA-GTA-GGG-TT   Bottero  et al . (2002)  
 Bovine  Sense 916  GTA-CTA-CTA-GCA-ACA-GCT-TA  256  mt2S rRNA   Bottero  et al . (2003)  

 GCT-TGA-TTC-TCT-TGG-TGT      =      AGA-G   Bottero  et al . (2002)  

a   Y      =      C or T, R      =      A or G, N      =      A or G or C or T, M      =      A or C, W      =      A or T, I      =      inosine.  
b   Lower case: Z sequence of the Amplifl uor ™  primer  
c   Insect resistance gene 
d   Herbicide tolerance gene  
e  Lower case indicates cZip Codes, complementary to the Zip code sequences of the universal array  



454 DNA-based Technique: Polymerase Chain Reaction (PCR)

versus the fi nal spelt bands (350, 272 and 296       bp) were used for unique analysis of 
the band ratios for competitive quantifi cation of wheat in spelt fl our samples. PCR-
RFLP analysis revealed that among seven commercial spelt samples, one contained 
no spelt, one contained 11% wheat, and a third contained 28% wheat. 

  Ronning  et al . (2006)  developed a duplex real-time PCR assay for simultaneous 
detection and quantifi cation of wheat and barley in foods. Universal primers UnivF/
UnivR were used that amplify a sequence of the serine/threonine protein kinase 
PKABA1  gene present in both wheat and barley as single copies. The minor-groove-
binding (MGB) probe Taest, specifi c for wheat, was labeled with the fl uorescent 
reporter FAM at the 5 � -end and with the non-fl uorescent quencher MGBNFQ at 
the 3 � -end. The MGB probe Hvulg, specifi c for barley, was labeled with VIC at the 
5� -end and with MGBNFQ at the 3 � -end. The limits of detection were 5 and 10 PCR-
forming units for wheat and barley, respectively. Positive amplifi cation was achieved 
with 10 different wheat cultivars and nine different barley cultivars. Amplifi cation 
did not occur with oat, rye, maize, rice, timothy, durra, cabbage, caulifl ower, soy-
bean, pea, bean, lens, peanut, tomato, rape seed, potato, eggplant, and pepper. 

 Sesame seeds have recently become recognized as the source of major allergens 
resulting in either a delayed-type hypersensivity reaction, characterized by atopic 
dermatitis, or an immediate-type response resulting in anaphylactic shock in severe 
cases ( Brzezinski, 2007 ). Sesame seeds may contain as many as 100 allergens, 
including oleosins, seed storage proteins, and the � -globulin or 2S albumin pro-
teins. The 2S albumin proteins are small, water-soluble proteins which are notably 
resistant to proteolytic digestion, in addition to thermal and chemical denaturation, 
and have been determined to be allergenic in Brazil nuts, cashews, hazelnuts, wal-
nuts and mustard seeds.  Brzezinski (2007)  developed a real-time PCR assay for the 
specifi c detection of sesame-seed DNA in food products. The forward and reverse 
primers amplifi ed a 66-bp sequence of the sesame seed 2S albumin gene. A dual-
labeled probe with FAM at the 5 � -end and TAMRA at the 3 � -end was used for detec-
tion of amplifi cation. The assay did not cross-react with DNA from edible seeds such 
as pumpkin, poppy and sunfl ower seeds, nor from tree nuts such as almonds, Brazil 
nuts, cashews, hazelnuts and walnuts, in addition to four varieties of peanuts. The 
assay was found capable of detecting 5       pg of purifi ed sesame-seed DNA as well as 
0.01% of ground sesame seeds added to ground-wheat crackers. 

 Individuals allergic to gluten, which induces celiac disease, must avoid inges-
tion of wheat, barley and rye (WBR). The maximum level of gliadin (a gluten pro-
tein) in foods labeled “ gluten-free ”  is recommended to be 100       ppm by the  Codex
Alimentarius .  Dahinden  et al . (2001)  developed a quantitative competitive PCR 
assay for the detection of gluten-free foods contaminated with celiac-toxic cereals. 
The assay simultaneously detects WBR-DNA on the basis of a non-coding region of 
the chloroplast trnL  (intergeneric spacer region) gene. The primer pair WBU/WBR13 
yielded amplicons of 201-bp with rye and wheat, and 196-bp with barley. The assay 
was calibrated using a 221-pb internal competitive standard and equivalence point 
method, to 0.02% and 0.2% wheat DNA, corresponding to 10       ppm and 100       ppm glia-
din. The QC-PCR assay was correlated with an ELISA assay based on a monoclonal 
antibody to a portion of the  �  from wheat, barley, and rye. A positive WBR-PCR 



signal and a negative ELISA assay for gliadin indicates a possible gliadin-free wheat, 
barley or rye starch addition. Both types of assays therefore complement one another. 
A negative WBR-PCR result and a positive ELISA suggest a WBR-free gliadin addi-
tive. Interestingly, 10 of 15 foods samples supposedly free of gluten were found free 
of gliadin, while one sample contained more than 100       ppm gliadin. 

  Meat products 

  Mammals and amphibians 
 In the United Kingdom, Europe and the USA there is currently a ban on feeding rumi-
nants with ruminant-derived proteins in order to prevent the transmission of bovine 
spongiform encephalopathy (BSE). The failure of immunoassays to detect bovine 
proteins due to protein denaturation during the rendering process has resulted in PCR 
being the method of choice for detecting bovine tissue in feed. mtDNA sequences 
are preferred for distinguishing species by PCR amplifi cation because they are known 
to be less conserved than is nuclear DNA ( Kocher  et al ., 1989 ) and have the addi-
tional advantage of being multicopy, with up to 1000 copies per cell ( Partis  et al ., 
2000 ) resulting in enhanced detection sensitivity.  Tartaglia  et al . (1998)  developed a 
dedicated PCR assay for bovine meat and bone meals (MBM) in feeds. The primers 
L8129/H8357 amplifi ed a 271-bp bovine mtDNA fragment encoding the 3 � -portion 
of tRNA Lys , the ATPase subunit 8 (ATPase8) and the amino-terminal portion of the 
ATPase subunit 6 (ATPase6). This mtDNA region was chosen because both ATPase8 
and ATPase6 exhibit a relatively high degree of variation among vertebrates. In addi-
tion, the tRNA Lys -ATPase8-ATPase6 gene confi guration is not found in the mtDNA 
of higher plants. Tissue from sheep, swine, horse, rabbit, chicken and turkey failed 
to yield an amplicon. Less than 0.125% of bovine-derived MBM (MBM) could be 
detected. The use of two restriction nucleases further confi rmed the identity of the 
271-bp bovine amplicon.  Dpn II yielded two fragments of 57 and 214-bp, while  Ssp I 
yielded three fragments of 66, 84 and 118-bp. The assay, however, was not designed to 
discriminate between the various other bovine species, including taurine cattle, water 
buffalo, African buffalo, zebu, banting, gaur, bison and yak, that are also consumed. 
Interestingly, hybridization of different bovine species is not uncommon, and invali-
dates any assay based on the maternally transmitted mtDNA. The American buffalo 
is bred for its beef quality and is derived from crossings of bison with cattle ( Verkaar 
et al ., 2002 ).  Verkaar  et al . (2002)  described two complementary methods for bovine 
species identifi cation. The fi rst involves the PCR and restriction fragment length 
polymorphism (PCR-RFLP) of resulting amplicons, and is based on species-specifi c 
mutations on mtDNA of cytochrome b and cytochrome oxidase II. This method has 
the drawback in that only the maternal linage is identifi ed. The second involves the 
application of the PCR to amplifi cation of centromeric satellite DNA (satellite IV and 
satellite 1.711b) followed by restriction of the resulting amplicons yielding satellite 
fragment length polymorphism (PCR-SFLP). Since this assay is based on nuclear 
DNA, it offers the advantage of detecting interspecies hybridization. For PCR-RFLP 
with the mt Cytb  amplicons, the following restriction endonucleases were used:  Alu I, 
Xba I,  Stu I,  Bam HI,  Hin fI and  Taq I. For PCR-RFLP with the satellite IV amplicons, 
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Ban II and  Mse I were used, and with satellite 1.711b amplicons,  Hind III,  Taq I and 
Sau  3A1 were used for restriction. From the combined restriction sites and resulting 
agarose bands derived from the two mitochondrial genes, the mtPCR-RFLP assay 
resulted in detection of all nine species. However, while discrimination of all nine 
bovine species was achieved, taurine cattle and zebra were not differentiated. African 
zebu have emerged by introgression (species hybridization) and have retained mtDNA 
of the taurine type, making it necessary to use satellite DNA sequences to detect such 
hybrids. Via the process of concerted evolution, the tandem repeated sequences in sat-
ellite DNA of hybrids become species-specifi c ( Elder and Turner, 1995 ), refl ecting 
both progenitors. A comparison of restriction banding patterns of such a suspected 
hybrid breed of cattle with those from the progenitor breeds yielded hybrid patterns 
using both mt Cytb  and satellite IV amplicon restriction analysis.  Elder and Turner 
(1995)  concluded that (i) all relevant reference animals should be tested in parallel, 
(ii) PCR-RFLP differentiation should be based on at least two different restriction 
enzyme sites in order to exclude intraspecies polymorphism, and (iii) at least one RT-
SFLP assay should be used if hybrid species are to be excluded. Because of the large 
size of several of the amplicons (651, 604 and 822       bp), the assay system is not suit-
able for pro cessed or cooked meats, where signifi cant DNA degradation may occur. 
In addition, the assay system is not suitable for meat samples comprised of more than 
one bovine species. The system is, however, ideally suited for unprocessed samples 
that originate from a single animal or from a homogeneous species. 

 RAPD was used by  Koh  et al . (1998)  to generate banding patterns for raw meat 
samples from 10 species: wild boar, pig, horse, buffalo, beef, deer, dog, cat, rabbit 
and kangaroo. A total of 29 commercially available random primers, each 10 nucle-
otides in length, with GC contents ranging from 50 to 80%, were evaluated for their 
specifi city and effi ciency. With the use of an 80% GC primer (80-04) unique banding 
patterns were generated for 9 of the 10 species, with the pig and the horse failing to 
be distinguished. The use of the 50% GC primer (50-06) clearly distinguished pig 
from horse. 

  Guoli  et al . (1999)  selected a pair of primers to specifi cally amplify a 218-bp 
sequence of beef 1.709 satellite DNA that was shorter than the 3009-bp fragments 
that result from DNA degradation by heat processing meat. The assay was ideally 
suited for mixed meat samples and was positive for DNA derived from bovine, buf-
falo and yak meat, but negative for 10 additional mammals, and for fi sh, chicken and 
goose. A minimum of 33.6       fg of DNA from raw beef samples and 0.32       pg of DNA 
from cooked beef samples (120°C for 30       min) were detected by conventional PCR. 

  Partis  et al . (2000)  developed a PCR-RFLP technique for the identifi cation of 22 
animal species, including 5 fi sh species. The primer pair CYT b1/CYT b2 ampli-
fi ed a 359-bp sequence of the mt Cyt b  gene. Resulting amplicons were digested with 
Hae II and  Hinf I. All 22 species were distinguished, using the two restriction nucle-
ases, except for kangaroo and buffalo. Each of the two nucleases generated from one 
to four DNA bands. The PCR amplicons and PCR-RFLP products were separated on 
9% polyacrylamide gels and visualized by staining with ethidium bromide. Cooking 
(0.5       g in a microwave oven set on high for 30       s) did not affect the DNA banding pro-
fi les. The method, however, was found to be unsuitable for analyzing mixtures. 



  Colgan  et al . (2001)  developed a series of PCR assays specifi c for identifi ca-
tion of bovine, poultry, porcine and sheep material in meat and bone meal (MBM). 
Two methods of DNA extraction were compared. One consisted of a simple lysis 
procedure involving overnight digestion in a lysis buffer containing EDTA, Triton 
X100 and Proteinase K. A 50- to 100- � l aliquot of the supernatant was diluted from 
1:50 to 1:100, and 10        � l of these dilutions were incorporated directly into a 100- � L 
PCR. The second method consisted of using the QIA amp blood kit (QIAGEN). The 
bovine primer pair (LBOF/LBOR) from  Tartaglia  et al . (1998)  amplifi ed a sequence 
from the 8 �  region of the  ATPase 6  gene. Additional primer pairs specifi c for the 8 �
region of the  mtATPase 6  gene of poultry, pigs and sheep were also utilized. DNA 
extracted by the simple lysis procedure had an accuracy of 72.5% with regard to cor-
rectly generating amplicons for the predicted species in MBM. The QIA amp tissue 
kit yielded an accuracy of 60%. These values are thought to refl ect extensive DNA 
degradation in the negative MBM samples, since inhibition of the PCR was shown 
not to take place when erroneously negative samples were seeded with fresh tissue 
from species known to be present. The limit of sensitivity of detection was found to 
be 0.3% for bovine and sheep primers, and 1% for the porcine primers. 

  Dalmasso  et al . (2004)  developed a multiplex PCR assay for the identifi cation of 
poultry, ruminant, fi sh and pork materials in feedstuffs. Primers were designed from 
different regions of mitochondrial DNA (12S rRNA, tRNA Vae and 16       s rRNA), 
yielding amplicons from 104 to 183       bp that were species-specifi c. DNA was extracted 
with the Dneasy Tissue kit (Qiagen). The detection limit for fi sh was 0.004%; that 
for ruminants, poultry and pork 0.002%, and that for bovine blood meal 0.1%. 

  Girish  et al . (2004)  developed a PCR assay for distinguishing meat from cattle, 
buffalo, sheep, goat, swine, yak and mitune (wild Asian ox). A single pair of univer-
sal primers was used to amplify a 456-bp sequence of the mt12S rRNA gene from 
each mammalian species. Sequencing of the resulting amplicons allowed a 407-bp 
region to be aligned, from which the seven species were distinguished. Heating the 
meat for 30       min at 120°C reduced the level of amplifi cation but still yielded visible 
amplicons. The method, however, is not applicable to mixtures of meat species. 

  Girish  et al . (2005)  applied PCR-RFLP to a segment of the mt12S rRNA gene 
for distinguishing between meat from beef, buffalo, sheep and goat. The single pair 
of universal primers used yielded a 456-bp amplicon with meat from each species. 
The banding patterns resulting from restriction of the amplicons with the restriction 
endonucleases ALU I,  Hha I,  Apo I and  BspT I allowed each of the four species to be 
identifi ed. The technique was not suitable for meat mixtures, although consistent 
results were obtained with both fresh and processed meat samples. 

 Martin  et al . (2006) developed individual PCR assays for the specifi c identifi cation 
of bovine, sheep and goat DNAs in feedstuffs. The three pairs of primers designed 
generated amplicons of 84, 121 and 122       bp for cattle, sheep and goat tissue, respec-
tively, from the 12S rRNA mt gene. Each amplicon was found to be highly species-
specifi c with no cross-species amplifi cation from 30 animal species (13 mammals, 12 
fi sh and 5 birds) in addition to 8 plant species. The detection limit using the bovine 
specifi c primer pair was 0.1% in an oats-bovine mixture, which was not modifi ed by 
heating at 133°C for 20       min. 
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 Among the DNA target sequences available for distinguishing between species 
are short interspersed elements  ( SINEs ), which reside within almost every genome 
studied to date ( Deininger and Batzer, 1995 ). Most SINEs are thought to have been 
spread throughout each genome through an RNA-mediated duplication process. 
Because each of the SINE families within the different genomes has been derived 
independently, they can serve as novel markers for identifi cation of a species. 
Primers can therefore be designed within the core sequence of the SINE so as to gen-
erate a homogeneous product composed entirely of the repeated core sequence that 
is amplifi ed.  Walker  et al . (2003)  designed four SINE-based real-time PCR assays 
using SYBR Green for species-specifi c detection and quantifi cation of bovine, por-
cine, chicken and ruminant DNA. The primers yielded amplicons of 98, 134, 169 
and 100       bp, respectively. Bovine DNA was detected at 0.005%, porcine at 0.0005% 
and chicken at 0.05% in meat mixtures. 

 Sika deer meat is highly valued in Japan because it is lean and has a sweet taste 
and little off-fl avor. The replacement by imported red deer meat prompted  Matsunaga
et al . (1998)  to develop a PCR-RFLP assay for distinguishing deer meat from other 
species, and for differentiating sika from red deer meat. Tissue was macerated and 
placed in a cell lysis solution containing EDTA and 1% SDS for 30       min. DNA was 
then extracted with phenol/chloroform/isoamyl alcohol (25:24:1) and then with chlo-
roform. RNA was degraded with RNase, and the DNA was again solvent-extracted 
and fi nally precipitated with ethanol. The primer pair RD-1/RD-2 were designed to 
amplify a 194-bp fragment of the mt Cytb  gene from red and sika deer, but not from 
cattle, pig, chicken, sheep, goat, horse and rabbit DNA. Although cooking the meat 
reduced the PCR product, deer meat could still be detected in meat heated at 120°C 
for 30       min. To discriminate between red and sika deer, amplicons were restricted 
with endonucleases ( Eco RI,  Bam HI and  Sca I). The red deer amplicon was digested 
by  Eco RI to yield two fragments (67       bp and 127       bp) but was not digested by  Bam HI 
or Sca I. The sika deer amplicon was not digested by  Eco RI, but was digested by 
Bam HI to two fragments (48       bp and 146       bp) and by  Sca I to two fragments (49       bp and 
145       bp). The red deer meat was therefore readily differentiated from the sika deer 
meat using Eco RI,  Bam HI or  Sca I. 

  Wolf and Lüthy (2001)  developed a quantitative competitive PCR for the deter-
mination of the percent porcine tissue in a tissue mixture with meat from other spe-
cies. The primer pair used (GHP1/GHP2) amplifi ed a 225-bp sequence of the swine 
growth hormone gene and also a 255-bp sequence derived from a 30-bp insertion 
into the mid-portion of the 225-bp target sequence. The primer pair was specifi c 
for the swine species, and did not yield an amplicon with DNA derived from cattle, 
sheep, chicken and turkey. The sensitivity was 100       pg of swine DNA corresponding 
to 0.1% of a mixture. 

 The method of DNA extraction can signifi cantly infl uence the amplifi cation effi -
ciency.  Lahiff  et al . (2001)  developed species-specifi c PCR assays for identifi cation 
of sheep, swine, chicken and bovine species in meat and bone meal (MBM). Two 
methods of DNA extraction were used. The fi rst was that of  Boom  et al . (1999) , 
involving a silica particle guanidiniumisocyanate procedure. The second involved the 
use of the Q1Amp Blood Kit (Qiagen). The kit yielded higher quality and a higher 



yield of DNA, with greater amplifi cation sensitivity. The identity of the resulting 
amplicons was confi rmed from restriction endonuclease digestion products yielding 
two specifi c fragments from each amplicon. Restriction was not required for spe-
cies identifi cation. The limits of detection in meat mixtures were: cattle (1%), sheep 
(5%), swine (1%) and poultry (5%). 

 The commercial farming and exploitation in China of the endangered Chinese alli-
gator has resulted in illegal and inappropriately labeled Chinese alligator meat. This 
prompted Yan  et al . (2005)  to develop multiplex PCR assay for the identifi cation of 
meat from the Chinese alligator. One pair of primers, Alli-M and Alli-R, was highly 
specifi c for the Chinese alligator and was designed using sequence variations of the 
mtCytb  gene between the Chinese alligator and other crocodilians so as to amplify a 
180-bp sequence. A universal pair of primers L1091/H1478 was used to amplify an 
approximately 400-bp sequence derived from the 12S rRNA gene from three croco-
dilian species in addition to chicken, duck, cattle and swine, and presumably from 
all or most other animals, including fi sh ( Kocher  et al ., 1989 ). This pair of primers 
served as a positive control to prevent false-negative results in case of PCR inhibi-
tion. Amplicons were detected with both fresh and cooked meat samples. Both sets 
of primers could also conceivably be used for determining the percent of Chinese 
alligator meat in a mixed meat product, based on the ratio of the two amplicons and 
a suitable standard curve. 

 The time and temperature used for cooking meat can greatly infl uence the extent 
of DNA degradation.  Arslan et al . (2006)  studied the effects of various cooking 
methods on the PCR detection of beef. The meat was cooked by boiling at 97.5°C 
for 140, 200 or 230       min, by roasting at 200°C for 80, 120 or 150       min, by autoclaving 
at 120°C for 30, 60 or 90       min, and by pan-frying for 45       min, to achieve acceptable 
sensory attributes or longer until unacceptable at a meat temperature of 115°C with 
a fat temperature of 173°C. A primer pair developed by  Tartaglia  et al . (1998)  was 
used that amplifi ed a 271-bp fragment of mtDNA. Results indicated that, with the 
exception of pan-frying for 80       min, beef was identifi ed in all samples including the 
broth and roasted meat. The method of  Koh  et al . (1998)  was used, with slight modi-
fi cation, for DNA extraction.  

  Avian species 
  Hopwood  et al . (1999)  developed a conventional PCR assay for identifi cation of 
chicken in meat mixtures. The PCR utilized a pair of primers derived from the con-
served sequence of all actin genes, and also utilized the variability in intron sequence 
rather than size. The assay comprised the use of a conserved PCR primer that annealed 
to a known coding sequence within the exon 7 segment of a chicken  �-cardiac  gene, 
and the second primer annealed to the immediately preceding 5 �  non-coding intronic 
sequence. These primers generated a DNA band of 391       bp from both chicken and tur-
key DNA, but none with duck, pheasant, pig, sheep or horse DNA. Restriction of the 
resulting amplicons with Hae III or  Rsa I allowed discrimination between chicken and 
turkey DNA. The chicken band was clearly detectable with DNA from mixtures con-
taining 1% chicken and 99% lamb, and from meat heated at 120°C for 30       min. 
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  Lockley and Bardsley (2002)  developed a PCR assay with a set of two forward 
primers (one for chicken and one for turkey) and a single common reverse primer for 
distinguishing between meat from the two species. The primers encompassed the 5 �
terminus of exon 7 of the  � -cardiac  actin gene and part of the preceding intron, and 
exploited the intron sequence variability between chicken and turkey. The resulting 
amplicon from chicken was 327       bp and that from turkey was 159       bp. The primers did 
not show cross-amplifi cation with pig, sheep or cattle DNA. When the three primers 
were used together in the same PCR reaction, it was possible to detect 10% chicken 
in 90% turkey, and 25% turkey in 75% chicken. Interestingly, when the species-
specifi c forward primers were used individually with the common reverse primer in 
separate PCR tubes, 1% of one meat was detected in the presence of 99% of the 
other, although this required increasing the number of thermal cycles from 35 to 40 
to overcome a faint band with 1% turkey. 

 Mortara goose salami is a typical product of the Lomellina area of Italy. Duck 
and turkey, which are considered of lower quality, are often substituted.  Colombo
et al . (2002a)  developed a PCR for specifi c detection of goose tissue in this prod-
uct. Alignment of goose, turkey and chicken mt Cytb  gene sequences allowed selec-
tion of a primer pair (goose 1/goose 2) for amplifi cation of a sequence from the 
mtCytb  gene from only the goose of about 300       bp. Swine and duck tissue were used 
as controls and failed to yield amplicons. Chicken was not used as a control species 
because it is not often used as a substitute for goose, and its homology with goose is 
much lower than that of duck. To assure that all fi ve goose strains examined yielded 
just one amplicon and the other species yielded no amplicons, amplifi cation was 
optimized by increasing the annealing temperature of 5°C to enhance stringency, and 
lowering the primer concentration from 20 to 5       pmol/reaction. 

  Hird  et al . (2003)  developed PCR assays for detection of turkey and chicken in 
processed meat products. The species-specifi c primers used were designed with tur-
key- or chicken-specifi c 3 �  bases derived from point mutations on the mt Cytb  gene 
between highly conserved regions of DNA. Amplicons of 120 and 101       bp were pro-
duced with turkey and chicken, respectively. DNA was extracted with the GeElute TM

Mammalian genomic DNA extraction kit (Sigma). A two-step PCR cycling protocol 
was used to reduce the cycling time by 30       min. Amplicons were detected by adding 
100        � l of 1000-fold diluted Vistra Green dye (Amersham Pharmacia Biotech) to 
10        � l of PCR reactions in white opaque microplate wells. Fluorescence was deter-
mined with a fl uorescent microplate reader. Vistra Green is non-fl uorescent until it 
binds to double-stranded DNA. Amplicons were detected with raw, boiled and auto-
claved chicken and turkey meat. The primer pairs were highly specifi c, with no cross-
reactions with pork, lamb, rabbit, venison or duck. 

  Seafood 

  Shellfi sh 
 Mussels are a heterogeneous group of shellfi sh with a large number of genera and spe-
cies. The genus  Mytilus  comprises the most commonly marketed mussels for human 
consumption. The absence of shells in canned and other edible mussel products 



prevents morphological identifi cation. An additional confounding factor is the ability 
of mussels to generate hybrid individuals when two species are in contact. 

  Colombo  et al . (2004)  designed a pair of PCR primers, designated ISA1 and ISA2, 
that amplifi ed a  � 470-bp fragment of 16S mtDNA specifi c for pectinoid scallops. 
The resulting amplicon readily distinguished these scallop species from several sam-
ples of vertebrate fi sh meal, tunafi sh, and bovine DNA. 

  Santaclara  et al . (2006)  made use of the PCR, PCR-RFLP and forensically 
informative nucleotide sequencing (FINS) for the identifi cation of 11 mussel spe-
cies. A two-tiered approach was used to enable identifi cation of all 11 species exam-
ined. The fi rst tier employed PCR-RFLP using primers MusRFLP-F/MusRFLP-R 
for generating amplicons of 230 to 237       bp derived from a nuclear small-subunit 18S 
rDNA sequence. The resulting amplicons were restricted with  Bsa HI,  Cac 81,  Afa I, 
Msp I and  Nla III for identifi cation of  Mytilus  sp. (group I) in addition to groups 3 
and 4 consisting of 6 species. An alternate fi rst-tier approach consisted of the FINS 
methodology that involved the use of the primer pair MusRFLP-F/MusFINS-R that 
yielded amplicons of 167 to 169       bp, also from the 18S rDNA sequence. These ampli-
cons were then sequenced, leading to detection of groups 1, 2, 3 and 4, comprising 
4 genera and 6 species. The second tier of assays consisted in part of PCR-RFLP 
designed to identify species of Mytilus  (group 1), which involved the use of the 
primer pair Me 15/Me 16 that yielded amplicons of 126, 168 and 180       bp depending 
on the species, and was derived from the adhesive protein gene. These amplicons 
were then restricted with  Aci I for fi nal  Mytilus  species differentiation. For discrim-
ination of species in groups 2 and 3, a multiplex PCR was utilized in the second 
tier employing primer pairs CHORO-F/CHORO-R and Pspp-F/Pspp-R that yielded 
amplicons (from an internal transcribed space 1 region located between the 18S 
rDNA, i.e. the nuclear small-subunit rRNA gene and the 5.8 S rDNA gene) of 100 
and 171 to 207       bp, depending on the species. These amplicons were then restricted 
with Btg I and  Afa I to achieve fi nal differentiation of the three species in the group 2 
genus and the two species in the group 3 genus. 

  Cephalopods 
  Colombo  et al . (2002b)  applied PCR-RFLP for differentiation of two cephalopod 
mollusk (squid) families to assist in avoiding illegal substitutions. A primer pair 
16SAR/16SABr was utilized to amplify 16S mtrDNA sequences. Resulting ampli-
cons were restricted with  Asn I. Members of the family  Loliginidae  yielded a charac-
teristic 200-bp band, while members of the family  Omnastrephidae  yielded 200- and 
600- to 700-bp bands. 

  Crustaceans 
 Anaphylactic shock caused by shrimp in a sensitized individual can be brought about 
by an extraordinary low dose (Stensma, 2003). Brzezinski (2005) developed PCR-
RFLP methodology for the detection and species identifi cation of crustacean DNA 
(shrimp, American lobsters, spiny lobsters, crawfi sh, blue crabs, snow crabs, Dungeness 
crabs and king crabs) in raw and uncooked foods. The forward and reverse primers 
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amplifi ed a 205-bp sequence of the 16S rRNA gene. Digestion of PCR products was 
undertaken with seven restriction nucleases:  Ase I,  Bce AI,  Bsm AI,  Dra I,  Hind III,  Rsa I, 
and Ssp I. The assay was able to detect 0.1% shrimp added to pork before and after 
cooking. 

  Fish species 
  Wolf  et al . (2000)  applied PCR-RFLP for the differentiation of 23 fi sh species. 
Universal primers for fi sh species L14735/H15149ad were used to amplify a 464-bp 
sequence of the Cytb  gene. The primer L14735 hybridizes to the strongly conserved 
t-RNA  glu  gene, whereas, the primer H15149ad is derived from a universal primer, 
previously described ( Kocher  et al ., 1989 ), by introducing fi sh-specifi c nucleotide 
variations within the priming site. Restriction of amplicons was performed with  Alu I, 
Dde I,  Hae II,  Hine II,  Hinf I,  Mbo II,  Nla III and  Taq I. All eight restriction enzymes 
(REs) yielded reasonable restriction patterns. The four REs –  Nla II,  DdeI, Hae III and 
MB oII – collectively allowed differentiation of all 23 fi sh species. 

 Nile perch fi llets are frequently labeled and marketed either as grouper or wreck 
fi sh in Spain. Although fi llets from these three fi sh species are similar in texture, 
the quality attributes and price are higher for the later two ( Asensio et al ., 2000 ). In 
addition, grouper and wreck fi sh are closely related species that may be misidentifi ed 
in the marketplace, resulting in wreck fi sh being sold as grouper, which is more in 
demand. Asensio et al . (2000)  reported on the development of a PCR-RFLP assay for 
distinguishing these three species. The primers used 12S1/12s2 and amplifi ed a 436-
bp sequence of a conserved region of the mt 12S rRNA gene from all three species. 
Restriction of the 436-bp amplicon derived from the wreck fi sh by  Rsa I yielded frag-
ments of 346 and 90       bp, grouper yielded fragments of 189, 173 and 74       bp, and Nile 
perch yielded fragments of 234 and 202       bp. Restriction by  Sau 96I with the amplicon 
from wreck fi sh yielded fragments of 402 and 34       bp, grouper yielded fragments of 
224, 178 and 34       bp, and Nile perch yielded fragments of 224 and 212       bp. 

  Klossa-Kilia  et al . (2002)  developed a PCR-RFLP assay based on a mt 16S rRNA 
gene segment for authentication of Messolongi fi sh roe from Greece. The universal 
primers of  Palumbi  et al . (1991) , 16sERL/16SBRH, were used. Digestion of ampli-
cons with BstN I,  Taq I and  Hindf I, and resulting agarose electrophoresis and stain-
ing with EB readily distinguished the ovarian roe of  Mugil cephalus  from that of 
other related fi sh species in the Messolongi lagoon having different market values. 
M. cephalus  yielded an amplicon of 630       bp; while that of the other species yielded 
amplicons of about 600       bp. No difference in RFLP pattern was obtained using DNA 
from fresh fi sh tissue or fi sh roe, as would be expected. 

 The hake genus ( Merluccius ) is comprised of 12 species distributed throughout the 
Atlantic and Pacifi c oceans.  Castillo  et al . (2003)  developed PCR-methodology for 
distinguishing three hake species ( M. merlucius ,  M. bilinearis  and  M. hubbsi ) utiliz-
ing the amplifi cation of two microsattelite loci (Mmer UEA W01 and Mmer HK3b). 
All of the individual samples (139 total, derived from 60, 41 and 38 of each of the 
respective species) yielded one or two allele bands per locus, corresponding to diploid 
inheritance. The total number of alleles (based on bp-length and sequencing) for each 
species varied from 5 to 31 for both loci. 



  Dooley  et al . (2005)  reported on the improvement of a PCR-RFLP approach for 
distinguishing between salmon and trout tissue by replacing agarose-gel electro-
phoresis (AGE) for fragment separation and analysis by employing a chip-based 
capillary electrophoresis (CE) system. Fragment resolution with the CE system was 
superior to AGE with detection of small fragments ( � 25       bp) not resolved by AGE. 
The LabChips used are 3-cm 2  disposable single-use units containing etched capil-
laries attached directly to the sample loading wells. DNA fragments are separated 
using capillary electrophoresis, and detected using laser-induced fl uorescence. The 
PCR primers used (L14735/H15149) amplifi ed a 464-bp region of the mt  Cytb  gene 
present in all fi sh species. However, mean PCR product sizes obtained from salmon 
and trout were 461       bp (SD      =      8.6) and 455       bp (SD      =      9.6), respectively. Sequenced 
fragments from both species were found to be 464       bp in length.  Dooley  et al . (2005)  
suggested that the apparent fragment size difference may be the result of DNA fold-
ing, due to sequence variation, which may have affected the migration rates of the 
amplicons from both species. Digestion of salmon and trout amplicons with HaeIII
produced three bands from each species of about 34, 100 and 315       bp. Interestingly, 
only two fragments of 130 and 350       bp from both species were reported by  Russell 
et al . (2000) , using the same pair of primers and AGE, with the 34-bp band not 
reported. Digestion of the amplicons from salmon and trout with  Dde I yielded a 
band of about 100       bp from both species, along with two larger bands of about 315 
and 324       bp (salmon) and 340 and 348       bp (trout). In contrast  Russell et al . (2000)  
reported restriction fragments with  Dde I of 350 and 130       bp with salmon and 360 and 
130       bp with trout. The absence of the second larger band from each species reported 
by  Russell  et al . (2000)  was presumably due to the inability of AGE to distinguish 
between the 315- and 324-bp fragments from salmon and the 340- and 348-bp frag-
ments from trout. Detection sensitivity was determined using DNA of admixtures 
from salmon and trout. Amplifi cation of DNA admixtures yielded a single PCR 
product. Restriction digests were produced using  Dde I and  Sau 3AI. The  Sau 3AI 
did not cleave the trout amplicon, so that banding profi les of admixtures were not as 
complex with  Sau 3AI as with  Dde I. Results from PCR-RFLP with  Dde I readily dis-
tinguished the presence of both species containing as little as 5% salmon. It was not 
possible to detect trout DNA when present at less than 25% of admixtures. Digests 
of amplicons with Sau 3AI also failed to detect trout DNA when present at a level 
of less than 25% in admixtures. These results indicated preferential amplifi cation of 
the salmon DNA relative to the amplifi cation of the trout DNA. Alteration of the 
Mg2  concentration and/or the annealing temperature may eliminate such preferential 
amplifi cation. 

 Raw (sashimi) and fried fi sh derived from fi ve species of billfi sh are highly favored 
and costly in Taiwan, resulting in cheaper fi sh occasionally being substituted, with 
fraudulent mislabeling. Hsieh et al . (2005)  developed PCR-RFLP methodology for 
detection of all fi ve species of raw, frozen and heat-treated tissue. The primer pair 
L-CYTBF/H-CYTBF amplifi ed a 348-bp sequence from the  Cytb  gene. The restriction 
endonucleases BsaJ I, Cac8I and  Hpa III were used independently to generate distinct 
banding patterns for each species. Each restriction nuclease generated one or two 
DNA bands from each species. 
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  Maldini  et al . (2006)  made use of AFLP for the identifi cation and discrimina-
tion of 32 seafood species. A series of 10 primer pairs were utilized for generation 
of over 40 DNA bands per species. Genomic DNA was fi rst digested with  Eco RI 
and Taq I endonucleases.  EcoR I and  Taq I adapters were then ligated to the digestion 
products. Pre-amplifi cation with primers containing one selective nucleotide was 
then performed. Resulting amplicons were diluted 30-fold and subjected to a second 
PCR with the Eco RI primer labeled with Cy5 and the unlabeled  TaqI  primer having 
three or four selective nucleotides. AFLP banding profi les were able to differentiate 
various inbred populations of a given species due to land-locked isolation in different 
geographic areas, in addition to differentiating all of the 32 species examined. 

  Zhang  et al . (2006)  made use of a semi-nested PCR-RFLP procedure for discrimi-
nating four species of salted red snapper and two morphologically similar species of 
different genera. An  � 850-bp sequence of the mt12S rRNA gene was fi rst amplifi ed 
with primers L232/H231 ( Table 12.1 ). The resulting amplicon of 850       bp was then 
subjected to a semi-nested PCR with primers L231/H231 generating an amplicon 
of � 450       bp, which was then subjected to restriction. A single combined restriction 
digestion reaction utilizing Hae II,  ScaI and SnaB I allowed discrimination of the four 
red snapper species; however, for discrimination of the two non-red-snapper species, 
restriction with the endonuclease Mae II was required. 

 In estimating the size of fi sh stocks, the egg-production method is frequently used, 
and is based on identifi cation of eggs collected during plankton surveys. This proce-
dure is critically dependent on the correct identifi cation of eggs.  Macrorhamphosus 
scolopax  (a snipe fi sh) is widespread in the Western Atlantic, Western Indian and 
Pacifi c Oceans, in addition to the Mediterranean Sea. Although the species is not 
commercially important, its geographic distribution overlaps signifi cantly with three 
species of horse mackeral ( Trachurus tracurus ,  T. mediterraneus and T. Picuratus ) 
which are of commercial signifi cance. The spawning seasons of these three species 
overlap with that of  M. scolopax , and they all have morphologically similar eggs. 
 Karaiskou  et al . (2005)  therefore made use of PCR-RFLP analysis of a  � 590-bp 
sequence of the 16S mtrRNA gene to distinguish eggs of  M. scolopax  from those 
of the European Trachurus  species. The universal primers H3080/L2510 of  Palumbi 
et al . (1991)  were utilized to amplify a 590-bp sequence of the 16S rRNA mtDNA 
gene followed by restriction with  Eco RV and  Pml I. With  Eco RV digestion,  M. scol-
opax  yielded two fragments of  � 340       bp and  � 250       bp from the 590-bp 16S mtrDNA 
segment with no recognition site present in any of the  Trachurus  species. With  pml I 
digestion, M. scolopax  yielded two fragments of  � 360       bp and 230       bp from the 590-
bp 16S mtrDNA segment, while the 590-bp amplicon from the three  Trachurus  spe-
cies remained uncut. In addition, a pair of primers 53A/5SB was used to amplify 
210- to 430-bp segments of the 5S rDNA gene. The organization of 5S rDNA 
encompasses little intraspecies-specifi c polymorphism, but does offer a high level of 
interspecies variability, and is therefore ideal for species identifi cation. Amplifi cation 
of the 5S rRNA gene from  M. scolopax  yielded bands of 350       bp and 370       bp; while 
the 5S rRNA patterns from the three  Trachurus  species yielded notably differ-
ent sized bands. T. tracurus  yielded bands of 210       bp and 230       bp,  T. mediterraneus
yielded bands of 410       bp and 430       bp, and  T. Picuratus  yielded bands of �210       bp and 



� 35       bp. These results all yielded visually distinct banding patterns and allowed ease 
of distinction. 

  Comi  et al . (2005)  made use of RFLP, SSCP and DGGE in attempting to distin-
guish between cod-fi sh tissue and tissue from similar species. Amplifi cation of a 
307-bp sequence of the mt cytochrome  ( B Cytb ) gene was used for SSCP and RFLP 
with the primers cytB1/cytB2 of  Barlet and Davidson (1991) . RFLP studies uti-
lized the restriction nucleases Nla III and  Rsa I. With DGGE analysis, a GC-clamped 
Cytb 1 primer was used in the amplifi cation reaction to increase the sensitivity of the 
method for the detection of point mutations. DGGE was found to have greater dis-
criminatory power than SSCP or RFLP, and was able to distinguish all eight species. 

  Rehbein  et al . (1999) , in a multi-laboratory collaborative study, assessed the abil-
ity of PCR-SSCP to discriminate eight species of fi sh sold as tuna fi sh. A pair of 
primers (9-3/59-5) was used to amplify a 123-bp amplicon derived from the mt Cytb
gene. The methodology took into consideration that in canned tuna, only DNA resi-
dues of � 100       bp are found ( Mackie, 1997 ). Variations of SSCP patterns were found 
to occur between certain of the eight laboratories for some of the identical samples. 
However, each species gave a characteristic banding pattern in each collaborating lab-
oratory, with the exception of bluefi n and yellowfi n tuna, where the amplicons had 
the same DNA sequence. However, as long as samples and references were amplifi ed 
and denatured under identical conditions, and run side-by-side on the same gel, inter-
laboratory differences did not interfere with the reliability of PCR-SSCP for species 
identifi cation. 

  Colombo  et al . (2005)  used the primers of  Rehbein et al . (1999)  to discriminate 
between four species of tunafi sh using PCR-SSCP and computer-assisted gel analy-
sis. However, inter-gel identifi cation failed with all four species because the intra-
species electrophoretic mobility varied between gels. This observation emphasizes 
the necessity for comparing banding patterns from different species or samples in 
the same gel when using SSCP. 

 Tetrodotoxin (TTX) is a powerful paralytic toxin derived from the toxic puffer 
fi sh ( Lagocephalus lunaris ), and is categorized as a classic sodium-channel blocking 
agent. The non-toxic puffer fi sh,  L. gloveri  is the most abundant puffer fi sh, and the 
only puffer fi sh species that can be legally sold as food in Taiwan. For purposes of 
food safety, the ability to rapidly identify the species from which fi llets are derived 
is of considerable importance.  Chen et al . (2002)  amplifi ed a 376-bp fragment of the 
cytochrome  b  gene from toxic and non-toxic species, with primers L14841/H15149. 
The resulting amplicons were restricted with  Hin fI. The toxic puffer fi sh ( L. lunaris ) 
yielded DNA fragments of 206 and 170       bp, while no restriction fragments occurred 
from the amplicons of three non toxic puffer fi sh species. 

  Milk and dairy products 

 Fraudulent incorporation of cheaper bovine milk in the manufacture of high grade sheep 
and goat cheeses is considered common practice (Inéz et al ., 2007). A variety of pro-
tein-based methods are available for the identifi cation of the species of origin for milk 
and cheese products. These include isoelectric focusing (IEF) of  �  and para-k-caseins, 
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urea-polyacrylamide gel electrophoresis (urea-PAGE) of  � S1-caseins, and cation 
exchange high-pressure liquid chromatography (HPLC) of para-k-caseins. However, 
pasteurized milk or casein used for cheese production can be expected to yield errone-
ous results with these techniques, due to protein denaturation ( Mayer, 2005 ). In addi-
tion,  Mayer (2005)  found that in a comparative study involving these protein-based 
techniques and the PCR, � S1-caseins undergo degradation during cheese ripening. Raw 
and pasteurized milk from healthy mammary glands has been found to contain large 
numbers of somatic cells (1.6      ×      10 5 l      −     1  of raw milk; 8.5      ×      10 5  l      −     1  of pasteurized milk) 
( López-Calleja  et al ., 2005 ), which are predominantly leukocytes but also epithelial 
cells, both of which contain genomic and mitochondrial DNA suitable for PCR amplifi -
cation. The persistence of these somatic cells present in milk during cheese manufacture 
and maturation has allowed the use of PCR to distinguish the species of origin and the 
presence of unlabeled sources of milk curd in cheeses. 

  Mayer (2005)  utilized four pairs of cattle-specifi c primers for PCR for identifi ca-
tion of the species of origin with milk and cheese varieties. Primer pairs BosL-15794/
BosH-16102 and Cytox IIa/Cytox IIb were able to detect 0.5% and 2.5% bovine 
milk, respectively, in over-ripe Camembert cheese made with mixtures of bovine and 
sheep ’ s milk. Primer pairs Cytox IIa/Cytox IIb, Cow-14814/Cow-15092, and Bos tau-
rus 1/Bos taurus 2 were able to detect the presence of bovine milk in several commer-
cial Feta cheese samples labeled as being derived entirely from sheep ’ s milk. 

  López-Calleja  et al . (2005)  developed a specifi c PCR method for detecting the 
presence of bovine milk in both buffalo milk and buffalo mozzarella cheese. The 
assay is based on the amplifi cation of species-specifi c fragments derived from the 
mtDNA 12S rRNA gene using the bovine-specifi c primers 12SM-FW/12SBT-REV2. 
The forward primer is specifi c for bovine, buffalo, sheep ’ s and goat ’ s milk, while the 
reverse primer is specifi c for bovine milk and yields a 346-bp amplicon. In addition, 
a buffalo-specifi c amplicon was generated using the forward primer and a buffalo-
specifi c reverse primer 12SBUF-REV2 I that yielded a 222-bp amplicon for use as 
a positive control. The detection threshold for milk and cheese of bovine origin was 
0.1%. The pasteurization of milk had no effect on the threshold level of sensitivity. 

 Inéz  et al . (2007) reported on the development of a PCR and indirect ELISA assay 
for detecting the presence of bovine milk in sheep and goat milk cheeses. The PCR 
assay was bovine specifi c and relied on the mtDNA 12S rRNA gene; while the indi-
rect ELISA assay involved the use of a monoclonal antibody against bovine  � -casein 
which is the fraction displaying the highest level of antigenicity. The specifi c bovine 
primers used (12SM-FW/12SBT-RV) amplifi ed a 223-bp sequence of the mtDNA 
12S rRNA gene. EB-AGE was used for detection of amplicons. The 223-bp ampli-
con was visually detected even when samples contained as little as 1% bovine milk. 
When commercial bovine rennet was diluted 1:5000 and 1:8000, the 223-pb ampli-
con was slightly visible; whereas at 1:10       000 dilution the amplicon was barely vis-
ible. This observation was considered to refl ect a potential cause for false-positive 
results. Normally 1       ml of rennet is added to 5 to 10 l of milk constituting 1:5000 and 
1:10       000 dilutions (Inéz  et al ., 2007). However, authentic sheep and goat cheeses pro-
duced by bovine calf rennet failed to yield a detectable amplicon. This observation 
was attributable to the removal of most of the rennet with the whey after the curd is 



formed. Several commercial sheep and goat cheeses, including 1% and 2% positive 
controls, found to be PCR positive were also found to be positive with the ELISA 
assay. The ELISA assay has the advantage over the PCR of being less expensive and 
more practical for routine use in the fi eld, allowing faster processing of large num-
bers of samples without the need for sample digestion or DNA purifi cation. 

 A multiplex PCR able to identify cows ’ , goats ’  and sheep ’ s milk in dairy prod-
ucts was developed by  Bottero  et al . (2003) . Specifi c primers for each species were 
designed, targeting 12S and 16S rRNA genes, so as to result in amplicons of different 
length (goat, 172       bp; sheep, 326       bp; and bovine, 256       bp). When goat and bovine milk 
were mixed, the detection threshold for bovine milk was 0.1%. When curds from goat 
and bovine milk were mixed, the detection threshold for bovine curd was 0.5%.   

  Conclusions 

 The PCR is an extremely powerful biochemical tool that has allowed the genetic dis-
crimination of related food species in addition to allowing the quantitative determi-
nation of the presence of a single species at low levels in a given food. With the 
advent of real-time PCR the quantitative range is now extended from no more than 
2.0 log cycles with agarose gels to, frequently, 6 log cycles with real-time PCR. 

 GMOs presently involve the insertion of genes imparting resistance to certain her-
bicides and/or resistance to insects. The PCR has made possible the determination 
of the presence or absence of genetically modifi ed strains (GMOs) in food products, 
particularly through the amplifi cation of DNA segments derived from unique junc-
tion sequences between genes in inserted gene cassettes. 

 Gene sequences in mtDNA, notably the  Cytb  gene, are now frequently targeted for 
species identifi cation. Such mtDNA sequences have the advantage of being present in 
large copy numbers (800 to 1000) per cell, imparting enhanced detection sensitivity 
to the PCR. In addition, mtNA is thought to have evolved more rapidly than nuclear 
DNA, resulting in greater sequence diversity for distinguishing closely related spe-
cies. For the detection of hybrid animal species, specifi c sequences derived from cen-
tromeric satellite DNA are used. Satellite DNA has the advantage in that it consists 
of tandem repeated sequences which are species-specifi c and refl ect the progenitor 
history of the animal. 

 A variety of complementary molecular techniques have been developed for use in 
conjunction with the PCR for species and strain identifi cation and detection. These 
include RAPD, nested-PCR, multiplex PCR, quantitative competitive PCR, PCR-
RFLP, PCR-SSCP, and AFLP. In addition, a number of unique matrix-based assay 
systems have been developed in conjunction with the PCR for enhanced utility of 
detection of GMOs. These include membrane-based hybridization assay systems, 
microarrays, and dipstick biosensors. 

 Application of the PCR for the detection of closely related and unrelated spe-
cies and genetically modifi ed strains of a given species is well established, and can 
be expected to continue to evolve as new and creative applications of the PCR are 
developed.   
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  Introduction 

 Immunochemical techniques are simple and powerful analytical methods applicable 
to all types of analytes, from low molecular weight substances (e.g. antibiotics) to 
highly complex entities such as enzymes, viruses or microorganisms. 

 The fi rst immunoassay was developed by Yalow and Berson in 1960, for the determi-
nation of insulin in blood. Since then immunoassays have extended to a large number 
of fi elds, ranging from basic research to routine control (e.g. pregnancy test). Due to 
its sensitivity, selectivity and versatility, immunoassay has become a very popular tool, 
including in authentication work, where (for instance) discriminating between different 
animal species in meat, or detecting cow ’ s milk adulteration in sheep ’ s milk, is routine. 

 The introduction of enzyme immunoassays deserves special mention, because 
their properties and performances make them a very useful methodology. 

  Immune function, antibody structure and properties 

 The immune defense is the mechanism developed by many animal species against 
pathogen germs and other agents unknown by the invaded organism. The acquired 
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immune system is involved in the response against the invader agent (microorganisms, 
viruses or macromolecular substances). It is characterized by its high selectivity, since 
it generates specifi c proteins, named antibodies, which recognize the foreign system. 

 Antibodies are expressed in different media and concentrations, depending on the 
species. In mammals they are present mainly in blood, but also in other body fl uids, 
such as tears, saliva and milk. In oviparous animals and bird they are also expressed in 
eggs. Antibodies are glycoproteins, produced by plasmatic cells, from the  � -globulin 
group, named immunoglobulins (Igs). 

 Immunoglobulins are composed of several polypeptide chains, and their molecu-
lar weight ranges from 150 to 900       kDa, with a carbohydrate content of between 2 
and 15% and an isoelectric point in the range 4.4–9.5. They are classifi ed into fi ve 
isotypes ( Table 13.1   ), depending on the structure of their peptide chains ( � ,  � ,  � ,  � , 

 ), their functional activity and tissue distribution as immunoglobulins G (IgG), A 
(IgA), M (IgM), D (IgD) and E (IgE). In mammals, immunoglobulins G are in the 
highest ratio, also being the most employed as immunoanalytical reagents, while the 
other Igs do not play an important role in these applications. 

 Depending on their origin, IgGs can be found as monomers or in larger associa-
tions. Monomers have a basic structure ( Figure 13.1   ) of four polypeptide chains in 

Table 13.1     Comparison of the different isotypes of human immunoglobulins  

 Isotype  IgG  IgA  IgM  IgD   IgE  

 Heavy chain � � � � e
 Structure  Monomer  Monomer Dimer  Pentamer  Monomer   Monomer  
 Molecular mass (Da)  150 000  160 000

400 000 
 900 000  180 000   190 000  

 Carbohydrate (%)  2.9  7.5  10.9  9-18 (myeloma)   Variable (till 20%)  
 Serum concentration (mg ml �1 )  10–13  0.5–3  0.5–2.5  0.003 10�      4

  Properties    Principal seric 
IgG. Ratio �85% 

  Principal in secretions; 
polymerize

  Increases in initial 
immune response  

  Main on the surface 
of B cells  

  Allergy 
antibodies
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Figure 13.1     Structure of an IgG1 and its fragments Fab and ScFv.    



a Y-shape, which are really two repeated chains – two light (L) and two heavy (H). 
The two heavy chains are bound to each other by two disulfi de bridges, and each one 
is bound to a light chain by another disulfi de bridge. Heavy chains have a carbohy-
drate molecule in the tail region as a prosthetic group. Antibody fragments (e.g. Fab, 
ScFv) with lower size but maintaining the binding functions of the whole molecule 
are obtained by enzymatic IgG treatment or cloning technologies. These reagents are 
useful as diagnostic and also therapeutic agents ( Hudson and Kortt, 1999 ).

 In an antibody, two regions are clearly distinguished in both the heavy and the 
light chains. The  variable region  (V) in the amine terminal extreme of the molecule 
(Fab, fragment antigen binding) is the zone of the antibody that interacts with the 
antigen, therefore being responsible for its selectivity. These active sites of specifi c 
recognition of the antibody (paratopes) interact with a region of the antigen that is 
also able to bind the antibody (epitope), and their amino acid sequence is different 
depending on the type of IgG. Antibodies are bifunctional molecules, i.e. they pos-
sess two recognition sites for the antigen. 

 The  constant regions  (C) in L and H chains show minimum variation of amino 
acid sequences among the immunoglobulins. The constant region of the two H 
chains, the carboxy-terminal end of each peptide chain, forms the tail of the antibody 
(CH , C L ). It acts as an anchorage zone for the receptors of some determined cells. 
Furthermore, this region gives to the antibody the different characteristics of each 
type of immunoglobulin (such as the ability to pass through the placenta, appear in 
secretions, activate the complement, etc.). 

  Antigen–antibody interaction 

 The binding between an antigen and an antibody is mostly due to non-covalent weak 
interactions: hydrogen bonds, electrostatic, hydrophobic and van der Waals. This 
binding is reversible, and obeys the Mass Action Law (Goldsby  et al ., 2003): 

Ab Ag  Ab Ag complex� �→ (13.1)

   where the affi nity constants is Ka �       [Ab�Ag]/[Ab] � [Ag], [Ab�Ag] is the molar 
concentration of the antibody–antigen complex, [Ab] is the molar concentration 
of the free epitope, and [Ag] is the molar concentration of binding points on the 
antigen.

 Affi nity constant values are very high, in the range 10 8�1010        M. The specifi c bind-
ing between IgG and antigen occurs at the combining sites, both having complemen-
tary structures, and forms a complex between them. The intensity of this binding is 
called the affi nity . The binding strength depends not only on the chemical forces but 
also on the best stereospatial accommodation between the epitope and the paratope. 
This is termed the  goodness of fi t . 

 On the other hand, antibodies of low affi nity can still bind strongly if they do so 
with more than one epitope at the same time. This is related to the valence, or avid-
ity, of the immunointeraction. The effect of the multivalence property of an interac-
tion antibody–antigen is equivalent to combining the respective affi nities. 
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 For  in vitro  assays, the most important properties are  affi nity  and  selectivity . 
Antibodies in competitive assays are assumed to be univalent reagents, which give 
a second-order reaction, because they are employed at high dilutions. Also, in solid-
phase formats, molecular fl exibility plays an important role related to the assay 
design. Both antigen–antibody interaction characteristics are refl ected in the sensi-
tivity and the specifi city of the fi nal assay.  

  Type of antibodies 

 Antibodies for use in analytical methods can be harvested directly from an animal 
immunized with the antigen of interest. Antibodies and proteins with similar proper-
ties can also be developed by other techniques ( Harlow and Lane, 2007 ). 

 Classical antibodies can be categorized as polyclonal (P Abs ) or monoclonal 
(MAbs ), depending on their heterogeneity. The former are obtained ( Figure 13.2   ) 
in high amounts directly from the blood serum of mammals and from avian eggs, 
and constitute a heterogeneous mixture of IgGs of different affi nity and selectivity 
for the antigen that they have raised. Monoclonal antibodies, obtained by means of 
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HGPRT �: Hypoxantin-
guanine hosophoribosiltransferase

Figure 13.2     Obtention of polyclonal and monoclonal antibodies.    



the hybridoma technology developed by Kohler and Milstein (1975), are IgGs gen-
erated by a group of genetically identical cells (clone); they also have exactly the 
same properties but, unlike polyclonal antibodies, they can in theory be produced in 
unlimited amounts, which can vary from animal to animal. 

 In practice, both types of antibodies have performances that make them ideal 
depending on their use.  Table 13.2    lists the characteristic features of the different 
types of antibodies as immunoreagents. 

 On the other hand, recombinant antibodies are proteins, developed by means 
of genetic engineering technology, from libraries that produce a good number 
of proteins with different affi nities for the targeted substance. They are obtained 
by expressing the functional regions of the antibodies in relatively simple and 
cheap host systems ( Hall et al ., 1997 ), as well as by genetic modifi cation at DNA 
level. Genetic engineering techniques allow reproduction of several amino acid 
sequences of antibodies on the surface of a bacteriophage and, later, the selection 
of sequences of interest. This technology allows the acquisition of high-affi nity 
and -selectivity antibodies and also contributes to improving their stability, being a 
well-established technology for macromolecular and superior aggregates. Its versa-
tility and advantages will undoubtedly cause it to overcome traditional methods of 
antibody-raising.

  Immunoassays 

 Immunoassays form a group of methodologies to detect the nature of a target or 
determine the amount of a substance or more complex structure (proteins, virus, cell, 
tissue component) using an immunological reaction. 

 Representative applications of IAs are to follow the proliferation of microorgan-
isms in culture, to study the response of an allergic substance, to determine the 

Table 13.2    Comparison of the characteristics between antibody types 

 Polyclonal  Monoclonal  Recombinant 

 Heterogeneous mixture of IgGs; variable 
 properties 

 IgGs – an only type; identical properties  Proteins with performances similar to those 
 of monoclonal antibodies 

 Requires animal immunization  Requires animal immunization  Does not require animal immunization 
 Supply limited to the production of each 
 immunized animal 

 Theoretically unlimited supply  Unlimited supply; requires specialized 
 materials and staff 

 High IgGs concentration  Low IgGs concentration  Low recombinant protein concentration 
 Variable properties depending on the 
 species and individual 

 Homogeneous properties related with the 
 selected clone 

 Homogeneous properties 

 Rapid production ( ca . 3 months)  Slow production ( ca . 1 year)  Rapid production (1–2 months) but unsure, 
 depending on target 

 Low production cost  High production cost  Medium–low production cost 
 Used directly as blood serum or purifi ed 
 solution to any format 

 Used directly or as enriched solution to 
 any format 

 Phage expression with drawbacks for some 
 developments 
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presence of fi sh meat in pork sausages, and to quantify the level of antibiotic resi-
dues in bottled milk. 

 The immunoassay concept includes simple precipitation of antibody–antigen 
complexes, agglutination of cells or particles, electrophoresis, homogeneous and 
heterogeneous assays (luminescent, enzymatic, etc.) and, fi nally, immunochromato-
graphic and immunosensing methods. 

 Based on the type of marker employed in tracing reagents, immunoassays can be 
divided into enzyme immunoassays (EIAs), radio immunoassays (RIAs) and fl uoro-
immunoassays (FIAs), which match the specifi city of antibodies with the sensitivity 
of enzymatic reactions, radiochemical measurements or luminescence (fl uorescence, 
chemiluminescence), respectively. These potentialities can be combined, leading to 
diverse immunoassays and working formats ( Figure 13.3   ). 

 Different features must be considered when selecting the immunotechnique to be 
used. Among them, reagent characteristics, marker type, format, sample nature and 
analyte concentration, sensitivity, selectivity, accuracy and precision, ease of use and 
availability are the more important. 

Ab excess

Immunoradiometric assay (IRMA)

Immunoenzymatic assay (IEMA)

Immunofluorometric assay (IFMA)

Immunochemiluminometric
assay (IRMA)

Radioisotope

Enzyme

Fluorophore

Chemiluminophore

Radioimmunoassay (RIA)

Heterogeneous
Separation bound and
free fractions

Homogeneous
No separation e.g. Fluorescent
polarizationOther labels and detection techniques

Bacteriophage (cytolisis)
Element (atomic spectrometry)
Particles (flow cytometry)
Quantum dot (fluorescence)
Magnetic (magnetometry)
Redox agent (electrochemical)
Nucleic acid fragments (PCR amplification)
Mass increase (piezoelectric balance)

Enzymeimmunoassay (EIA)

Fluoroimmunoassay (FIA)

Luminoimmunoassay (LIA)

Usually no label
Radialimmunodiffusion
Electroimmunoassay
Immunoelectrophoresis
Nephelometry
Turbidimetry

Immunometric assay
(IMA)

Non-competitive
(reagent excess)

Two-site IMA
(sandwich assay)

Immunoassay
(IMA)

Competitive
(reagent limited)

Equivalence precipitation
Optimal precipitation
(visual precipitate)

Ag excess Ab and Ag
relative equivalence

Labeled antibody Label type Labeled

Antibody (Ab)�Antigen (Ag) Ab–Ag complex

Figure 13.3     Classifi cation of the immunoassays and working formats.    



  Enzyme immunoassays 

 Although fl uorescent and chemiluminescent labels have become more popular in 
the last few years, enzyme markers such as horseradish peroxidase (HRP), alkaline 
phosphatase (AP), � -galactosidase or glucose-oxidase are still the most used and the 
best fi tting to the different approaches. 

 Enzyme immunoassays are based on antigen–antibody recognition that can be vis-
ualized directly (with the naked eye) or with the help of an instrument (photometer, 
fl uorometer, etc.). Unlike other applications, the interaction does not mean a detectable 
phenomenon (precipitation), and it is necessary to use a reagent (tracer) that contains a 
substance (marker) whose activity can be related to the extent of the antibody–antigen 
reaction. This allows the acquisition of qualitative and quantitative information. 
Regarding sensitivity, ELISAs are around 1000 times more sensitive than other immu-
noassay techniques, apart from radioimmunoassays, which have a similar performance. 

 From a practical point of view, enzyme immunoassays are widely used immun-
ochemical methods, with the enzyme-linked immunosorbent assay being the most 
applied, representing 90% of all immunoassays performed. 

 Enzymes were introduced as alternative to radioisotopes in immunoassays. They 
have important advantages as markers when compared with small molecules (chromo-
phors and fl uorophors) and with particles (gold, etc.), the main ones being the ampli-
fi cation of the analytical signal due to the catalytic transformation of the substrate, 
always in excess, and control of the reaction time. 

 As the enzyme immunoassay concept is broad, the number of possible confi gurations 
is enormous. Based on general concepts, they can be classifi ed in two main groups: 
homogeneous  and  heterogeneous . Enzyme immunoassays are homogeneous when the 
analyte–antibody interaction takes place in solution with no physical separation of the 
analyte, immunoreaction and sample matrix products. This format exploits a change 
in enzyme activity that can occur when antibody binds to an antigen labeled with an 
enzyme. As the antibody–antigen binding provides the signal, separation between 
bound and free tracer is not necessary ( Henderson et al ., 1986 ;  Wu, 2006 ). It shows 
important advantages, such as simplicity and rapidity, but it is diffi cult to apply to food 
analysis because of the interference of sample matrix components. Among the hetero-
geneous immunoassay formats, the ELISA are the most relevant. 

  ELISA 

 This group of immunoassays is based on the immobilization of one of the immu-
noreagents (antigen or antibody) and the use of enzyme markers. Different supports 
can be employed, with the most popular being 96-well polystyrene plates, plastic 
tubes and magnetic particles. 

 Regarding the format design, an ELISA is developed by means of the following 
steps. First, the reagent, antigen or antibody is immobilized on a support (rigid pol-
ymer, membrane, particle, etc.), then the immobilized reagent is incubated with a 
mixture of its complementary, antibody or antigen and sample, for the required time – 
frequently until equilibrium. Finally, the extent of the reaction is displayed, directly 
or in a second step, by means of the enzyme tracer and its substrate. 
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  ELISA types 
 All ELISA formats are classifi ed as heterogeneous immunoassay because the inter-
action takes place on the support/solution interface, which allows the analyte to be 
separated from the matrix. 
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Figure 13.4     Scheme of a non-competitive sandwich ELISA. 



 Depending on the auxiliary system employed for measuring the extent of the 
analyte–antibody binding, ELISAs may be  competitive  or  non-competitive . The 
former employs competition between the analyte and an analogous molecule for 
the binding sites of the antibody, which is added in a limited amount. The latter are 
all those that are not based on this general principle. Non-competitive formats are 
based on the measurement of the bound sites when using the antibody in excess. 
Unlabeled antibodies are immobilized, while labeled antibodies are added in solu-
tion. This confi guration can be carried out only when the target analyte has two or 
more different binding sites and, furthermore, antibodies that recognize specifi cally 
each binding site are available. This format is named the two-site (sandwich type) 
immunoassay ( Figure 13.4   ). 

 Regarding the working sequence of the competitive format, ELISAs can be 
(i) direct ( Figure 13.5   ), where the analyte and a labeled structurally similar hapten or 
antigen are both in solution and compete for binding to the antibody, which is immo-
bilized on a solid support, or (ii) indirect ( Figure 13.6   ), where the antigen or hapten 
is immobilized, and the analyte (sample) and the antibody are added in solution. In 
this format, a secondary enzyme-marked antibody is used as a tracer. 

 Direct and indirect formats display different results. Normally, the direct format has 
the advantage of being a simpler assay because it needs one step less than the indirect 
format. However, the indirect format frequently results in greater sensitivity, especially 
if polyclonal serum is used, and this is why this protocol is often preferred. 

 As it can be seen in  Figures 13.5 and 13.6 , in both the direct and indirect formats, 
hapten conjugates and analyte compete for the antibody-binding sites. The extent of 
this reaction is later displayed by means of an enzyme substrate, which produces a 
colored or luminescent product, or even a precipitate. After a suitable reaction period, 
the product is quantifi ed visually or instrumentally and related to the analyte concen-
tration in the sample. 

  ELISA characteristics 
 The immobilization of an antigen or an antibody on the surface of the working sup-
port, generally a 96-well polystyrene microplate, is frequently carried out by direct 
adsorption (coating). Nevertheless, other methods, such as covalent binding, capture 
anti-antibody, protein A or avidin-biotin interaction, are also employed. On most 
occasions, these procedures show a better performance (sensitivity, selectivity, lower 
unspecifi c adsorption) than those based on adsorption. However, the simplicity and 
good results achieved with direct coating mean that there is not necessarily justifi ca-
tion, a priori , for the choice of these other immobilization methods. 

 From a qualitative point of view, ELISA is an interesting tool due to the high 
selectivity of the antibodies. Thus, if specifi c immunoreagents for a target are avail-
able, the positive recognition of this substance is conclusive regarding their pres-
ence or nature. As immunoassays can be directly developed on tissue, it is possible 
to detect both in vivo  and  in vitro  the nature of many substances, from molecules to 
organized structures such as tumors. Immunohistological methods are a good exam-
ple of the possibilities of the immunoassay qualitative applications ( Dabbs, 2006 ).
Another example is the direct recognition of cells in blood, and of microorganisms, 
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viruses, celiac proteins, etc. In addition, it must be remembered that few methodolo-
gies reach this level of performances with such high sensitivity and simplicity. 

 For quantifi cation, there are several well-established theoretical and empirical 
models (mass-action law, linear, logistic, non-uniformity of variance, spline func-
tions, etc.). Among them, the logistic model ( Baud, 1993 ) is the most frequently 
used, being mathematically provided by the following four-term equation: 

Y AD / 1 x/C B D� � �( ) ( )⎡⎣ ⎤⎦  (13.2)

   where A and D are the maximum and minimum signals corresponding to zero and 
infi nite concentrations respectively, B is the slope of the sigmoid calibration curve, 
and C is the analyte concentration resulting in 50% inhibition of tracer binding (IC 50 ).   

 Quantifi cation is carried out in parallel to the sample analysis by employing a 
standard curve for the analyte. Dose–response calibration curves are plotted with 
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the measured signal intensity (optical: absorbance, fl uorescence, etc.; electrochemi-
cal: current, difference of potential, etc.; mass, or another property) vs the logarithm 
of the standard concentrations. Curves are generally sigmoid, showing a linear zone 
around the IC 50 . Other important parameters of the curve are the limit of detection 
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(LOD, the analyte concentration that originates from a signal diminution of 10% 
with respect to the blank) and the limit of quantifi cation (signal diminution 20%). In 
the most sensitive assays the limits of detection and quantifi cation are in the ng l �   1

range, while the highest limits are in the mg l �  1  range. In this type of curve, the 
working dynamic range is defi ned as the analyte concentration interval producing 
a signal between 80% and 20% of the range defi ned by the maximal and minimal 
asymptotes (A max  and A min  in  Figure 13.7   ). 

 For the non-competitive sandwich format, the calibration curve is a mirror shape of 
that from competitive assays. In this case, the measured signal increases with the ana-
lyte concentration, and the slope is positive. The limit of detection and quantifi cation, 
the IC 50  and the dynamic range are defi ned in the same way as for competitive formats. 

 When considering the use of the immunoassay as a tool to discriminate between 
different analytes with similar chemical and structural characteristics, it is important 
to know its selectivity (frequently known as its cross-reactivity), because the higher 
the selectivity the easier the full analytical process is, thus reducing the sample treat-
ment and assay time, and increasing the accuracy and throughput. In addition, the 
quality of the information obtained is improved. 

 The presence of interfering substances decreases the selectivity. Cross-reactivity 
(CR) is the capacity of an assay to discriminate between similar substances. It is 
measured from the sensitivity data (IC 50 ) obtained for the compared substances, and 
is calculated as the percentage cross-reactivity using the following equation: 

CR % IC  analyte/IC  interferent 100%50 50( ) ( )� 	 (13.3)

 An assay with cross-reactivity to different compounds as low as 10% is considered 
to be specifi c. This condition is reached by many immunoassays. 

 In general, immunoassays are designed to reach maximum selectivity, being very 
specifi c to the target compound. However, it is also possible to set up generic immu-
noassays to determine a whole family of compounds ( Pastor-Navarro  et al ., 2007 ). 
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Figure 13.7     Calibration curve of the logistic model for a competitive immunoassay. 



 Reduction of the cross-reactant interference effects is achieved by minimizing 
or eliminating the disturbing substances. Differences in the design or development 
of the assays make a contribution. First, using monoclonal antibodies increases the 
selectivity, and works with a sandwich format, thus eliminating the previous interfer-
ences by the sample treatment or blocking the disturbing compound while the assay 
is performed. Secondly, optimizing the assay by adjusting the incubation times, tem-
perature and buffer composition contributes to improving the selectivity. 

 Selectivity is also infl uenced by unspecifi c interactions. This problem is due to the 
fact that reagents or sample components behave as specifi c reagents (antigen or anti-
body); the result is a high background signal with a small slope, and thus a loss of 
sensitivity and accuracy and, in extreme cases, masking of the immunoreaction and 
illogical results. To minimize this, it is necessary to change the format or the support 
(nature or properties), employ a carrier protein different from that used in the immu-
nogen preparation ( Butler, 1996 ), and add surfactants or non-specifi c proteins to the 
reagents.

  Assay presentations 
 ELISAs can be developed on different supports, and they are designed for concrete 
applications that include, for instance, determining a given compound, perform-
ing multiple assays in parallel, or screening a high number of samples. The most 
employed supports include the following: 

  1.      Polystyrene plates . They are normally used in the laboratory for quantitative anal-
ysis. Each plate contains 96 wells (8 columns and 12 rows), which can be used 
independently. Immunoreagents (antibodies or antigens) are immobilized on the 
well surface. For instance, in the direct competitive ELISA, the assay begins with 
the competition between the analyte and the competitor (an analog marked with 
an enzyme) until equilibrium is reached (15–60       min). After incubation with a 
substrate (15       min or longer), the extent of the reaction is measured by means of 
a plate reader (UV-vis or luminescent detector). An LD of 0.1        � g l �  1  or lower 
is reached in many cases. This format allows the performance of hundreds of 
determinations daily, and has been adapted for routine analysis. 

  2.      Tubes . In this case, and also for the direct competitive format, antibodies are 
immobilized on the bottom surface of polystyrene tubes (7.5       cm high      	    1.2       cm 
inner diameter, 5-ml capacity). The competition between the analyte and the 
enzyme tracer is stopped after reaching equilibrium (normally 5–10       min), since 
in fi eld assays a short incubation period is required. Analyte concentration can 
be estimated visually after 2       min of enzyme substrate reaction, thereby obtain-
ing qualitative yes/no results. A portable photometer can be used in order to 
improve accuracy and sensitivity. This support is adequate for fi eld analysis, 
but does not have the working capacity of polystyrene plates. 

  3.      Magnetic particles . These are formed from a ferrous nucleus coated with a 
functionalized material (silica, plastic) where antibodies are immobilized by 
adsorption or covalently; their size is in the 100-nm region, and their active sur-
face is large. The assay format is similar to that described for the other supports.
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In this case, optimized volumes of sample, tracer and antibody are mixed 
and incubated for 15       min, and the unbound components are then separated by 
means of a magnetic fi eld. After washing, the substrate is added and fi nally the 
enzyme reaction is stopped. Results are obtained in less than 60       min visually, 
or by employing an appropriate detector (plate or tube reader). The precision 
and sensitivity achieved are in general equal to or better than those obtained 
with plates or tubes. 

 As described below, it is possible to purchase commercial kits for the qualitative 
and quantitative determination of many substances. Frequently, assays applicable to 
authentication work are purposely developed for the particular analyte and matrix 
of interest. Kits can thus be used for screening when they are applied to extracts 
obtained by validated methods, or when they are combined with rapid extraction 
processes that have been especially developed for them.  

  Advantages and disadvantages of ELISA 
 One of the benefi ts of immunoassays is their high sample throughput, giving a large 
data volume. In addition, the use of immunoassays can help to generate the informa-
tion required to validate new sampling plans in a cost-effective manner. The major 
advantage of this approach is that immunoreagents can be developed to respond 
specifi cally to the target of interest (i.e. proteins), thereby enabling recognition and 
quantitation of that analyte exclusively. Moreover, ELISA is sensitive and specifi c, 
fast and cheap, easy to perform, and the investment in equipment is much less than 
in other techniques. 

 Several limitations are envisaged for quantitative determination with protein-based 
methods. An accurate measurement is only possible if (i) sample matrices are iden-
tical to the reference material, or (ii) matched standard materials or standards that 
have been validated for the matrix are available. 

 The disadvantages of the ELISA approach include the initial diffi culty in produc-
ing an antibody specifi c to a particular target. However, this is a minor problem to 
overcome when the selectivity of the technique is taken into account. 

 Heat lability of proteins is the main obstacle to the general application of these 
methods although the use of antibodies directed against heat-denaturated meat pro-
teins is an interesting alternative. A comparison of the advantages and drawbacks of 
the immunochemical techniques is given in  Table 13.3   . 

 The ELISA technique has much potential for the authentication of food products, 
but to date limited advances have been made in extending its authentication capabili-
ties. The authenticity of food and the methodology for testing have been well-known 
topics in food science for many years ( Woolfe  et al ., 2004 ). Problems of authentica-
tion exist in all areas of the food industry, and, depending on the type of food and 
the possible adulteration, different analytical approaches for its detection may be 
applied. A concise overview of the principal food authentication techniques that have 
been successfully applied since 2001 has been reported by  Reid  et al . (2006) . 

 The immunoassay provides an invaluable tool for the food scientist concerned 
with quality control and safety assurance, and a number of books regarding the use 



of immunoassays in foods (see, for example,  Lees, 2005 ;  Ebeler  et al ., 2007 ) have 
been published.    

  Food authentication testing – recent applications 

 The aim of this section is to provide an updated review of the antibody-based meth-
odologies that have shown potential for addressing the issues related to the authentic-
ity of foods and food products, and also to collate information on ongoing research 
into this matter, focusing on ELISA confi gurations. 

 Adulteration issues in animal products are described for meat, fi sh and dairy prod-
ucts, and the origin of feedstuffs, fruit-juice fraud and detection of irradiated food are 
also considered. Finally, identifi cation of genetically modifi ed organisms is considered. 

  Meat and meat-based products 

 The adulteration of meat with that of other species not only constitutes economic 
fraud, thereby betraying consumers ’  trust in the meat industry, but is also a concern 
for those with a religious or moral aversion to particular meat species, and those who 
suffer from meat allergies. 

 DNA-based methods and ELISA techniques have been the most widely used for 
meat authentication. Although DNA-based methods are the most specifi c and sensi-
tive for meat species identifi cation, they require expensive laboratory equipment and 
a certain degree of knowledge. For these reasons, ELISA techniques are applied for 
the routine analysis of large sample series ( Goldsby  et al ., 2003 ). 

 Different ELISA methods have been used in the past few years for identify-
ing meats of different animal species using antibodies against muscular and serum 
animal proteins or thermostable proteins. Qualitative and quantitative studies have 
also been reported to identify the origin of heat-processed meat products ( Chen and 
Hsieh, 2000 ;  Ayaz  et al ., 2006 ;  Liu  et al ., 2006 ). 

Table 13.3    Advantages and drawbacks of the immunochemical techniques 

 Advantages  Drawbacks 

 High sensitivity and selectivity  Availability of adequate immunoreagents 
 High working capacity  Immunoreagent stability 
 Simplicity of working protocols  Single-analyte determination 
 Low instrumental requirements  Matrix interferences 
 Little sample treatment  Diffi culty in non-aqueous media 
 Minimum sample size ( � L volumes)  Qualitative information diffi cult to interpret, sometimes 
 Reduced wasting chemicals  Need of confi rmation of screening results 
 Employment as screening method  Methodology still not well accepted in food area 
In-situ application   Occasionally, need of working protocols validation 
 Low cost per sample analysis  High cost of commercial kits 
 Work from batch to full automation  Standardization between protocols 
 Application from chemicals to proteins and 
other macromolecules, including direct 
detection in sample (e.g. tissues) 

 Need of Reference Materials 
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 Recent research using ELISA-based techniques includes detection of the presence 
of meat from different species in food products ( Hsieh, 2005 ). Adulteration of ham-
burgers with meat of different animal species was identifi ed at concentrations as low 
as 0.6% by a dot-ELISA using P Abs  produced against bovine, chicken, swine and 
horse albumin with high specifi city ( Macedo-Silva  et al ., 2000 ). Also, an  indirect
competitive ELISA (IC-ELISA) using P Abs  for specifi c identifi cation of   heat-
processed poultry, horse, kangaroo and rat muscular tissue, with a sensitivity of 
1–5%, has been reported by  Rencova  et al . (2000) . 

 Several attempts have been made to develop M Abs  for the identifi cation of differ-
ent meats. For this, the selected species marker needs to possess a unique antigenic 
region for a given species that is not present in the counterpart molecules of other 
species. In addition, thermal stability of the species marker antigen is indispensable 
in developing IAs for the detection of the species origin of heat-processed meats. 

 An indirect ELISA was standardized to identify the cooked and raw (native) muscle 
antigens of pig and their differentiation from muscle antigens of cattle, buffalo, sheep, 
goat and chicken. Based on cut-off indirect ELISA values (0.14 for cooked, 0.10 for 
raw), differentiation of pig meat from the cooked and raw muscle samples of cattle, buf-
falo, sheep, goat and chicken, at a minimum level of 1%, is possible ( Jha  et al ., 2003 ). 

 The Hsieh ’  research group ( Chen and Hsieh, 2000, 2001a, 2001b ) is very active in 
this area, and several studies have been reported in the past few years. First, the pro-
duction of a porcine-specifi c M Abs  raised against crude porcine protein extract that 
recognized a 24-kDa thermostable skeletal muscle protein (TSMP) was reported. 
The ELISA developed was demonstrated to be a valuable tool for the detection of 
pork in a variety of heat-processed meat products ( Chen and Hsieh, 2000 ), with a 
LOD of 0.5% (w/w) pork in heterologous meat mixtures. Furthermore, the presence 
of TSMP in the troponin (Tn) fraction was supposed and tentatively identifi ed as 
TnI ( Chen and Hsieh, 2001a ). In other studies, individual subunits of porcine tro-
ponin were separated and compared, confi rming that the TSMP is skeletal troponin I 
(sTnI). Heat treatment of sTnI up to 126°C for 120       min did not diminish its solubil-
ity and antigenicity. The antigenic specifi city and thermal stability of sTnI indicate 
its potential as a thermostable species marker for the identifi cation of the origin of 
meats in severely heated products (Chen and Hsieh, 2001b). 

 The feasibility of using M Abs  in an indirect ELISA system for the assessment of 
the EPT (endpoint heating temperature) in precooked ground beef and pork was also 
investigated by  Hsieh  et al . (2002) . A 12-kD antigenic component was identifi ed as a 
thermo-stable protein that could be used as an EPT indicator for heat-processed pork 
and beef. 

 Recently, a sandwich ELISA was developed for the sensitive detection of porcine 
skeletal muscle in raw and heat-processed meat and feed products. Heat treatment of 
meat samples (132°C, 2       h) did not affect the assay performance. The sandwich ELISA 
is able to detect 0.05% (w/w) of laboratory-adulterated pork in chicken, 0.1% (w/w) 
pork in beef mixtures, 0.05% (w/w) pork meal in soy-based feed, and 1% commercial 
meat and bone meal (MBM), containing an unknown amount of pork, in soy-based 
feed. The specifi city of the assay was 100%, and no false-positive results were found 
( Liu  et al ., 2006 ). 



 An ELISA was developed by  Chen et al . (2006)  to study the thermal denaturation 
of tropomyosin (Tm) using cooked beef. The ELISA employed a M Ab  raised against 
bovine Tm for quantifying residual Tm in muscle extracts. 

 Because of the advantages of M Abs , commercial kits for raw and cooked meat spe-
cies have been developed. The detection of the presence of beef and/or sheep ’ s meat 
in raw and heat-processed meat products for human consumption is possible using the 
Reveal for Ruminant in MBM assay test.  Quinchum and Hsieh (2007)  demonstrated 
that the LOD of the assay for lamb-in-pork could be as low as 0.05% (w/w) in only 
20       min ( Figure 13.8   ). Although this ruminant assay cannot distinguish between bovine 
and ovine species, this can be accomplished if necessary by the 96-well ELISA plate 
format. 

 Furthermore, some companies (such as Strategic Diagnostics Inc., Tepnel, Neogen 
Co., Eurofi ns, and ELISA Technologies Inc., among others) have developed a variety 
of meat species test kits ( Table 13.4   ) that identify the species content in cooked, raw 
and thermally processed meat, meat products and animal feed. Both types of tests 
provide rapid, reliable and cost-effective screening regarding the meat species identi-
fi cation ( Bonwick and Smith, 2004 ;  Giovannacci  et al ., 2004 ). In fact, some of these 
test kits are being used by regulatory agencies to detect the adulteration of meat spe-
cies and in enforcing national and international laws and regulations. 

 An evaluation of the performances of different commercial ELISA kits for identi-
fi cation of animal species in processed meat products has been made by Giovannacci 
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Figure 13.8    Illustration of color intensity of the positive line in the Result Zone of the test strips. The 
samples shown include raw meat containing various levels (0%, 0.05%, 0.50% and 1%, w/w) of ground lamb 
in ground pork, which were extracted in fi ve-fold volumes (v/w, ml g�    1 ) of the kit-provided extraction solvent. 
The extracts were heated at 100°C for 10       min before assay.   Reproduced from  Quinchum and Hsieh, 2007 . 
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Table 13.4     Characteristics of some commercially available ELISA formats for species discrimination in foods  

 Analyte  Company  Kit name  Primary matrices  Format  Detection limit 

 Cows ’  milk  R-Biopharm Rhone 
Ltd

 RIDASCREEN® CIS  Sheep ’ s and goats ’  milk and 
cheese

 Microtiterplate   0.1% cows ’  milk in sheep ’ s/goats ’  milk and 
cheese

 Cow ’ s milk  R-Biopharm Rhone 
Ltd

 RIDASCREEN Quick CIS  Sheep ’ s and goats ’  milk and 
cheese

 Reaction strips   0.5% cows ’  milk in sheep ’ s and goats ’  milk and 
cheese

 Goats ’  milk  R-Biopharm Rhone 
Ltd

 RIDASCREEN GIS  Sheep ’ s milk or cheese  Microtiterplate   1% goat s ’   milk in sheep ’ s milk

 Bovine casein  R-Biopharm Rhone 
Ltd

 RIDASCREEN Casein  Sheep ’ s and goats ’  milk and 
cheese

 Microtiterplate   0.5% bovine casein in cheese

 Cows ’  milk  ZEU Inmunotec  RC Bovino  Sheep ’ s and goats ’  milk and 
cheese

 Microtiterplate   0.01% cow s ’   milk in sheep ’ s/goats ’  milk
0.51% cow s ’   milk in sheep ’ s/goats ’  cheese

 Cows ’  milk  ZEU Inmunotec  IC Bovino  Sheep ’ s and goats ’  milk and 
cheese

 Strips 0.5–1% cows ’  milk in sheep ’ s/goats ’  milk
1–2% cow s ’   milk in sheep ’ s/goats ’  cheese

 Goats ’  milk  ZEU Inmunotec  RC Caprino  Sheep ’ s milk or cheese  Microtiterplate 0.01% goats ’  milk in sheep ’ s milk
0.5% goat s ’   milk in sheep ’ s cheese

 Goats ’  milk  ZEU Inmunotec  IC Caprino  Sheep ’ s milk or cheese  Strips 0.5–1% goats ’  milk in sheep ’ s milk
1–2% goats ’  milk in sheep ’ s cheese

 Non-durum wheat  R-Biopharm Rhone 
Ltd

 PASTASCAN  Pasta  Membrane strips   3% non-durum wheat in pasta

 Non-durum wheat  R-Biopharm Rhone 
Ltd

 DUROTEST® S  Durum wheat (semolina)  Membrane strips   3% non-durum wheat in semolina

 Pork/beef/poultry/
horse 

 Tepnel ByoSystems 
Ltd

 Biokits (Cooked) Species 
Identifi cation Kit 

 Cooked/canned meats/meat 
products, blood and rendered 
material of animal origin in 
animal feeds 

 Microtiterplate   �    1% pork/beef/poultry/horse even in highly-
treated/autoclaved samples

 Sheep  Tepnel ByoSystems 
Ltd

 Biokits (Cooked) Species 
Identifi cation Kit 

 Cooked/canned meats/meat 
products, blood and rendered 
material of animal origin in 
animal feeds 

 Microtiterplate   �  2% sheep even in highly-treated/autoclaved
samples

 Cow/pig/poultry/
sheep

 Tepnel ByoSystems 
Ltd

 Biokits (Raw) Species 
Identifi cation Kit 

 Raw meats/meat products, 
milk and animal plasma 

 Microtiterplate   �    1% cow/pig/poultry/sheep

  Cow/pig/poultry/
sheep/horse  

  Tepnel ByoSystems 
Ltd

  Biokits FAST Kit    Raw meats/meat products,
milk and animal plasma  

  Immunostick    �    2% cow/pig/poultry/sheep/horse



et al . (2004). The assays were performed using cooked species identifi cation ELISA 
kits from Tepnel according to the manufacturer ’ s instructions ( Tepnel Biosystems 
Limited, 2001 ).

 Recently, the Cooked Meat Species Identifi cation Kit (ELISA-TEK, Gainesville, 
FL) was used by  Ayaz  et al . (2006)  to detect meat species in processed meat and 
meat products by the M Ab  sandwich ELISA technique according to the manufactur-
er ’ s instructions. The assays were completed in 5       h, and a simple aqueous extraction 
of samples was performed. 

 The main infectivity in transmissible spongiform encephalopathies (TSEs) is found 
in tissues of the central nervous system (CNS). The removal and destruction of speci-
fi ed risk material (e.g. brain and spinal cord) is mandatory to protect human and ani-
mal health from the risk of BSE (bovine spongiform encephalopathy). Some potential 
markers to detect CNS in processed food products have been identifi ed, including pro-
teins such as neuron-specifi c enolase (NSE) and glial fi brillary acidic protein (GFAP). 

  Bülte  et al . (2001)  reported that the LOD of the GFAP–ELISA is  � 0.2% CNS 
tissue in meat products. This ELISA was practiced as a quick and easy method, but 
could not defi ne the origin of CNS as bovine, ovine or porcine. 

 The development and validation of a fl uorescent ELISA for GFAP, which can be 
used as a rapid and sensitive method (0.2-ng GFAP) to detect CNS tissue in meat 
products, are reported by  Schmidt  et al . (2001) . 

 Other highly specifi c immunochemical methods developed for the detection of 
CNS in heat-treated meat products using NSE and GFAP as markers have been pub-
lished ( Lücker  et al ., 2000 ). These methods have recently become available in the 
form of test kits, and have been used in a monitoring study of several meat products, 
including heat-treated meat products such as cooked sausage (Weyandt, 2001). 

 In order to evaluate the performance characteristics of the kits, an international 
intercomparison study on both CNS test kits has been conducted ( Hagáis et al ., 
2002 ). The methods differ in the type of marker and methodology applied. One 
uses Western blotting, i.e. BrainosticTM test (Schebo Biotech, 2001), to detect 
NSE, while the other is based on ELISA, i.e. the RIDASCREEN Risk Material test 
( R-Biopharm, 2001 ), for the detection of GFAP. The sensitivity of both test kits is 
100% at 0.5% CNS in non-heated and moderately processed materials, while for 
strongly heated materials the ELISA test kit is superior to the Western blot method. 
The specifi city is 100% for the ELISA test kit for all samples, irrespective of the heat 
treatment, while the Western blot test kit varies in the 95%–100% range depending 
on the thermal treatment. Both test kits can be applied to gain information regarding 
the composition of meat products such as sausages ( Agazzi et al ., 2002 ). 

 Recently, a study to detect risk material in processed meat products was con-
ducted by  Yesilbag and Kalkan (2005)  by means of the commercially available 
RIDASCREEN® risk material test (R-biofarm GmbH, Germany); the authors con-
cluded that mixing of CNS tissue with the meat products still occurs. 

 On the other hand, non-meat proteins are used as additives in meat products 
because of their nutritional and functional properties, soybean proteins being the 
most widely employed due to their emulsifying and stabilizing properties, and their 
capacity to increase the water-holding capacity and improve the texture of the fi nal 
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product. Different ELISAs for identifying and quantifying soy protein in meat prod-
ucts have been developed ( Macedo-Silva  et al ., 2001 ; Brandon and Frieman, 2002). 

 Recently, Koppelman  et al . (2004) have set-up a P Ab -based sandwich ELISA test 
applicable for the quantifi cation of soy ingredients and soy-containing foods, reach-
ing a sensitivity of 1       mg �      1 . 

 Immunochemical diagnostic kits for the rapid detection and quantifi cation of soy 
proteins in foods are also commercially available (Neogen Co., ZEU Inmunotec, 
ELISA Systems, and Tepnel, among others). The kits contain all the necessary 
reagents, controls and accessories for rapid on-site testing.  

  Milk and dairy products 

 Adulteration is a common problem in the dairy industry because it can be easily 
applied to milk and derivates. Differences in price and seasonal availability might 
make adulteration of expensive sheep ’ s milk with cheaper goats ’  milk attractive. In 
many European countries, laws require producers to state the type of milk used for 
manufacturing cheese or other dairy products ( Mayer, 2005 ). Apart from the possible 
economic loss, accurate species identifi cation is important for consumers who may 
have specifi c food allergies, or for religious, ethical or cultural reasons ( Recio et al ., 
2004 ). As a result of this fraudulent practice, adequate control methods are required 
to evaluate the authenticity of milk and dairy products ( Moatsou and Anifantakis, 
2003 ;  Hurley  et al ., 2004a ). 

 A range of analytical methods to detect fraud have been developed, and are con-
stantly being modifi ed and reassessed in order to be one step ahead of manufacturers 
who pursue these illegal activities ( Hurley  et al . 2004a ;  López-Calleja  et al ., 2007 ). 
The work by de la Fuente and Juárez (2005) provides an updated and extensive over-
view from 1991 to 2003 of the main applications of analytical techniques, together 
with their advantages and disadvantages for detecting the authenticity of dairy prod-
ucts. The scope and limits of different tools are also discussed. 

 Several alternative methods based on ELISA using both P Abs  and M Abs  have been 
developed to authenticate the species of origin of milk products, and these might be 
applicable to routine analysis (López-Calleja  et al ., 2006a, 2006b). Target antigens 
include caseins, lactoglobulins, immunoglobulins and other whey proteins ( Hu et al ., 
2000 ;  Wu  et al ., 2000 ). While whey proteins may be denatured by thermal treatment 
modifying their immunoreactivity, caseins are not affected by heat treatment and are 
thus more suitable for use in immunological methods for detecting milk mixtures in 
heat-treated dairy products ( Fukal  et al ., 2002 ;  Vítková  et al ., 2002 ). On the other 
hand, for species identifi cation in milk and mixed cheese varieties, ELISA tech-
niques based on antibodies against bovine immunoglobulins (P Abs ) are not appropri-
ate, because the addition of heated milk or of bovine caseinate cannot be detected, 
whereas the use of M Abs  to detect bovine  � -caseins is well suited even in these cases 
( Mayer, 2005 ). 

 In cheese, preservation of their epitopes depends on protein hydrolysis during 
cheese ripening. This problem could be overcome by the use of antigenic casein frac-
tions ( Senocq  et al ., 2001 ) that are not affected by proteolytic reactions. 



 Antibody-based analytical methods using both M Abs  and P Abs  against caseins, 
whey proteins and synthetic peptides for the detection of milk from different species 
have been reviewed by Moatsou and Anifantakis (2003). Recently,  López-Calleja 
et al . (2006c)  applied an indirect ELISA using a M Ab  against bovine  � -casein that 
proved to detect adulteration in non-declared cows ’  cheeses. 

 Another protein found in milk, bovine immunoglobulin G (IgG), has been suc-
cessfully used as a target antigen in a simple ELISA based on an immunoblotting, or 
commercial kits (r-Biopharm or Tepnel Biokits Bovine Casein Kit). However, these 
methods are unable to distinguish between cows ’  milk and buffalo milk. 

 Sensitive IC-ELISA using antibodies raised against bovine IgG has been devel-
oped by  Hurley  et al . (2004b) . The ELISA was effective for the detection and quan-
tifi cation of adulteration of sheep ’ s, goats ’  or buffalo milk with cows ’  milk, and had 
a LOD of 0.1% (v/v) cows ’  milk adulteration. With goats ’ - and sheep ’ s-milk cheeses, 
a LOD of only 5% adulteration with cows ’  milk cheese was found, whereas with 
buffalo-milk cheese the LOD was 2.5% adulteration. 

 Using the same M Abs , a highly specifi c sandwich ELISA has been developed 
which enables the detection of cows ’  milk adulteration of sheep, goat or buffalo milk 
(sensitivity of 0.001%, 0.01% and 0.001%, respectively). Detection limits in cheese 
were 0.001% in goats ’  cheese and 0.01% in sheep or buffalo cheese ( Hurley  et al ., 
2006 ). The assay was highly reproducible with both intra- and inter-assay coeffi cient 
of variation  � 10%. However, the assay is unable to detect bovine IgG in UHT milk, 
as the heat treatment required to produce such products seems to denature the target 
epitope. The detection limits reported in this paper are by far more sensitive than 
those previously reported for IC-ELISA ( Hurley  et al ., 2004b ), and are competitive 
when compared with previous immunological and DNA-based methods ( de la Fuente 
and Juárez, 2005 ).

 On the other hand, vegetable proteins can be added to milk in order to increase 
fi ber content and hydration properties, but their use as supplements and substitutes 
for bovine milk protein is forbidden. Although wheat gluten, pea, rice, potato, bean 
and soluble cereal hydrolyzed proteins can also be used as vegetable substitutes, soy 
protein, owing to its low price and high availability in the market, is likely to be the 
major adulterant. Rozenfeld et al . (2002)  developed a P Ab  against cows ’  milk pro-
teins, and specifi c M Abs  against bovine  � -casein,  � -casein and  � -casein. With the P Ab , 
a low CR (about 0.02%) was observed with a soy protein extract. M Ab  did not show 
any activity against soy proteins from the undiluted soy milk (containing 7.2% soy 
beans) tested (CR � 0.01%), and the detection of cows ’  milk in expensive soy milk 
seems to be a possible future application. 

 A collaborative study ( Manso  et al ., 2002 ) involving eight international laboratories 
was conducted to evaluate two electrophoretic procedures and an indirect competitive 
ELISA method using P Abs  for the determination of the fraudulent addition of vegetable 
proteins (soy, pea and wheat proteins) in different dairy products subjected to low and 
high heat treatments. SDS-CE provided slightly better accuracy, but ELISA presented 
the advantage of being suitable for samples containing wheat proteins, which could not 
be detected by SDS-CE. ELISA results from high-heat treated samples were lower than 
the real values; this fact was attributed to protein denaturation. 
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 Several ELISAs based on the detection of bovine caseins, native or heat-denatured 
bovine whey proteins or IgG have been published (Sanchez  et al ., 2002). Although 
these assays can detect cows ’  milk in the milk of other species at levels below 0.1%, 
the analysis takes several hours. For this reason, immunoassay kits ( Table 13.4 ) for 
species authentication in milk and cheese have been developed and are commercially 
available from different companies (e.g. ZEU Inmunotec ( http://www.zeu-inmunotec.
com ), Euro-Diagnostica), which require minimal training and equipment, and are used 
for the rapid identifi cation and quantifi cation of the milk species in dairy products. 
ELISA kits to detect the adulteration of milk and dairy products with vegetal proteins 
are also commercially available, with quantifi cation limits of 0.69% chickpea protein 
in milk, 0.08% soy protein in milk and 0.26% whey protein in milk (ZEU Inmunotec). 

  Fish and fi shery products 

 In an effort to overcome fraudulent practices, new regulations concerning the label-
ing of seafood products have been recently introduced in Europe ( Berrini  et al ., 
2006 ). Accordingly, since January 2002 it has been obligatory in the European 
Union to include the name of the fi sh species, the geographical capture zone and 
the production method (wild or cultivated) when labeling fi shery products (Council 
Regulation (EC) No. 104/2000 of the European Parliament). 

 There is a clear trend in the international market towards labeling products with 
information about their origin, composition and quality, which brings about the need 
to develop and standardize analytical methods either to confi rm the information 
given by the label or to uncover fraud (Martinez  et al ., 2003). In November 2004, 
fi sh authenticity was discussed at the Local Authority Update Seminar organized by 
Eurofi ns Scientifi c ( www.eurofi ns.co.uk/laupdate/seminars ). 

 Traceability is or will soon be obligatory as well. However, the fact is that at 
present only the species can be reliably documented by analyzing the protein com-
ponent ( Etienne  et al ., 2000 ;  Mackie  et al ., 2000 ) and, more easily, by using DNA-
based techniques (Martinez  et al ., 2001;  Chapela  et al ., 2002 ). However, correct 
identifi cation often depends on how the product has been treated, and for heavily 
treated products it seems that only techniques that target small fragments may be 
appropriate ( Piñeiro  et al ., 2001 ; López et al ., 2002). 

 Several biochemical methods have been applied to identify fi sh species of com-
mercial interest, and proteomics has recently been shown to be suitable ( Martinez 
and Friis, 2004 ).  Piñeiro  et al . (2003)  gave a recent review of a wider range of appli-
cations of proteomics to marine products. 

 Fish species identifi cation has mostly been performed by genetic ( Weder  et al ., 
2001 ) and immunological techniques ( Céspedes et al ., 1999 ) that are suitable for 
routine analysis of a large number of samples. In terms of simplicity and speed, 
antibody-based methods are most appropriate. 

 Applications of immunological assays for the detection and quantifi cation of pro-
teins in meat and milk products have been well documented, as described above. In 
contrast, work related to fi sh species identifi cation is scarce, partly because of the 
variety of fi sh species that are commercialized ( Mackie  et al ., 1999 ). On the other 



hand, the discrimination of fi sh species becomes a problem when the usual identify-
ing characteristics are removed on processing and only a portion of fl esh is available 
( Tepedino  et al ., 2001 ). IA systems are not generally of value for cooked fl esh prod-
ucts, as the antibodies are normally raised against undenatured proteins. For all these 
reasons, only a limited number of immunoassays have been developed and none is 
available for wide-scale commercial use ( Dooley  et al ., 2005 ). The use of ELISA 
assays is therefore an interesting approach to the development of rapid methods for 
assessing the authenticity of fi sh products. In this area, a very active research group 
has been working for years on the development of different strategies ( Asensio  et al ., 
2002 ) using both P Abs  and M Abs . 

 An indirect ELISA has been developed by  Fernández  et al . (2002)  for the iden-
tifi cation of fi shery products such as red snapper, salmon, trout and various clam 
species. The assay was performed using P Abs  against clam solution proteins in two 
different formats: microtiter plates and immunostick tubes. Using this format, an 
indirect ELISA for the specifi c identifi cation of grouper ( Epinephelus guaza ), wreck 
fi sh ( Polyprion americanus ) and Nile perch ( Lates niloticus ) fi llets using P Abs  has 
been developed by  Asensio  et al . (2003a) . The simplicity of the immunostick colori-
metric ELISA and the short time required for analysis (less than 1 hour) make it suit-
able for screening purposes without the need for auxiliary equipment. 

 In other work ( Asensio  et al ., 2003b ), a M Ab  that is specifi c to grouper ( Epinephelus
marginatus ) and thus enables the discrimination of this species from wreck fi sh 
(Polyprion americanus ) and other less valuable fi sh sold in the marketplace has been 
developed. As a complementary approach, this antibody has been used in two indirect 
ELISA formats (microtiter plates and immunostick tubes) for the rapid authentica-
tion of grouper and wreck fi sh ( Polyprion americanus ). The M Ab  was tested against 
native and thermally-treated (cooked and sterilized) soluble muscle protein extracts 
from several commonly marketed fi sh, and only reacted with the grouper and wreck-
fi sh species ( Asensio et al ., 2003c ). 

 More recently, a PCR-ELISA technique was developed for the semiquantitative 
detection of Nile perch ( Lates niloticus ) in experimentally sterilized fi sh muscle mix-
tures ( Asensio et al ., 2004 ).  

  Feedstuffs 

 Bovine spongiform encephalopathy (BSE), commonly referred to as  “ mad cow dis-
ease ” , has had a signifi cant impact on the livestock industry. Because BSE is spread 
through animal feed, the main strategy for preventing the establishment and spread of 
the disease is to prohibit the use of proteins derived from mammalian tissue in feed 
for ruminant animals. Enforcement of these regulations relies on the ability to iden-
tify the presence of forbidden proteins in the feed. Accurate analytical methods for 
detecting prohibited material in feedstuffs are needed to ensure compliance with the 
new regulations. PCR-based methods are specifi c and sensitive, but generally are not 
able to distinguish between different tissues of the same species. As reported above, 
immunological methods have played a central role in the species identifi cation of 
raw and heat-processed meats. However, most immunoassays for meat speciation are 
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not applicable to feed detection because of the denaturation of protein antigens by 
the high-temperature rendering process. The offi cial enzyme immunoassay method 
for analyzing mammalian proteins of rendered animal material in the UK utilizes 
antisera raised against heat-stable proteins ( Ansfi eld  et al ., 2000 ). This method, 
which detects most mammalian proteins without discriminating between prohibited 
and allowed proteins, requires the complement of microscopic analysis to confi rm the 
presence of mammalian meat and bone meal. Issues relating to current methodology 
as well as other potentially useful analytical methods of testing for animal material in 
food have been reviewed ( Momcilovic and Rasooly, 2000 ;  von Holst  et al ., 2006 ).

  Chen  et al . (2002)  developed several MAbs against TnI for the detection and dif-
ferentiation of rendered muscle tissue in animal feed. The indirect ELISAs devel-
oped employing these M Abs  specifi cally detect muscle TnI without cross-reaction 
to gelatin, blood/serum proteins and milk proteins, and the entire analysis, includ-
ing sample extraction, can be performed in less than 6 hours. The sensitivity (LOD 
between 0.3 and 2%) and specifi city of these assays make it possible to detect low 
amounts of muscle tissue in feed samples without any concentration procedure. The 
MAbs  has been used by two companies (Neogen Co. and ELISA Technologies Inc.) to 
design rapid test kits. 

 Subsequently, the same researchers ( Chen  et al ., 2004  )  developed a new sensitive 
ELISA to detect prohibited bovine and ovine muscles in feedstuffs. The ELISA was 
applied for quantitative determination of heat-treated bovine and ovine meat meals 
in different feeds, in the presence of non-prohibited species (porcine, chicken or tur-
key meat). Extractable bovine and ovine TnI was determined with detection limits of 
5.0 and 4.0       ng ml �  1 , respectively, when the matching feed matrices were used in the 
calibration curves. 

 The immunoassay developed by  Kim  et al . (2005)  could differentiate bovine MBM 
from other species of MBM and ingredients used for commercial animal feeds, and 
detect down to a level of 0.05% MBM mixed in animal feed. 

 Recently, rapid feed-testing methods that could be used by regulators to verify 
compliance during routine inspections have become available. The development of 
a sensitive test for ruminant (e.g. cow, sheep, goat, deer and elk) materials is compli-
cated by the lack of a suitable ruminant-specifi c marker that is present in the sample 
in a high enough concentration. 

 Given the apparent need for rapid screening tests,  Muldoon  et al . (2004)  described 
the development of a rapid, immunochromatographic strip test that can detect 0.1% 
MBM in animal feed. The test takes 15       min to perform, and large numbers of sam-
ples can be screened for PAPs (processed animal proteins) in animal feeds simul-
taneously. The strip contains a second test that can detect 1% mammalian-specifi c 
MBM in feed. The assay was validated using 150 negative control feed samples in a 
spike-recovery study. 

 In a separate intercomparison study, the rapid test strip was evaluated in conjunc-
tion with microscopy ( Gizzi  et al ., 2003 ), PCR and other immunoassay methods for 
the determination of PAPs and mammalian MBM and their differentiation from other 
PAPs in feed (DG  SANCO, 2003 ). The test was sensitive, specifi c and accurate for 
the analysis of total PAPs and mammalian-specifi c MBM at detection limits of 0.1% 



(w/w) and 0.5% (w/w), respectively. It was also shown that poultry meal and fi sh 
meal did not interfere with the mammalian-specifi c test. 

 Finally, a single-step lateral fl ow immunochromatographic ruminant assay (Reveal 
for Ruminant in MBM) has become commercially available ( Quinchum and Hsieh, 
2007 ). This test kit is specifi cally designed for the surveillance of bovine spongiform 
encephalopathy (BSE) epidemics, and is based on the detection of ruminant skel-
etal muscle protein, troponin (Tn), which is recognized by specifi c monoclonal anti-
bodies ( Klein et al ., 2003 ). In a validation study ( Klein et al ., 2005 ), this test was 
found to be specifi c to ruminant muscle protein without any cross-reactivity with 
many feed ingredients, and capable of detecting as little as 1% ruminant tissue in 
animal feed products. In another evaluation study ( Myers  et al ., 2005 ), this test dem-
onstrated 100% selectivity (0% false-positive results) with a detection limit of 2% 
bovine MBM in dairy feed. 

  Miscellaneous 

 Unlike for speciation in meat or milk, where the number of ELISA developments for 
authenticity testing is very high, in other foods (such as fruit juices, honey, oils, etc.) 
these developments are scarce, and so far other analytical techniques are generally 
used ( Ebeler et al ., 2007 ). 

  Fruit juices 
 Fruit juices and nectars are an important and fast-growing sector of the food indus-
try. Primary objectives in beverage and juice quality control are to ensure the authen-
ticity of the juice products and to be able to detect adulteration. 

 Basic adulteration can be based on simple dilution with water, but the main 
authenticity issues are those that arise from substitution of the authentic named mate-
rial with cheaper substitutes ( Jezek and Suhaj, 2001 ). Furthermore, due to increasing 
information on the composition of fruits, more refi ned methods of adulteration are 
being used. Most of these are based on supplementation of juice with pulp and peel 
extracts, or with some cheaper fruit juice ( Tzouros and Arvanitoyannis, 2001 ).

 In this fi eld, some immunochemical techniques are applied to recognize these 
adulterations and thus ensure appropriate labeling. Sass-Kiss and Sass (2000)  identi-
fi ed tissue- and species-specifi c peptides 24 and 27       kDa in citrus fruits, to develop 
antibodies against these particular peptides from orange juice and peel and to test 
their suitability for quality control of commercial orange juice products using the 
Western blot technique ( Gosling, 2000 ). The antibodies developed seem to be useful 
for determining the juice content in commercial citrus beverages, and for evaluating 
the peel contamination in them. 

 Tissue- and species-specifi c peptides of the grapefruit have been investigated 
by SDS-PAGE and Western blot ( Sass-Kiss and Sass, 2002 ). P Abs  were developed 
against isolated peptides from the juice and one peptide from the peel. Two of the 
PAbs  were used for testing commercial grapefruit juice products. One of the commer-
cial juice products declared as 100% grapefruit juice did not give a positive reaction 
with this antibody, whereas a pale but clearly visible band appeared in the peptide 
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sample of the 40% red-grapefruit juice nectar. The data confi rm that addition of 
grapefruit by-products to grapefruit juice can be detected. Finally, the authenticity of 
orange fruit-based drinks has been discussed by  Soukupová  et al . (2003).   

  Honey 
 Authenticity immunochemical tests are mainly based on the detection of pollen pro-
teins ( Baroni  et al ., 2002 ). The development of a rapid, specifi c and sensitive ELISA 
is proposed by  Baroni  et al . (2004) . Two proteins identifi ed as characteristic of sun-
fl ower pollen were isolated and used as coating antigens in a competitive ELISA that 
allows both identifi cation and quantifi cation of sunfl ower pollen in honey when it is 
present at levels over 10%, with an adequate linear response between 10 and 90% of 
pollen (CV% ranged from 4 to 14%). Although the method is less sensitive than the 
standard technique (melissopalynology), it shows the advantage of simultaneously 
analyzing several samples in a short time.  

  Gum source 
 Gum arabic from  Acacia Senegal  is commonly used in foods and beverages as a sta-
bilizer, emulsifi er and thickener. Adulteration of gum arabic with other  Acacia  and 
non-Acacia  gums is a potential problem. 

 Immunoassays have the potential to be used for speciation and adulteration of 
gums. Several M Abs  have been raised against  Acacia  gums with varying degrees of 
specifi city ( Pickles et al ., 2004 ), and different ELISAs have been developed that are 
able to quantify gums in samples of gum arabic or food ( Ireland  et al ., 2004a ). An 
IC-ELISA method using M Abs  was developed ( Ireland  et al ., 2004b ) to detect adul-
teration of A. senegal  gum with  A. seyal  (0.6% w/w) or  C. erythrophyllum  (0.2% 
w/w). The limit of detection was around 5      �   g ml �      1 , and intra- and inter-assay CV (%) 
values for each ELISA were typically  � 10%.

  Irradiated foods 
 Irradiation technology has mainly been used in foods for enhancing its hygienic 
quality, reducing spoilage and extending shelf-life. Food irradiation has been recog-
nized and regulated as an effective technology in many countries ( Molins, 2001 ). The 
framework Directive 1999/2/CE, concerning irradiated food, states that the words 
 “ irradiated ”  or  “ treated with ionizing radiation ”  must appear on the label or packag-
ing. Additionally, Directive 1999/3/CE contains an initial European Community list 
of foods and food ingredients authorized for irradiation treatment, and sets a maxi-
mum overall average absorbed radiation dose of 10       kGy for this purpose – for exam-
ple, for grains and nuts doses  � 1       kGy can be used for disinfestations. On the basis 
on this information, the development of reliable and rapid methods for detection of 
irradiated food is desirable. 

 During the past decade a number of analytical methods have been investigated 
for the detection of radiation treatment of foods, including DNA comet assay and 
ELISA ( Khan  et al ., 2005 ). The DNA comet assay offers great potential as a rapid 
tool to detect whether a wide variety of foodstuffs have been irradiated. Nevertheless, 



ELISA methods have been demonstrated to be as rapid and simpler, and can be car-
ried out using low-cost instrumentation. When food is treated, DNA thymidines are 
transformed into dihydrothymidines (DiHT);  Deeble  et al . (1994)  obtained antibod-
ies against these modifi ed bases and successfully quantifi ed these changes by ELISA 
in the range of 40       Gy. More recently,  Tyreman  et al . (2004)  developed a fast, compet-
itive ELISA test to identify DiHT, and detected treated prawn species with a working 
range of 0.5–2       kGy (CV  � 10%).

  Fats and oils 
 Food authenticity has become a focal point attracting the attention of producers, con-
sumers and policy-makers. Although in most cases adulteration of fats and oils does 
not suppose a threat to public health, the fundamental rights of consumers can be 
violated by fraudulent malpractice. 

 A range of analytical methods to detect fraud in these matrices has been devel-
oped, especially RMN, Raman or isotopic techniques. The technical merits of dif-
ferent analytical platforms, including immunoassay, to establish the authenticity of 
oils and fats was reviewed by  Ulberth and Buchgraber (2000) . Furthermore, the FSA 
(2003) has encouraged the development of molecular markers for the detection of 
olive-oil adulteration. 

 On the other hand, the last European chocolate Directive 2000/36/EC allows the 
addition of up to 5% of a number of vegetable fats other than cocoa butter (CB) – 
the so-called “ cocoa butter equivalents ”  (CBEs) – to chocolate. Unfortunately, the 
Directive does not cover aspects regarding methods of analysis for law enforcement. 
The fi rst step accomplished by the Joint Research Center (JRC) was a critical reap-
praisal of potentially promising analytical methods aimed at the identifi cation and 
quantifi cation of the addition of CBEs to chocolate. Different approaches to quantify 
this adulteration have been outlined by  Buchgraber  et al . (2003) .   

  Genetically modifi ed foods 

 The traceability and labeling (T & L) proposal ( European Council, 2003 ) provides 
the defi nition of traceability for genetically modifi ed (GM) foods, and methods for 
its implementation. Both T & L genetically modifi ed organisms are current issues 
that are considered in trade and regulation, and are gaining worldwide interest due 
to the ever-increasing global diffusion and the related socio-economical implications 
( Jensen and Sandoe, 2002 ).

 An important aspect in GM food analysis is quantitation, since the maximum lim-
its of GMO (genetically modifi ed organisms) in food are the basis for labeling in the 
EU. Although efforts have been taken to harmonize the analytical methodology at 
national, regional and international levels, no normative international standards have 
been established yet. Lack of coherence between analytical methodologies and their 
applicability, and legislation, is a major problem. 

 A discussion including the defi nition of units of measurements, expression of GM 
material quantities, terminology and inconsistent legal status of products derived from 
related but slightly different transformation routes is provided by  Holst-Jensen  et al . 
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(2006) . Current methodologies for the analysis of GMOs are focused on one of two 
targets – the transgenic DNA inserted, or the novel protein(s) expressed – in a GM prod-
uct. A review of current state-of-the-art techniques, current needs and limitations in the 
area of GMO detection is given by  Miraglia  et al . (2004)  and  Hernandez  et al . (2005) . 

 For most protein-based methods, ELISAs are widely employed, and a large number 
of articles have been published describing the detection, identifi cation and quantifi -
cation of transgenic materials in bulk grain samples ( Lipton et al ., 2000 ;  Lih-Ching 
et al ., 2001 ;  Anklam  et al ., 2002 ;  Stave, 2002 ). However, the heat lability of proteins is 
the main obstacle to general application of these methods, although the use of antibod-
ies directed against heat-denaturized meat proteins was an interesting development. 

 A combination of sensitivity, specifi city and cost-effectiveness in terms of analytical 
performance is allied to a diverse array of assay formats suitable for laboratory and fi eld 
use. The effi ciency of screening formats should be examined with respect to false-positive 
rates, disappearance of marker genes, increased use of specifi c regulator sequences and 
the increasing number of GM foods. Recently, the European Commission included two 
signifi cant changes in its political agreement: a 0.9% threshold for the labeling of GM 
food and feed; and a 0.5% threshold instead of 1% for the presence of GM material in 
food or feed, or for processing ( European Commission, 2004 ). 

 The following aspects should be considered before we review alternative applica-
tions of ELISA in detecting GM in foods: 

●       Sampling . The reliability and costs of the two steps of the control methodol-
ogies (sampling and testing) play a crucial role in the traceability of GMOs. 
 Kay and Paoletti (2002)  published an overview of the sampling strategies for 
the screening of large grain shipments, of primary ingredients, and of specifi c 
(GM) ingredients in fi nal food products. One of the priorities of the recently 
installed ENGL (European Network of GMO Laboratories) is to identify and 
develop appropriate sampling strategies to support EU legislation ( ENGL,
2003 ;  EC-JRC, 2003a, 2003b ).

●       Reference materials . Emphasis is placed ( Frewer  et al ., 2004 ) on the quality 
assurance of the analytical data represented by the adequate availability of suita-
ble Certifi ed Reference Materials (CRM) for different applications, and the need 
for harmonized guidelines for validation studies. Standard reference materials are 
required for method development, to translate test results in terms of % GMO, 
and to ensure uniform test performance throughout the EU. The evaluation of 
a Roundup Ready  Soy Bean Certifi ed Reference Material and the strategies for 
successful implementation of testing are discussed by  Stave (1999) .  

●       Immunoassay validation.  Optimization and validation assays for ELISA are 
important aspects for standardizing this technology for GMO detection. Assay 
validation for food analysis is complex, considering the large diversity of food 
matrices. Factors regarding optimization and validation are given by  Lipp  et al . 
(2000) .

 The validation of the fi rst international method according to ISO 5725 (for a spe-
cifi c protein-targeting immunological method) for the detection of a genetically 
modifi ed plant variety was carried out by the Joint Research Centre ( SDI, 2003 ).



The validated method had been designed as a sandwich ELISA with M Abs  against the 
protein CP4 EPSPS ( Lipp et al ., 2000 ). 

 Today ’ s marketed GM-crop plants frequently possess novel genes that are tran-
scriptionally regulated by different promoters. For instance, Event 176 (GM-maize) 
has been transformed with two synthetic  Cry1Ab  genes.  Cry1Ab  production was 
quantifi ed by ELISA in leaves, pollen, roots and kernels among three genotypes. 
It was found that gene expression in kernels was below levels of quantifi cation 
( Agbios, 2003 ). Consequently, an immunoassay directed against  Cry1Ab  of Event 
176 for commodity testing of kernels might be of limited use ( Miraglia et al ., 2004 ). 

 Recently, a commercial ELISA kit ( EnviroLogix Inc., 2003 ) recommended for 
detecting and quantifying the CryIAb/CryIAc proteins in corn- and cotton-leaf tis-
sue, single-seed and bulk grain samples was applied by  Margarit  et al . (2006)  to 
detect CryIA(b) protein present in the transgenic Bt maize in different foods obtained 
from the market. No CryIA(b) protein was detected in highly-processed food. The 
highest amount of CryIA(b) protein found was less than 0.1       mg l �      1 . The integrity 
of CryIA(b) protein determined by Western blot using a polyclonal immuno-purifi ed 
antibody suggests that this protein is highly degraded under the harsh conditions dur-
ing food processing, as indicated by  Terry  et al . (2002) . 

 In addition, some companies (Neogen Co., Strategic Diagnostics Inc. and Eurofi ns, 
for example) have developed rapid immunochemical screening tests for the detec-
tion of GMO in foods (see  Table 13.5   ). These test kits are best used for raw agri-
cultural or slightly processed products, as they have limitations when used in highly 
processed foods. 

 Semi-quantitative immunoassays come in a wide variety of formats. Particularly 
popular are dipstick procedures, often based on lateral fl ow devices that are eco-
nomical, amenable to point-of-sale application and suitable as an initial screening 
method, giving results in 5–10 minutes. Different test kits based on this format have 
been developed commercially to detect CryI(Ab) in corn plants, seeds and grain, in 
addition to CP4 EPSPS protein in soybean, canola, cotton and sugar beet ( Lipton
et al ., 2000 ). A study of the fi eld performance of a kit that employs lateral fl ow immu-
notechnology to detect soybeans GM resistant to the herbicide glyphosate is made by 
 Fagan  et al . (2001) . The kit is useful in screening large quantities of soybeans that 
contain high levels of GM material, but is not effective in monitoring for GM mate-
rial at levels of 1.0% or lower. Statistical analyses performed in order to assess the 
error indicated that the primary contributors were limitations in operator performance, 
rather than defects in test kit materials, while sample size may play a secondary role. 

 On the other hand, since existing immunological methods for GMO quantifi cation 
measure only one analyte, taxon-related quantitations cannot be carried out. These 
methods can therefore only be applied to food samples consisting entirely of one 
taxon. However, although commercially available lateral fl ow strips are currently 
limited to a few biotechnology-derived protein-producing GM products, strips that 
can simultaneously detect multiple proteins are being developed. 

 Besides lateral fl ow devices, other immunoassay formats using magnetic particles 
as the solid support surface ( Brett et al ., 1999 ) or antibody-coated ELISA format 
tube ( Ahmed, 2002 ) are also available for GMO detection. 
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Table 13.5     Characteristics of some commercially available ELISA formats for the detection of genetically modifi ed organisms (GMOs) in foods  

 Matrix  Application  Analyte class  Trade name  Format  Detection limit  Company 

 Rice  Bulk grain  PAT/bar protein expressed in 
LibertyLink rice (Evet LL601 and/
or Event LL62) 

 QuickStix™ Kit for 
LibertyLink® rice 

 Lateral fl ow 
membrane strips 

 1.33% Event LL601 rice 
or 0.02% Event rice 

Envirologix

 Soybean  Bulk grain  CP4 EPSPS protein at levels 
typically expressed in genetically 
modifi ed bulk soybean 

 QuickStix™ Kit for 
Roundup Ready®

soybeans

 Lateral fl ow 
membrane strips 

 1 soybean in 1000, 
0.1% 

Envirologix

 Soybean  Ground grain and 
fl our 

 CP4 EPSPS enzyme coded for 
by the Roundup Ready gene  in 
soybeans and soy fl our 

 QuantiPlate™ Kit for 
Roundup Ready  soybeans 
and soy fl our 

 Microwell plate  0.02%  Roundup Ready
Soy

Envirologix

 Soybean 
and soy 
products 

 Toasted meals, tofu, 
concentrates, DF  &  
FF fl our, soy milk 

 CP4 EPSPS protein ( Roundup
Ready ) in genetically enhanced 
soybeans and soy products 

 GMO Soya RUR TM 
ELISA Test Kit 

 Microtiter plate  0.1% GMO Strategic Diagnostics Inc . 

 Soybeans  Various food 
fractions 

 CP4 EPSPS protein expressed by 
Roundup Ready

 GMO RUR Soya Test Kit  Sandwich ELISA 
microtiter plate 

 0.1% GMO Strategic Diagnostics Inc . 

 Corn  Ground corn, corn 
fl our, corn meal 

 Cry1Ab protein  GMO Bt Maize Test Kit  Microtiter well  0.15% Cry1Ab   Strategic Diagnostics Inc . 

 Corn  Ground corn, corn 
fl our, corn meal 

 Cry9C protein  GMO Bt9 Maize Test Kit  Microtiter well  0.0075% Cry9C   Strategic Diagnostics Inc . 

 Corn  Bulk grain  Cry1Ab/Bt11, Cry9C, Event 603, 
Cry3Bb, Cry1F, T25-PAT/pat, 
and/or Cry34 proteins at levels 
typically expressed in GM corn 
grain 

 QuantiComb™ Kit for 
Bulk Grain 

 Lateral fl ow 
membrane strips 

 Varies by analyte, from 
0.01% (1 kernel in a 
pool of 1000) to 1% (1 
kernel in a pool of 100) 

Envirologix

 Corn  Bulk corn, grain, 
meal, fl our 

 Crystalline Cry1Ab protein 
expressed by genetically modifi ed 
plants and derived from  Bacillus
thuringiensis

 QuickStix™ Kit for Cry1 
Ab Bulk Grain 

 Lateral fl ow 
membrane strips 

 1% (1 positive kernel 
in 100) 

Envirologix



 Corn  Corn-leaf and -seed 
tissue, soy-leaf tissue 

 CP4 EPSPS protein at the levels 
typically expressed in GM soy 
leaf, corn leaf or corn single-seed 
tissue

 QuantiStix™ Kit for 
Roundup Ready  Plant 
Tissue 

 Lateral fl ow 
membrane strips 

 Presence or absence of 
CP4 EPSPS protein 

Envirologix

 Corn  Corn-leaf tissue  Cry1Ab and Cry3Bb, proteins 
at levels typically expressed in 
genetically modifi ed corn leaf 

 QuickStix Combo Kit 
YieldGard®

 Lateral fl ow 
membrane strips 

 Presence or absence in 
leaf tissue 

Envirologix

 Corn  Plant tissue, seeds, 
bulk grain 

 Crystalline Cry1Ab and Cry1Ac 
proteins expressed by genetically 
modifi ed plants and derived 
from  Bacillus thuringiensis

 QualiPlate™ Kit for 
Cry1Ab/Cry1Ac 

 Antibody-coated 
microwell plate 
(solid plate) 

 Presence or absence   Envirologix

 Corn   Corn-leaf tissue, 
seeds, ground grain-
cotton leaf and seed  

  CP4 EPSPS enzyme coded for the 
Roundup Ready gene in Corn 
Event 603 and Cotton  

  QuantiPlate™ Kit for 
Roundup Ready Corn 
Event 603 and cotton  

  Antibody-coated 
microwell plate 
(solid plate)  

  0.1% Event 603 corn-leaf 
and -seed: 100% positive 
or 100% negative 

Envirologix

 Canola  Canola leaf  and  seed 
tissue

 CP4 EPSPS protein at the levels 
typically expressed in GM canola 
leaf or seed 

 QuickiStix™ Kit for 
Roundup Ready  Canola 
Leaf &  Seed 

 Lateral fl ow 
membrane strips 

 Presence or absence of 
CP4 EPSPS protein 

Envirologix

 Sugar 
beets

 Sugarbeet seeds  CP4 EPSPS protein at the levels 
typically expressed in GM sugar 
beet seed 

 QuickiStix™ Kit for 
Roundup Ready  Bulk Sugar 
Beet Seed 

 Lateral fl ow 
membrane strips 

 0.1% (1  Roundup
Ready  seed in 999 
conventional seeds) 

Envirologix

 Alfalfa   Alfalfa bulk seed, 
leaf tissue, and 
alfalfa hay (cored  &
ground samples)  

  CP4 EPSPS protein at the levels 
typically expressed in Roundup
Ready alfalfa  

  QuickiStix™ Kit for 
Roundup Ready Alfalfa  

  Lateral fl ow 
membrane strips  

  1 alfalfa seed in a total 
of 600 for bulk seed, 
approximately 5% in 
hay (depends level of 
the plant), presence or 
absence in leaf testing  

Envirologix
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 Advances are also being made in combining antibody methods with instru-
mental techniques. For example, in addition to the hyphenated methods, such as 
immunoassay-mass spectrometry, considerable advances are now being made in real-
time observations of antibody binding to target molecules. The developed new meth-
odologies include the use of microarrays and biosensors ( López  et al ., 2003 ). 

 Since the frequency of events is continuously increasing, this will greatly increase 
diffi culties in testing and, in turn, traceability. In this respect, it is foreseen that the 
testing methods will have to evolve towards a multi-event system in order to control 
any GMO-related traceability system. The work of  Miraglia  et al . (2004)  deals with 
new diagnostic methodologies, such as the microarray-based methods that allow for 
the simultaneous identifi cation of the increasing number of GMOs on the global 
market in a single sample (some of these techniques have also been discussed for the 
detection of unintended effects of genetic modifi cation by  Cellini  et al ., 2004 ).   

  Alternative ELISA developments 

 In this section, some uses of alternative immuno-based methods to tackle the authen-
tication detection problem are summarized. 

 Currently, enzyme-linked immunosorbent assay (ELISA) performed in a micro-
titer plate is the most common technique used for immunoassay. However, with the 
demand for multiplexing capability, shorter analysis time, smaller sample volume and 
higher sensitivity, other techniques are being explored to perform immunoassays. 

 Some approaches pursued in miniaturized high-throughput screening systems are 
the development of microplates with a larger number of wells (from 96 to 384, 1536 
and fi nally to 3456) and the design of microfabricated devices capable of perform-
ing continuous fl ow assays. This trend is associated with the development of robotics 
and high-performance liquid-handling devices that can rapidly add volumes down 
to several microliters or nanoliters per well, taking into account the low total-assay 
volumes. 

 For immunoassays, many researchers have pointed out several advantages of 
microfl uidics over other techniques performed on a microtiter plate. The fabrication 
materials and techniques available for microfl uidics, the advantages of these devices 
for immunoassays and the incorporation of microbeads to improve their function 
have been reviewed by  Lim and Zhang (2007) . 

 Dip-sticks and biosensors are alternative techniques that are also based on antigen–
antibody interaction. These rapid tests, and the better-known lateral fl ow devices, are 
the subject of much academic research ( Krska  et al ., 2004 ) and as reported above, 
commercial products are also available. 

 In the dipstick format, either antigen (indirect competitive format) or antibody 
(sandwich format) are immobilized on membranes. One to three successive work-
ing steps require an overall time of 30 minutes to 3 hours, and give semi-quantitative 
results. The one-step test strips used in the lateral fl ow device enable yes/no results 
within 5–10 minutes. The availability of rapid validated tests for determination of 
specifi c proteins would considerably improve food labeling and consumer safety. 



 Regarding these screening methods, there is very little available in terms of rec-
ommended validation procedures. AOAC International has a method-validation pro-
gram designed specifi cally for test-kit methods. Performance-tested certifi ed kits are 
evaluated for accuracy, precision, limits of detection, false-positive or false-negative 
rates, ruggedness, cross-reactivity, stability, lot-to-lot consistency and matrix effects, 
and are compared with an existing method. As indicated by Eurofi ns Scientifi c Group 
(Eurofi ns Scientifi c,  http://www.eurofi ns.com ), although the limits of detection 
(LODs) for the ELISA tests have been validated with a precision that has never been 
reached before on a large variety of matrices, the performance of a method, and espe-
cially its sensitivity, can vary according to the product. It is therefore recommended 
that the limit of detection is fi rst established for the matrix concerned. Recently, a vali-
dation procedure for screening methods has been published by González  et al . (2007). 

 In addition, immunoanalysis can be incorporated into sensor systems that can 
be automated for on-line, high-throughput analysis. Immunosensor systems based 
on the use of enzymes as labels could follow the same basic principles as enzyme 
immunoassays. The sensor systems differ from  “ conventional ”  immunoassays in 
the degree of automation, the detection principle, the solid phase to which the Ab is 
bound, and the reusability of the bio-recognition layer. 

 Horseradish peroxidase (HRP), alkaline phosphatase (AP) and urease have been 
used as labels with absorciometric, luminometric and electrochemical detection. 
The sensor system protocol is similar to the corresponding microtiter plate assay-
antibody immobilization, the addition of sample, the addition of enzyme tracer (both 
solutions may be premixed and applied simultaneously), the washing of the sensor, 
the addition and incubation of the enzyme substrates, and detection. Adding labels 
to immunosensors often leads to improved sensitivity and a lower detection limit. 
However, the application of these enzyme-tracer based immunosensors for determin-
ing high-molecular weight proteins in foods has been scarce. 

 Immunosensor systems show some distinct advantages over conventional immu-
noassays because they offer reduced analysis times for single samples, which is par-
ticularly important for on-site or on-line analysis, and they can be automated, which 
reduces experimental error and speeds analysis. However, automated devices appear 
to be rather bulky as long as conventional tubing, pumps and valves are used. Thus, 
microtechnology could signifi cantly contribute to simpler devices. 

 The transfer of immunoassays onto microchips has already been described, and 
they prove valuable for food analysis, and especially for contaminants. However, 
there are areas of food chemistry (i.e. authenticity) that have not as yet benefi ted 
from these sensors. The application of affi nity sensors to food analysis is not fully 
exploited, and more collaboration between analytical chemists and food chemists is 
needed. A review of different types of immunosensors, their applications, and exam-
ples of commercially available biosensor instruments are addressed by  Patel (2002) .

 Multianalyte dipstick tests were a fi rst step for miniaturization and cost savings, 
but most of them lack automation. A recent strategy for miniaturization is the use 
of microarrays produced with spotting devices, enabling the immobilization of pro-
teins in the lower nanoliters range at defi ned positions on a surface. The potential of 
protein-sensing assay formats (including enzyme tracer-based assay), their automation,
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and the development of microarray formats are reviewed by  Bilitewski (2006) . 
Finally, the main advantages and disadvantages of ELISA test kits and biochip array 
biosensors have been compiled by  Toldrá and Reig (2006)  .

 To summarize, the new and future trends in the development of protein immu-
noassays as tools for food authentication include, among others: immunosensors 
( Sankaran  et al ., 2007 ), optical-fi ber sensors and neural-networks microfl uidic immu-
noassays ( Lim and Zhang, 2007 ), microarrays ( Bilitewski, 2006 ;  Harwanegg and 
Hiller, 2006 ), and nano-material-based devices and nanobiosensors ( Chau  et al ., 2007 ). 

  Conclusions 

 In the new immunoanalytical developments for food authentication, consideration 
should be given to the selection of the antigen bound by the antibody, the accuracy, 
validation and matrix effects. Good practice guides, recognized or normalized meth-
ods, collaborative studies, reference materials and accreditation of analysis by inde-
pendent organizations are very useful tools to give more reliable results. 

 As an analytical tool, immunochemical technology is robust, rapid, inexpen-
sive, reliable and easy to use. However, the rate-limiting steps in immunoassay 
development and application are the need for widespread availability of appropri-
ate antibodies and standards, the diffi culties of producing antibodies to particular 
sequences from a protein, and the inability to generate on demand antibodies capa-
ble of reacting normally at extreme pH or with high concentrations of salt or sol-
vent. These are areas where the application of recombinant antibody technology 
should bring considerable benefi ts as it becomes possible to more easily select anti-
bodies with rare properties and to manipulate the properties of antibodies already 
available. 

 The use of immunological methods for the detection of adulteration in foods has 
resulted in the development of sensitive, reliable assays capable of detecting low 
levels of signifi cant variations in these matrices. The use of monoclonal antibodies, 
careful selection of target antigen, and suitable ELISA format has greatly increased 
the food analyst ’ s ability to distinguish between species in foods. 

 The main developments in the future can be expected to focus not only on 
enhancement of existing analytical methods, but also on sample preparation steps. 
Finally, more effort is still needed for the validation of new analytical methods. 
The validation process, as well as the development and assessment of new refer-
ence materials via collaborative trials, will continue to be an important issue in the 
authenticity of food products. 

 Assessment of authenticity of food and food products will be a diffi cult task, and 
in most cases will require the measurement of several markers. Furthermore, fraudu-
lent practices tend to be quite innovative, and manufacturers are well aware of the 
weaknesses in food inspection systems. Therefore, within the food quality frame-
work, the development of new methods will be needed with the involvement of 
immunosensors, chips-microarrays and other novel bioanalytical tools.  
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  Introduction 

 During the last decade, regulatory agencies from several countries have been issuing 
food regulations that are every day becoming more and more demanding regarding 
the authenticity of foods. Apart from the evident reasons related to food safety and 
quality (including health concerns caused by, for example, allergies to proteins not 
declared on the label), other motivations are behind the need of these new regula-
tions, including economic and religious issues. 

 Common adulteration practices include the fraudulent substitution of more expen-
sive animal and plant species with cheaper ones, the addition of non-animal proteins 
to meat products, and the presence of protected or non-authorized organisms (spe-
cies, genetically modifi ed varieties) in foods, etc. A good example of the multiple 
food authenticity issues that can nowadays be addressed is provided in  Table 14.1   . 

 Although these are issues relevant to both the food industry and regulatory agen-
cies, food authenticity (including identifi cation of animals or plants species, geo-
graphical origin, processing, etc.) is a diffi cult task. For this reason, the verifi cation 
of food authenticity has to be faced by developing selective and sensitive methods 
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able to fi nd a compound (or group of compounds) that can be used as marker of 
a given species, geographical origin, method of food processing, etc. ( Sotelo and 
Pérez-Martín, 2003 ). Therefore, faster, more powerful, cleaner and cheaper analyti-
cal procedures are required by food chemists, regulatory agencies and quality control 
laboratories to meet these demands. As a consequence, there is a growing interest in 
the development of innovative analytical procedures, which meet all the aforemen-
tioned requirements, for ensuring the authenticity of the food supply. 

 Among the different analytical techniques that can be employed to analyze 
foods and food compounds, the use of capillary electrophoresis  (CE) has emerged 
as a good alternative due to the multiple analytical advantages that this technique 

Table 14.1     Examples of food authenticity issues (modifi ed from Kvasnicka, 2005)  

 Commodity  Issue 

 Beverages  Single malt whisky replaced with blended one 
   Inappropriate sugar addition to increase alcohol content in wine 
   Incorrect declaration of vintage or geographical origin of wine 

 Cereals  Foods labeled as  “ gluten-free ”  containing gluten 
   Undeclared replacement of durum wheat with common wheat (pasta) 
   Basmati rice replaced with non-Basmati rice 
   Incorrect declaration of geographical and cultivar origin of premium 

 long-grain rice 

 Fruit and vegetable  Undeclared water and/or sugar addition to fruit juice 
   Undeclared acid addition to fruit juice 
   Undeclared pulpwash or peel-extract addition into fruit juice 
   Incorrect declaration of fruit type 

 Herbs and spices  Adulteration with water to increase weights of spices or herbs 
   Incorrect botanical declaration of herbs or spices 
   Intentional addition of low-value materials to spices or herbs 

 Meat and fi sh  Incorrect declaration of species 
   Undeclared addition of offal 
   Undeclared use of mechanically recovered meat 
   Labeling previously frozen meat (or fi sh) as fresh 
   Undeclared use of plant additives to meat products 

 Milk and dairy products  Distinction between cheese made of cows ’ , sheep ’ s, buffalo and/or 
 goats ’  milk 

   Undeclared addition of water to milk 
   Substitution of cheese analog 
   Distinction between cheese made from raw and heat-treated milk 

 Oils and fats  Undeclared addition of other vegetable oils to single-seed oils 
   Undeclared addition of poorer quality oils to extra-virgin olive oil 
   Hazelnut oil addition to olive oil 
   Butter adulterated with hydrogenated oil and animal fats 
   Addition of non-cocoa fats to chocolate 

 Others  Incorrect declaration of fl oral or geographical origin of honey 
   Undeclared sugar addition to honey 
   Undeclared addition of substitutes such as maltodextrins in coffee 

 Arabica              	              Robusta 
   Addition of meat species in processed vegetarian foods 
   Undeclared use of genetically modifi ed organisms in food 



 provides. Thus, CE offers high analysis speed, high separation effi ciencies, great vari-
ety of applications, reduced sample and solvents consumption, and automatization. 
These characteristics have contributed to the increasingly growing number of appli-
cations of CE in food science and technology ( Cifuentes, 2006 ) since its development 
in the 1980s ( Jorgenson and Lukacs, 1983 ).

 A wide array of molecules, including small ions, amino acids, carbohydrates, organic 
acids, vitamins, lipids, fl avonoids, additives, contaminants, peptides, proteins and DNA 
fragments, have been analyzed using CE in different food matrices ( Cifuentes, 2006 ). 
As an example of the great interest that the use of CE in food analysis has brought 
about, Table 14.2    shows some useful reviews published in the period 2003–2006 on 
this topic; interested readers are directed to these reviews. 

 In the following sections, a description of the basic instrumentation, operating 
principles and modes of CE is provided. Next, a revision of the main applications of 
this analytical technique in food science and technology is given, with special focus 
on its relevance for food authentication. This chapter concludes with a critical dis-
cussion about the main advantages and disadvantages of CE and some future out-
looks of this relatively new technique in the food analysis domain. 

  Equipment and instrumentation used in CE 

 A scheme of the basic instrumentation required in CE equipment is shown in  Figure 
14.1   . The separation of the analytes is performed inside the capillary, which is usu-
ally made of fused silica. The capillary dimensions range from 25 to 100        � m inner 

Table 14.2    Reviews on capillary electromigration methods in food analysis and related areas 
published in the period 2003–2006 

 Subject  Reference 

 General review of CE in food analysis   Cifuentes (2006)  
 Organic contaminants in food by CE   Juan-García  et al . (2005)  
 CE in food authenticity   Kvasnicka (2005)  
 CE for the analysis of meat authenticity   Vallejo-Cordoba  et al . (2005)  
 CE in routine food analysis   Castañeda  et al . (2005)  
 Analysis of natural antioxidants by capillary electromigration 
methods

  Herrero  et al . (2005)  

 Capillary electrophoresis-mass spectrometry in food analysis   Simó  et al . (2005a)  
 Analysis of low molecular weight carbohydrates in foods and 
beverages 

  Martínez-Montero  et al . (2004)  

 Analysis of pesticides in foods by CE   Hernández-Borges  et al . (2004)  
 Detection of genetically modifi ed organisms in foods   García-Cañas  et al . (2004a)  
 Combined use of molecular techniques and CE in food analysis   García-Cañas  et al . (2004b)  
 Chiral electromigration methods in food analysis   Simó  et al . (2003)  
 Analysis of beer components by CE methods   Cortacero-Ramírez  et al . (2003)  
 Determination of urea pesticide residues in vegetable and water 
samples

  Berrada  et al . (2003)  

 CE for short-chain organic acids and inorganic anions   Galli  et al . (2003)  
 Analysis of antibiotics by CE   Flurer (2003)  
 Amino acid analysis by CE   Poinsot  et al . (2003)  
 Food additives and micronutrients   Blake (2004)  
 General review on CE in food analysis   Frazier and Papadopoulou (2003)  
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diameter and from 25 to 100       cm in length. These silica capillaries are fragile, so they 
are coated externally with polyimide to add fl exibility and resistance. 

 The buffer-fi lled capillary is placed between two vials usually fi lled with the same 
buffer. During the injection, the inlet buffer is substituted by a vial containing the 
sample. A small volume of sample (nanoliters) is introduced into the capillary by 
pressure, vacuum, or applying a difference of voltage (electromigration). Once the 
injection is complete, the vial containing the sample is changed for the vial with 
the separation buffer. After that, an electric fi eld is applied to start the separation. 
In CE equipment, the high-voltage power supplies employed usually provide voltages 
ranging from 0 to 30       kV. The analytes are separated based on their different electro-
phoretic mobility under the infl uence of the electrical fi eld, moving to the detection 
point as pure bands. The capillary needs to be thermostatized, to dissipate the heat 
generated by the Joule effect and to maintain a constant temperature from one analy-
sis to another, assuring reproducibility. 

 A small section of the outer polyimide coating is removed near the outlet end of 
the capillary to form the detection window; thus the detection is done on-column (i.e. 
in the same capillary). This type of continuous detection has permitted the automa-
tion of this technique, and has eliminated dead volumes by avoiding any connection 
that increases separation effi ciency. Besides, the technique allows quantitative anal-
ysis. On the other hand, the narrow optical path-length of these detection windows 
(25–100        � m) and the low injection volumes (nanoliters) provide poor detection lim-
its, making it diffi cult for the application of CE for the analysis of traces. 

 Fused silica presents physicochemical characteristics compatible with UV-Vis detec-
tion, as it is almost transparent to the radiation in this part of the spectrum. Therefore, 
the detector most frequently used is the UV-Vis, followed by  laser induced fl uorescence
(LIF) detectors and mass spectrometers. However, other detection systems such as those 
based on amperometry, conductivity and light-emitting diodes are growing in popularity.  

  Theory and principles of CE 

 The capillary inner wall contains silanol groups that become ionized, gaining negative 
charge in contact with the separation buffer (as shown in  Figure 14.2   ). The degree of 

A
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Detector

Electrode

Sample vialHV power
supply

Capillary

Figure 14.1     Basic capillary electrophoresis instrumentation.    



ionization is basically controlled by the separation buffer pH (negative charges appear 
in aqueous solutions with pH over 3–4). The wall, negatively charged, attracts the cat-
ions from the buffer, creating an electrical double layer. This double layer has two 
zones; a fi xed  zone next to the capillary wall, where the interactions between the nega-
tively charged silanol groups and the positive ions of the buffer are so strong that they 
compensate for the thermal agitation, and a  diffuse  zone, further away from the wall. 

 Under the infl uence of the electric fi eld, the positive charges of the diffuse zone 
move to the cathode and drag with them the associated solvation water. The result 
is a global movement of the buffer inside the capillary towards the cathode; this is 
defi ned by the  electro-osmotic mobility ,  �eo : 

�
�eo �

�

   where  
  is the buffer dielectric constant,  �  is the buffer viscosity, and  �  (zeta poten-
tial) can be approximately defi ned as the potential generated between the negative 
charge excess at the capillary surface and the positive charge excess at the double 
layer. This last factor will determine, among other parameters, the electro-osmotic 
fl ow magnitude. This electro-osmotic fl ow will move all the substances in the interior 
of the capillary at the same speed because this is a system property – that is to say, 
it will not introduce selectivity, and therefore it will not permit the separation of the 
substances. One of the most important characteristics of this electro-osmotic fl ow is 
that the fl ow profi le is nearly fl at inside the capillary and it provides high separation 
effi ciency compared to the typical parabolic profi le of a fl uid moving under hydro-
dynamic forces, as in HPLC. 

 Moreover, under an electric fi eld, the charged substances undergo an additional  elec-
tromigration  process inside the capillary, in which each charged analyte tends to move 
to its opposite pole. Thus, ions experience two opposite forces; one due to the electric 
fi eld (electro-osmosis plus/minus electromigration) and the other due to the friction. 
Using Stokes approximation, where the particle is considered as a rigid sphere, the 
friction force (F r ) for a substance in any media is given by the equation F r        �       6 �� r p v e , 
where r p  is the particle radii,  �  the media viscosity and v e  the particle velocity. 
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Figure 14.2    Electrophoretic separation by FSCE of three types of substances: with positive electric charge 
(�  ), negative electric charge (  �  ) and neutral substances (0). 
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 On the other hand, the charged particle in an electric fi eld undergoes an electric 
force, F e       �      qE, where q is the charge of the particle under the electric fi eld E. The 
electric fi eld is the result of dividing the applied voltage by the total capillary length. 

 Both forces become equal, F r       �      F e , thus the particle takes a linear uniform move-
ment where the velocity has the following expression: 

v
q

r
Ee

p

�
6��

   The  electrophoretic mobility ,  �e , is defi ned as being equal to: 

�
�e

p

q

r
�
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   The electrophoretic mobility is the parameter that controls the selectivity of the 
separation system through the relation q/r p  in the form of  free solution capillary elec-
trophoresis  (FSCE), which is the most common mode of CE. As will be seen below, 
there can be other parameters that, depending on the mode of CE used, can control 
this selectivity – for example, the hydrophobicity, the isoelectric point, etc. The rela-
tion q/r p  is directly related to the ratio charge/volume of the substances. That is to 
say, for a group of substances with the same amount of electrical charge, the sub-
stances with a greater molecular size will have a lower q/r p  relation and their electro-
phoretic mobility �e  will be minor, so it will be possible to separate them from those 
substances of a smaller size and therefore higher electrophoretic mobility. 

 In a fused silica capillary, generally both electrophoretic and electro-osmotic 
migration are simultaneous and can be added or substracted, depending on the elec-
tric charge of the substances, as shown in  Figure 14.2 . Frequently the electro-osmotic 
mobility due to the capillary wall is higher than the electrophoretic mobility of the 
analytes. Thus, the fi nal velocity that the substances are going to adopt inside the cap-
illary will be decided by the addition or subtraction (according to whether they go in 
the same or in the opposite direction) of these factors: 

v ( )Eeo e� �� �

   The specifi c  migration time  of a charged substance will then be given by the 
expression   

t
( )Em

eo e

�
�

l
� �

   where l is the capillary length from the injection to the detection point. 

  Modes of CE 

 There are different modes of CE, mainly based on both the nature of the separation 
media introduced in the capillary, and the characteristics of the analytes to be separated. 
Interestingly, the instrumentation is practically the same for all of them. Although some 
other modes, including capillary isotachophoresis  ( Pospichal  et al ., 1989 ), have been 



described for CE ( Venema  et al ., 1998 ;  Erny and Cifuentes, 2006 ), they are currently 
rarely used in the authentication of food. In the following sections, a short description 
of the main existing and more frequently used CE modes in this area is provided. 

  Free solution capillary electrophoresis (FSCE) 

Free solution capillary electrophoresis  ( FCSE ) is the most frequently used CE mode 
today ( Jorgenson and Lukacs, 1983 ). The capillary is fi lled with a plain buffer solu-
tion, allowing the simultaneous separation of positively and negatively charged sub-
stances when the magnitudes of the electrophoretic and electro-osmotic mobilities 
are suitable. Following these criteria, compounds with higher positive charge density 
and smaller radius will migrate fi rst. 

 FSCE presents several limitations (although frequently some of them can be over-
come by using other different CE modes) that can be summarized as follows: (i) gen-
erally, separation of uncharged species or analytes with the same charge to mass ratio 
(like, for example, DNA fragments or protein-sodium dodecylsulfate complexes) 
cannot be accomplished by using FSCE; (ii) compounds bearing a high positive 
electrical charge density can be adsorbed onto the capillary wall (this adsorption will 
infl uence negatively the separation process); (iii) coeffi cients of variation for peak 
areas are in the range from 2 to 5% in real sample analysis; and (iv) the sensitivity of 
the technique does not permit trace analysis. It is interesting to note that points (iii) 
and (iv) are common to all the CE modes. 

  Micellar electrokinetic chromatography (MEKC) 

 This CE mode was initially developed to solve the limitation related to the separation 
of non-charged compounds ( Terabe  et al ., 1984 ), although it can also be applied to 
the separation of charged substances. 

Micellar electrokinetic chromatography  involves the addition to the separation 
buffer of a surfactant at a concentration level at which micelles are formed. These 
micelles constitute a stable second phase, which in chromatographic terms acts as a 
pseudo-stationary phase that moves into the capillary. Usually sodium dodecyl sul-
fate micelles are used in MEKC, bearing negative charge, and therefore they migrate 
to the anode. Neutral analytes will interact with the micelles depending on their spe-
cifi c partition coeffi cient.  Figure 14.3    shows the separation of three neutral substances 
with different affi nity for the micelles, namely a compound T that irreversibly inter-
acts with the micelles, a compound P with a medium interaction, and a compound N 
that does not interact with the micelles. Thus, the migration time of compound T (t m ) 
that interacts irreversibly with the micelles will be the same as that of the micelles. 
It will depend upon the electro-osmotic fl ow and the electrophoretic mobility of the 
micelles ( �eo  and  �em ). The compound P partially interacts with the micelles, and its 
migration time (t p ) will depend as much upon the electrophoretic and electro-osmotic 
mobilities as upon the compound partition coeffi cient between the aqueous buffer and 
the micelles. Compound N does not interact with the micelles. As it has no charge, 
the only driving force to the detector will be the electro-osmotic fl ow. Therefore, it 

Modes of CE 527



528 Electrophoretic Technique: Capillary Zone Electrophoresis

has a migration time (t o ) corresponding to the electro-osmotic mobility (which can be 
considered similar to the dead volume in HPLC). The difference between t m  and t o
is the so-called separation window . The compounds to be separated will have migra-
tion times within this window, and this fact limits the separation power of MEKC. 
In summary, the mechanism of separation depends on differences in distribution coef-
fi cients of the analytes between the aqueous and the micellar pseudo-stationary phases.  

  Capillary gel electrophoresis (CGE) 

 In  capillary gel electrophoresis , the capillary is fi lled with a buffer solution contain-
ing a gel that will act as a molecular sieve. The most important application of this 
technique is the separation of compounds with the same charge/mass ratio, but with 
different molecular mass ( Cohen and Karger, 1987 ) – for example, DNA fragments, 
polysaccharides, SDS-protein complexes or ionic polymers. In CGE, the molecules 
with smaller molecular size are able to pass through the pores of the molecular sieve 
formed inside the capillary and migrate fi rst, whereas larger molecules are delayed by 
the gel and migrate later. 

 The fi rst gels to be used in the latter 1980s were made from cross-linked polyacryl-
amide covalently linked to the capillary wall. However, they had many problems 
related to low reproducibility, resistance and stability. Nowadays, they have been 
substituted by the polymeric networks. These are hydrophilic non-cross-linked 
polymers that are dissolved in the buffer solution in a concentration usually higher 
than the so-called entanglement concentration , over which a net is formed that acts 
as a molecular sieve (although, according to  Barron  et al . (1993) , it is not neces-
sary to reach that concentration to obtain the effect of a molecular sieve). Some of 
the more frequently used polymers are linear polyacrylamide, polyethyleneglycol, 
polyethylenoxide, polyvinylalcohol, hydroxiethylcellulose, methylcellulose, etc.  

  Capillary isoelectrofocusing (CIEF) 

Capillary isoelectrofocusing  ( CIEF ) has mostly been applied to the separation of 
peptides and proteins, as shown in the pioneer work published by  Hjertén and Zhu 
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Figure 14.3     Electrophoretic separation by MEKC of three neutral compounds (T, P and N) with different 
hydrophobicities.    



(1985) . Usually, a mixture of  ampholytes  with different pH values is introduced into 
the capillary together with the sample (the peptides and proteins to be separated). 
When an electric fi eld is applied, a pH gradient inside the capillary is fi rst established 
due to the ampholytes, which are distributed from the anode (with low pHs) to the 
cathode (with high pH values). Peptides or proteins with positive or negative charge, 
under the infl uence of the electric fi eld, move through the capillary to the anode or 
cathode until they reach the zone of the capillary in which the pH of the buffer is 
the same as their isoelectric point  – that is to say, they achieve a pH value in which 
the number of their positive and negative charges is the same. At this pH value ana-
lyte migration stops, as its global electrical charge will be zero. When all the com-
pounds have achieved their isoelectric point within the capillary, elution is generally 
performed by applying a low-pressure (keeping the run-voltage on) in the anodic end, 
moving the focused bands towards the detection point. The capillaries used in this 
mode usually have an internal coating that decreases or eliminates the electro-osmotic 
fl ow, because that fl ow would in most cases prevent the formation of the pH gradient. 

  Capillary electrochromatography (CEC) 

Capillary electrochromatography  ( CEC ) has great similarity to liquid chromatogra-
phy. In CEC, the capillary is fi lled with silica particles (3–10        � m in diameter and 
either derivatized or not) that act as a stationary phase. The buffer acts as a mobile 
phase that moves when an electric fi eld is applied. Its velocity is proportional to the 
electro-osmotic fl ow (i.e.,  �eo       �       �eo E). Neutral compounds are carried by the electro-
osmotic fl ow and they interact specifi cally with the stationary phase (in the same way 
as in HPLC) that originates their separation. 

 As with MEKC, the CEC mode was mainly developed to separate non-charged 
compounds in CE ( Knox and Grant, 1987 ). This technique is currently under devel-
opment, with the short life of the packed capillaries being one of its main limitations. 
These capillaries, apart from being time consuming to prepare and/or expensive, 
frequently cause the formation of bubbles in the interior as a result of the applica-
tion of the electric fi eld. This makes the capillaries useless for further applications. 
Moreover, the potential CEC in real-life samples has still to be proved.   

  Application of CE to food authentication 

 Analytical strategies such as the use of biomarkers or the use of profi ling fi ngerprints 
are known to offer the potential for rapid food characterization and identifi cation pur-
poses. In this regard, CE can be a helpful analytical tool based on its mentioned pro-
perties of high speed, elevated effi ciency and wide number of applications, making CE 
a technique capable of delineating subtle compositional differences among different 
species, geographical origins, food processes, etc. A variety of CE methods has been 
developed for ensuring the authenticity of foods ( Kvasnicka, 2005 ). Below, relevant 
and representative CE approaches applied to the analysis of DNA, proteins and other 
food constituents in order to solve different food authenticity problems are discussed. 
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  DNA analysis 

 Food authenticity testing by means of DNA analysis relies on the detection of one or 
more relatively rare features of the organism ’ s genome at a certain taxonomic level, 
which depends on the degree of specifi city required for identifi cation. Hence, tech-
niques that allow the rapid amplifi cation of specifi c DNA sequences, particularly in 
polymerase chain reaction (PCR), have been fundamental in this fi eld. A shortcoming 
of DNA amplifi cation-based methods accounts for the necessity for sensitively detect-
ing the presence of the target sequence (amplicon) after amplifi cation. This fi nal step 
has traditionally been performed  by agarose gel electrophoresis  ( AGE ). Apart from 
the insuffi cient resolution and sensitivity of AGE, the use of carcinogenic substances 
and the need to visualize the amplicons have made it not too user-unfriendly for ade-
quate diagnostic testing. To overcome such limitations, a good solution is the combi-
nation of CGE methods with PCR-based methods to successfully amplify and detect 
DNA sequences with high sensitivity and specifi city in an automatic mode ( García-
Cañas et al ., 2004b ). Examples of the application of PCR-based plus CGE techniques 
in authenticity analysis of raw materials and food products are discussed below. 

 The benefi ts of using PCR in combination with CGE to detect  genetically modifi ed 
organisms  ( GMOs ) in foods were fi rst reported by  García-Cañas  et al . (2002a) . The 
developed CGE method allowed reproducible separations of DNA fragments rang-
ing from 80 to 500       bp in 20 minutes, using commercially available polymers together 
with bare fused silica capillaries. The method combined a routine of washing the 
capillary with 0.1-M hydrochloride acid followed by a rinsing step with a dissolu-
tion containing 1% polyvinyl alcohol; after that, the capillary was fi lled with a run-
ning buffer containing 2-hydroxyethyl cellulose (HEC). Two amplifi cation reactions 
were performed separately in parallel to obtain an amplicon of the transgene present 
in transgenic maize Bt 176, and an amplicon of a gene naturally present in maize. The 
analysis of the PCR products demonstrated that the sensitivity of the procedure was 
enough to detect 1% of transgenic maize in maize fl our; however, the peak obtained 
for the amplifi ed DNA was too close to the detection limit. In this regard, the sen-
sitivity of the method could be greatly enhanced with further modifi cations which 
included the use of a LIF detector together with the addition of intercalating dyes to 
the running buffer ( García-Cañas  et al ., 2002b ). From the comparison of four fl uo-
rescent intercalating dyes, it was shown that the use of YOPRO-1 provided optimum 
conditions in terms of sensitivity (i.e. LOD was 1000 zmol, calculated for a 200-bp 
DNA fragment), effi ciency (up to 2.4       	       10 6  plates·m      −     1 ), speed of analysis, reproduc-
ibility and cost per run. The CGE-LIF procedure using YOPRO-1 as the intercalating 
dye provided ultrasensitive detection of genetically-modifi ed maize DNA and allowed 
the detection of 0.01% of transgenic maize in fl our by direct injection of the PCR 
amplifi ed sample ( García-Cañas  et al ., 2002c ). 

 In addition to the aforementioned methods, CGE has also demonstrated great 
potential when combined with other PCR amplifi cation-based techniques, such as 
quantitative competitive PCR (QC-PCR) and multiplex PCR, for quantitation of Bt 
176 transgenic maize in food ( García-Cañas  et al ., 2004c ) and simultaneous detection 
of fi ve transgenic maize lines (Bt11, Bt176, MON810, GA21 and T25) in a single 



analysis ( Figure 14.4   ;  García-Cañas  et al ., 2004d ), respectively. These studies dem-
onstrated that CGE-LIF provided better resolution and a signal/noise ratio improve-
ment of ca . 700-fold compared with AGE, and that CGE-LIF can be a useful tool for 
the optimization of the multiplex PCR conditions. 

 DNA-profi ling techniques aimed at the analysis of polymorphisms are also used in 
food authentication. The most popular of these techniques is the  restriction fragment 
length polymorphism  ( RFLP ) analysis, which is based on the examination of poly-
morphic DNA loci characterized by variable-length restriction fragments. RFLP anal-
ysis has seen huge application in DNA identifi cation analysis in many research fi elds. 
In food science, a study concerning meat identifi cation, based on RFLP analysis, has 
made evident the signifi cance of the choice of the method used to analyze restric-
tion fragments, demonstrating sensitivity lower than 1% beef contamination in heat-
treated pork meat when CGE-LIF was applied instead of AGE ( Sun and Lin, 2003 ). A 
variant of this technique, referred to as  terminal-RFLPs , which employs fl uorescently 
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Figure 14.4    GCE-LIF electrophoregram of a multiplex PCR amplifi cation of maize DNA containing 0.67% 
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Redrawn from  García-Cañas  et al . (2004d) .    
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labeled primers, has been used successfully for the differentiation of goats ’ , sheep ’ s, 
buffalo and cows ’  milk in dairy products ( Lanzilao et al ., 2003 ). 

 Apart from RFLP analysis, other DNA-profi ling methods have been used in com-
bination with CGE for ensuring authenticity of the food supply. This is the case for 
both random amplifi ed polymorphic DNA  ( RAPD ) and  microsatellite marker analy-
sis , which have been applied to differentiate grape ( Vitis vinifera ) varieties of interest 
in wine production. The benefi t of using CGE-LIF in detecting the amplifi ed DNA 
products (fi ngerprint) is that it ensures the detection of low-concentration products 
and thereby the integrity of the genomic fi ngerprint. The simplicity and highly dis-
criminatory power of this technique combined with the high resolution and sensitivity 
of CGE-LIF demonstrated good potential for the characterization and differentiation 
of grape varieties and clones ( Siles  et al ., 2000 ). Alternatively,  Rodríguez-Plaza  et al . 
(2006)  has recently proposed a novel method that provides reproducible and effi cient 
DNA separations with adequate size assignments by CGE-LIF. The method, applied 
to the analysis of microsatellite markers, provides characteristic DNA profi les and 
allows differentiation of two varieties of grape employed in wine production. 

  Analysis of proteins 

 Proteins may be good biomarkers for the differentiation and identifi cation of species 
and variety in raw materials. Traditionally, the protein composition of raw materials 
has been examined by polyacrylamide gel electrophoresis slabs. However, improved 
sensitivity and accuracy can be achieved by adopting alternative analytical techniques 
based on CE. The separation of proteins has nowadays become one of the main appli-
cations of CE; nevertheless, the separation of these biopolymers using fused-silica 
capillaries is strongly hampered by solute adsorption onto the capillary wall. This 
phenomenon is one of the main reasons for observed effi ciency loss, poor reproduc-
ibility in migration times and low protein recovery rates. Adsorption is generally due 
to electrostatic interactions between positively charged residues of the proteins and 
negatively charged silanol groups, which are intrinsic to the fused-silica capillary sur-
face. However, undesired interactions between proteins and the capillary wall can be 
reduced by different means, including (i) the use of highly alkaline or acidic buff-
ers, (ii) the addition of substances to the separation buffer able to shield the nega-
tive charges of the capillary wall (polymers, high salt concentrations), (iii) the use of 
physically adsorbed coatings of the capillary wall, and (iv) chemical modifi cation of 
the silica surface. Some of these approaches have been used for protein profi ling by 
CE in authenticity testing of a variety of food commodities, including cereals, grain 
legumes, meats, fi sh, milk, smoked paprika, etc. ( Frazier and Papadopoulou, 2003 ;
 Cifuentes, 2006 ).

 The protein composition of cereals can be examined, in terms of its profi le of 
prolamines and/or glutenins, by CE. Several FSCE-UV methods have been proposed 
for protein profi ling of cereals. However, rapid, reproducible and high-resolution sep-
aration of cereals has been achieved by the use of isoelectric buffers containing low-
viscosity polymers to differentiate wheat ( Capelli  et al ., 1998 ) and barley ( Lookhart 
et al ., 1999 ) cultivars. Alternatively, CGE methods for the separation of SDS-
protein complexes have also been used to obtain high-resolution profi les of wheat 



high molecular weight glutenin subunits, in order to characterize wheat cultivars 
( Werner  et al ., 1994 ). 

 Recently, the protein profi les of high-quality seed lentils ( Lens culinaris  Medik) 
obtained by FSCE-UV using uncoated fused-silica capillaries and a separation buffer 
containing imino diacetic acid, hydroxypropylmethylcellulose and 20% ACN, were 
compared and differentiated from those obtained from seeds of vetch ( Vicia  spp.) 
( Piergiovanni and Taranto, 2005 ). A similar FSCE-UV method was developed for the 
separation and detection of methanol-soluble protein extracts from paprika samples 
in uncoated silica capillaries ( Hernández  et al ., 2006 ). Qualitative and quantitative 
differences were detected among the CE profi les of paprika adulterated with differ-
ent varieties of pepper. With this method, it was possible to detect levels of adulterant 
paprika as low as 5% in high-quality smoked paprika  “ pimenton de La Vera ” . 

 Casein and whey proteins (lactoglobulins) can be analyzed and their CE patterns 
used for milk authentication purposes ( Herrero-Martínez  et al ., 2000 ). Identifi cation 
and quantitation of cows ’ , sheep ’ s and goats ’  milk in binary and ternary mixtures 
can be achieved by assessing the differences between casein patterns obtained by 
FSCE-UV and multivariate regression analysis, with a prediction error lower than 
3% ( Molina et al ., 2000 ). 

 The detection of species-specifi c proteins can be used for identifi cation of fi sh 
and meat  species.  Gallardo et al . (1995)  proposed the analysis of sarcoplasmic fi sh 
proteins by FSCE to differentiate eight fi sh species. CGE separation of SDS-protein 
complexes in combination with linear discriminant analysis to investigate the pro-
tein composition of water and saline extracts of turkey, beef and pork meat has been 
carried out by  Vallejo-Cordoba  et al . (2005) . Despite the good results obtained with 
these methods, species distinction becomes diffi cult in complex matrices or heat-
treated samples. For this reason, PCR-based methods are usually preferred for spe-
cies identi fi cation in processed food, due to their better reliability and sensitivity and 
to the higher stability of DNA over proteins. 

 In addition to species identifi cation analysis, detection of  meat extenders  is an 
important issue in meat authenticity analysis. Accordingly,  Simó  et al . (2004a)  detected 
adulteration of ground meat with 5% of egg-white by CE-MS using a physically 
adsorbed capillary coating. Using this CE-MS method, the electrostatic adsorption of 
basic proteins onto the capillary wall is signifi cantly reduced by rinsing the capillary 
with a polymer aqueous solution for 2 minutes. The coating protocol is compatible 
with electrospray ionization  ( ESI )-MS, providing reproducible separations (%RSD 
values (n      �      5)       �      1% for analysis time and  �  5% for peak heights). 

  Analysis of chiral compounds 

 Enantioselective separations can be used for identifying adulterated foods and bever-
ages ( Armstrong  et al ., 1990 ). The use of CE for enantiomer separations provides fast 
and effi cient separations in this type of analysis. Moreover, the availability of many  chi-
ral selectors  and the minimal consumption of such compounds during a CE run have 
to be considered as an additional advantage of capillary electromigration methods. 

 Different methods based on MEKC-LIF have been developed to analyze deriva-
tized D- and L-amino acids in food. Cyclodextrins  and their derivatives are the main 
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chiral selectors included in the separation buffer for this type of separations. In addi-
tion, representative groups of D- and L-amino acids in foods and beverages can be 
derivatized with fl uorescein isothiocianate (FITC) to enhance the sensitivity when 
fl uorescence detection is employed. An added benefi t of derivatization is facilitation 
of the chiral separation of amino acids, since inclusion and interaction with the chi-
ral selector becomes more discriminating. Using this procedure, a mixture of 14 D-
and L-amino acids (i.e., D/L-Asp, Glu, Ser, Asn, Ala, Pro, Arg) plus the non-chiral 
� -aminobutyric acid (GABA) were analyzed in orange juices by MEKC-LIF ( Simó
et al ., 2002 ). This method in combination with discriminant analysis was success-
fully used to classify processed orange juices, including nectars, products reconsti-
tuted from concentrates, and pasteurized orange juices not from concentrates ( Figure 
14.5   ) ( Simó  et al ., 2004b ). Following a similar MEKC-LIF strategy, FITC deriva-
tized amino acids (D/L- Pro, Ala, Arg, Glu and Asp) were separated in less than 

700

600

500

400

300

200

100

0
6 8 10 12 14 16 18

tmig (min)

R
F

U

(a)

(b)

Enlarged zone I

1 2

2

3 6

7

10
11

34
6

7

810

11
12 13

13

15

14 1595

Enlarged zone III

Enlarged zone II

Figure 14.5    Chiral MEKC-LIF separation of (a) standard FITC amino acids, (b) orange juice from concentrate. Peak identifi cation: 1, 
D-Arg; 2, L-Arg; 3, L-Pro; 4, D-Pro; 5, D-Asn; 6, GABA; 7, L-Asn; 8, D-Ser; 9, D-Ala; 10, L-Ser; 11, L-Ala; 12, D-Glu; 13, L-Glu; 14, D-Asp; 
15, L-Asp. Redrawn from  Simó  et al . (2004a) . 

5 1

2

9

10 11 13

14

15

12

I II III

2.5

0
7.4 7.6 7.8

10

5

0

10

5

0
11.6 11.8 12.0 15.5 16.0 16.5 17.0

tmig (min) tmig (min) tmig (min)

R
F

U

R
F

U

R
F

U

(b)



20 minutes ( Carlavilla  et al ., 2006 ). This simple and fast method was applied to the 
quantitative analysis of chiral amino acids to differentiate several types of vinegars. 

 In addition to the MEKC-LIF methods, a CE-MS method was developed to ana-
lyze the chiral amino acids D/L-Asp, -Glu, -Ser, -Asn, -Ala, -Pro and -Arg, plus 
� -aminobutyric acid in orange juices ( Simó et al ., 2005b ). Some of the typical 
limitations observed when combining ESI-MS and non-volatile chiral selectors as 
cyclodextrins were solved by using a physical coating of the capillary. Using this 
method, adulterations as low as 0.8% (with respect to the total amino acid content) 
of D/L-Asp in orange juices, in which only the L-forms of the amino acids are 
expected to occur, can be detected. 

  Herrero  et al . (2007)  have also demonstrated the great possibilities of chiral-
MEKC-LIF in investigating the different D/L-amino acid profi ling provided by con-
ventional and transgenic maize, which could allow their differentiation.  

  Analysis of other compounds 

 Besides the aforementioned target compounds, there are other analytes of consider-
able signifi cance in food authenticity testing. A number of CE methods that allow 
the determination of these compounds in food have been developed to assist in food 
authenticity issues ( Kvasnicka, 2005 ). Some representative examples are discussed 
below. 

 FSCE with indirect UV detection has been applied to the analysis of  � - galactosides 
(raffi nose, stachyose, verbascose and ajugose) in various plant species belong-
ing to the genera Lupinus ,  Pissum ,  Brassica  and  Hordeum  ( Andersen  et al ., 2005 ). 
The CE method in combination with chemometrics demonstrated that the profi le of 
� -galactosides in seeds depended on both genera and plant species to a certain extent. 
However,  Andersen  et al . (2005)  indicated that it would be necessary to analyze a 
larger data set to make a prediction of plant origin when unknown  � - galactosides-
containing materials are analyzed. 

 CE can also be used to analyze both the organic acids and mineral contents in 
order to evaluate, for example, the authenticity of fruit juices. To illustrate this point, 
 Weston  et al . (1992)  achieved fast separations of four cations (sodium, potassium, 
calcium and magnesium) in orange juices by FSCE using indirect UV detection 
together with the addition of a complexing agent ( � -hydroxyisobutyric acid) to the 
running buffer.  Saavedra  et al . (2000)  have developed a novel FSCE-UV method for 
the detection and quantitation of four organic acids, namely isocitric, malic, tartaric 
and citric acid, in orange juices. The CE method, which features minimal sample 
treatment (dilution and fi ltration), showed detection limits below the mean values 
that are normally found in orange juices. Different orange juices were analyzed by 
this method, and clear differences could be found between commercial juices and 
freshly-pressed orange juices. Moreover, the addition of grapefruit to orange juice 
could be detected by the presence of tartaric acid. 

 The characterization of the polyphenolic fraction in wine by FSCE-UV has dem-
onstrated the usefulness of this technique to differentiate various types of wine 
( Pazourek  et al ., 2000 ). Using FSCE in combination with a fast-scanning detector, 
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with no need for sample pre-concentration, characteristic profi les of the polyphenolic 
fraction were obtained from different wine samples. 

  Future outlook 

 Despite the multiple applications of CE in food authenticity, there are still some prob-
lems that have to be addressed before it can be considered as a mature and routine tech-
nique in this area. Thus, although the volumes of sample usually consumed per analysis 
in CE are a few nanoliters, the sensitivity in terms of concentration is not very high, 
which precludes the use of CE for determination of trace compounds. To enhance the 
sensitivity, different strategies have been applied – for example, using sample pre-
 concentration, stacking procedures, more sensitive detection systems (such as laser-
induced fl uorescence, amperometric detector), etc. Also, in order to improve both 
sensitivity and mainly selectivity, CE can be interfaced with other techniques such as 
electrospray mass spectrometry  (MS) to bring about a very powerful hyphenated tech-
nique ( Simó  et al ., 2005a ). On-line coupling of CE with electrospray-MS may solve the 
identifi cation problems associated with unknown compounds detected in the complex 
food matrices usually analyzed. Moreover, the application of CE-MS to food analysis, 
including food authentication, is an important and practically unexplored working fi eld. 
Some other new and interesting developments that are currently being worked on in the 
CE domain will probably be applied for food analysis in the near future. These develop-
ments include multi-capillary arrays ( Trotha  et al ., 2002 ), CE interfaced with biosensors 
( Bossi  et al ., 2003 ), and chip-based separations ( Reyes  et al ., 2002 ). As an example, 
authentication of coffee by combining PCR analysis and chip-CE has already been dem-
onstrated ( Spaniolas  et al ., 2006 ). The development of these systems will be important 
in helping to overcome throughput limitations and sensitivity problems in CE. 

  Conclusions 

 Since the development of CE in the 1980s, the features of this separation tech-
nique, including its high analysis speed, high separation effi ciency, great variety of 
applications and reduced sample and solvents consumption, have contributed to an 
increasingly growing number of applications of CE in food science and technology, 
including its use for solving many analytical problems related to food authenticity. 
As an example, some representative applications of CE have been shown and dis-
cussed in this chapter, including the CE separation of DNA fragments, proteins, chi-
ral compounds, galactosides, cations, organic acids or polyphenols for addressing 
different food authenticity issues. These examples clearly show that CE can be used 
in food and regulatory laboratories as a powerful analytical technique complemen-
tary to other more established or new analytical procedures. Despite these remark-
able applications of CE, the ongoing instrumental and methodological developments 
of CE aimed to improve its sensitivity, reproducibility and applications range are also 
expected to continue in the future.  
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  Introduction 

 Thermal analysis is defi ned as a group of techniques in which the physical property 
of a substance is measured as a function of temperature whilst the substance is sub-
jected to a controlled temperature program ( Wendlandt, 1986a ). Some of the tech-
niques used to carry out thermal analysis include differential thermal analysis (DTA), 
differential scanning calorimetry  ( DSC ), thermogravimetric analysis (TG), hot-stage 
microscopy (HSM), thermomechanical analysis (TMA), dynamic mechanical anal-
ysis (DMA), dielectric thermal analysis (DETA) and thermoptometry. Some of the 
lesser-known techniques include evolved gas analysis (EVA), evolved gas detection 
(EGD), thermosonimetry (TS), thermoluminescence (TL), thermomagnetometry 
(TM), a combination of techniques such as thermogravimetry-mass spectroscopy, 
and many more. It should be noted that, despite the vast literature published on the 
application of thermal analysis (TA) methods in numerous research areas, it is often 
used in combination with other TA/analytical techniques to supplement, complement 
or confi rm the results or information obtained. The use of a single TA method is often 
insuffi cient to provide all the required information regarding a system. In this chap-
ter, we will review fully the application of one thermal technique, notably DSC, in 
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the area of food authentication. The basic theory and principles of operation, as well 
as the advantages and limitations of this analytical technique, will be discussed. A 
compilation of all the books written on DTA/DSC and other thermal techniques from 
1937–1980 can be found in  Lombardi (1980) . Readers who are interested in the prin-
ciples, design, development and operation of other thermal techniques are directed to 
the excellent publications of  Wendlandt (1986a) , and those cited in this chapter. 

  Differential scanning calorimetry 

 The Nomenclature Committee of the International Confederation for Thermal 
Analysis (ICTA), later known as the International Confederation for Thermal 
Analysis and Calorimetry (ICTAC), has defi ned DSC as  “ A technique in which the 
difference in energy inputs into a substance and a reference material is measured as 
function of temperature whilst the substance and reference materials are subjected 
to a controlled temperature program ”  ( Mackenzie, 1980 ). Of all the TA techniques, 
DSC is the most versatile, with a wide range of applications in numerous areas 
( Griffi n and Laye, 1992 ). There are two major classes of DSC instruments commer-
cially available:  power-compensation DSC  and  heat-fl ux DSC . 

  Basic principles 

 DSC is useful in the study of endothermic and exothermic phenomena of matter. 
In DSC, the difference in temperature ( � T) between the sample and the reference 
material is measured under the same temperature program. The heat capacity of the 
sample can also be obtained by determining the input of energy into the sample and 
reference. When the sample is heated at a constant rate (dT P /dt �      constant), the tem-
peratures of the furnace (T P ), reference (T R ) and sample (T S ) change with time (t). 
The relationship between T and t, and  � T and t for furnace, reference and sample is 
indicated in  Figures 15.1(a) and 15.1(b)   , respectively. At steady state,  � T R  and  � T S
are constants of dT P /dt. According to Newton’s law of cooling, the transfer of heat 
from the furnace to the sample, i.e. the heat fl ow rate, dq S /dt, can be represented by 
this equation: 

d /d / ( )S P Sq t R T T� �1 (15.1)

   where R is the heat resistance between the furnace and the sample. From Equation 
(15.1), we can clearly see that the heat resistance, R, is the reciprocal of the heat 
transfer constant, dq S /dt. Since the heat transferred to the sample is used for heat-
ing the sample and the sample cell, the heat fl ow rate is represented by the following 
equation:

d /d ( ) ( ) d /dS S CS Pq t C T C T T t� �[ ] (15.2)



   where C S (T) and C CS (T) are the heat capacities of the sample and the sample cell, 
respectively. Equations (15.1) and (15.2) can also be applied to the reference cell as 
follows:   
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   where C R (T) and C CR (T) are the heat capacities of the reference and the reference 
cell, respectively. From Equations (15.1), (15.2) and (15.3), the following equation 
can be derived:   
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   Since the same material is used for the sample cell and reference cell, the heat 
capacity and the mass of the sample cell will be the same as those of the reference 
cell. Therefore, 

C T C TCS CR( ) ( )� (15.5)

ΔT

ΔT

Time (min)

TP
TR
TS

Te
m

pe
ra

tu
re

 (
K

)

tf (Tf)te (Te)
ti (Ti)

D
iff

er
en

tia
l t

em
pe

ra
tu

re
 (

ΔT
)

(a)

(b)

Figure 15.1    (a) Change in temperature of reference, T R , and sample, T S , with increasing furnace 
temperature, T P ; (b) typical signal output converted to differential temperature,  � T, with time, t.   Source: 
 Ozao (2004) .    
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   Upon substitution of Equation (15.5) into Equation (15.4), the following equation 
can be derived:   

1/R( ) ( ) ( ) d /dS R P�T C T C T T t� �[ ] (15.6)

   where  � T � TR �      T S  or   

d /d d /d d /d ( ) ( ) d /dS R S R P�q t q t q t C T C T T t� � � �[ ] (15.7)

   The heat transfer of the heat-fl ux type DSC is a well-defi ned path of heat resist-
ance R. Therefore, the difference in heat capacity of the sample and the reference 
can be derived by measuring the differential temperature,  � T      �      T R �      T S . In power-
compensation type DSC, the difference in the energy supplied per unit time of the 
sample and reference is measured to give Equation (15.7). 

 However, the reader should be aware that the technique of DSC is based on rela-
tive measurements that are not made in thermal equilibrium. In addition, the outputs 
of the DSC instrument are represented by voltages as a function of time that are fur-
ther transformed to temperature (K or °C) and heat fl ow rate (W or Js �     1 ) 

d /d ( )d /d ( ) ( ) d /dm S R P� �q t K T q t C T C T T t� � �[ ] (15.8)

   where K(T) is a temperature-dependent factor and d � q m /dt is the measured signal. 

  Power-compensation differential scanning calorimetry 

 In power-compensated DSC, heat is added to the sample or to the reference mate-
rial as needed so that the two substances remain at the similar temperature ( Meisel
and Seyboldare, 1981 ). Both the sample and reference materials are supplied with 
separate heaters or micro-ovens, and their temperatures are identically maintained 
by platinum resistance thermometers. This results in different amounts of heat being 
supplied to each of the specimens as appropriate. In 1963, when the fi rst power-
compensation DSC was introduced, their holders were made from stainless-steel cup 
and support and a platinum wire sensor which allowed the sample holders to oper-
ate at temperature ranges between  � 125 and 500°C. These were then replaced with 
platinum-iridium alloy for the sample holder, platinum wire for both the sensor and 
heater, and �-alumina for insulation in the holders. Such design allowed the sample 
holders to operate at higher temperature ranges of up to 725°C. 

  Figure 15.2    illustrates the basic circuitry principle of a power-compensated DSC. 
There are two separate heating circuits; the  average-heating controller , and the  differ-
ential heating circuit . In the average-heating controller, the temperatures of the sample 
and reference are measured and averaged, and the heat output of the average tempera-
ture of the sample and reference increases at a predetermined rate ( McNaughton and 
Mortimer, 1975 ). The average temperature then serves as the abscissa for the thermal 
curve ( Wendlandt, 1986b ). The differential-temperature controller monitors the differ-
ence in temperature between the sample and reference (because of the exothermic or 
endothermic reaction in the sample) and automatically adjusts the power to either the 



reference or sample holders in such a way that their temperatures are identical. This 
is the null-balance principle. Thus, the temperature of the sample holder is always 
the same as that of the reference holder by continuous and automatic adjustment of 
the heater power ( Griffi n and Laye, 1992 ). A signal, proportional to the difference 
between the power input to the sample and that to the reference, is fed into a recorder. 
This difference in power, usually in milliwatts, is the information most frequently 
plotted as a function of sample temperature ( Haines and Wilburn, 1995 ). The area 
under the peak is then proportional to the heat energy absorbed or liberated during 
the transition. The recorder can also be used to register the average temperature of the 
sample and reference ( McNaughton and Mortimer, 1975 ). 

  Heat-fl ux differential scanning calorimetry 

 The principle of the heat-fl ux system developed by Tian and Calvet during the 1920s 
is that the sample and reference materials are simultaneously heated on a fi xed ther-
mal conduction path and the temperature difference between them is proportionate to 
the difference in heat fl ow between the two materials ( Wendlandt, 1986b ). The signal 
(temperature difference) is then converted to a power difference using the calorimet-
ric sensitivity ( Haines and Wilburn, 1995 ).
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Figure 15.2    Schematic diagram of a Perkin-Elmer DSC instrument.   Source:  Wendlandt (1986d) .    
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 The construction of a heat-fl ux system was fully described by DuPont systems. 
 Figure 15.3    shows the schematic diagram of a commercially available heat-fl ux DSC 
cell in cross-section. A constantan disc transfers heat to sample and reference posi-
tions. It also serves as one element of the temperature-measuring thermoelectric junc-
tions. The sample and reference are contained in pans positioned on raised platforms 
on the constantan disc. Heat is transferred through the disc and through the pan sam-
ple into the contained sample and reference during a scan. The differential heat fl ow 
is monitored by chromel-constantan area thermocouples formed by the junction of the 
constantan disc and the chromel wafer attached to the underside of the disc. Sample 
temperature is monitored directly via chromel–alumel thermocouples formed from 
chromel and alumel wires connected to the underside of the chromel wafers. This 
shows that the differential heat fl ow into the pans is directly proportionate to the dif-
ference in output of the two-thermocouple junctions. Software linearization of the cell 
calibration is utilized to maintain calorimetric sensitivity ( Ford and Timmins, 1989 ).
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Figure 15.3     Cross-section of a heat-fl ux DSC cell.   Source: TA Instruments.    



  Temperature-modulated differential scanning calorimetry 

 Temperature-modulated differential scanning calorimetry (TMDSC) was fi rst intro-
duced by  Reading (1993) . TMDSC is different from conventional DSC in that a low-
frequency sinusoidal or non-sinusoidal (e.g. sawtooth) perturbation ranging from 
approximately 0.001 to 0.1       Hz (1000- to 10-s period) is applied on the temperature 
control program. TMDSC data analysis involves separating the total heat fl ow or 
apparent heat capacity into reversing and non-reversing components. The reversing 
component of the heat fl ow is obtained from the amplitude of the fi rst harmonic of 
the heat fl ow using a Fourier transform of the data. The amplitude of the heat fl ow 
can be measured directly in a power-compensated DSC, and can be calculated from 
the temperature difference between the sample and reference in a heat-fl ux DSC. The 
non-reversing heat fl ow is defi ned as the difference between the average heat fl ow and 
the reversing heat fl ow. The non-reversing heat capacity is the difference between the 
normalized average heat fl ow divided by the underlying heating rate and the revers-
ing heat capacity. In the absence of thermal events, the reversing heat capacity is the 
frequency-independent heat capacity and the non-reversing heat capacity is zero. 
However, in the presence of a thermal event, the reversing heat fl ow is considered to 
refl ect reversible sensible heat effects (i.e. those due to changes in the heat capacity), 
and the non-reversing heat fl ow to refl ect irreversible kinetic effects. This assumption 
is valid only if the kinetics related to the process being measured is linear and if the 
kinetic response does not make contributions to the fi rst harmonic ( Simon, 2001 ). The 
application of such a complex temperature modulation allows the simultaneous mea-
surement of response at multiple frequencies ( Wunderlich  et al ., 2000 ). The advan-
tages of TMDSC include improved resolution and sensitivity, as well as the ability to 
separate overlapping peaks ( Gill et al ., 1993 ;  Reading, 1993 ;  Reading  et al ., 1993 ). 

  Triple-cell differential scanning calorimetry 

 The triple-cell DSC concept was proposed by  Wunderlich (1987) . The sample sec-
tion consists of three cells, in which one cell contains the sample to be measured, 
one contains the reference material, and the last is empty.  Figure 15.4    shows a block 
diagram of the triple-cell DSC. The differences in temperature between the sam-
ple and the empty cell, and between the reference and the empty cell, are detected 
by thermocouples under a constant heating rate. The heat capacity of the sample is 
determined by comparison of these two signals, after subtracting the heat capacity of 
the empty cell. 

  High-performance differential scanning calorimetry 

 High-performance DSC (HPDSC), being a current development of DSC technology, 
is capable of fast scanning rates of up to 500°C       min �     1  as compared to 40°C       min �     1

by conventional DSC. This high scanning rate allows for a higher throughput as well 
as sensitivity enhanced by a factor of ten. Other advantages of HPDSC include neg-
ligible instrument drift, small sample mass (down to 400       ng) and the prevention of 
thermal degradation of the sample. 
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  Factors affecting DSC curves 

 The effects of various factors that infl uence the results of DSC were reviewed in 
detail by  Wendlandt (1986c) , who identifi ed 16 factors that the practitioner should be 
aware of before using DSC. Some of these factors are attributed to the design of the 
DSC instrument, and the properties of the sample are beyond the control of the prac-
titioner. However, other  “ controllable ”  factors should be carefully considered by the 
practitioner in order to obtain good quality results. Some of these factors and their 
effects are summarized below. 

  Scanning rate 

 The heating rate of a DSC is directly proportional to the procedural initial deviation 
temperature (T I ) that the instrument can detect, the procedural peak minimum tem-
perature ( � T min ) and the procedural fi nal temperature (T F ) of the peak. The effect 
of the heating rate on the peak area depends on the temperature axis, i.e. T R , T S  or, 
external to the furnace, (T E ). If T S �      T R  is plotted against T S , then the peak area will 
be proportional to the heating rate if the latter remains constant during the analysis. 
However, if the peak area is derived from T S �      T R  versus time, then it is not depend-
ent on the heating rate. Higher heating rates will cause a decline in the resolution of 
two adjacent peaks, thereby concealing one of the peaks. On the other hand, too low a 
heating rate will cause the peak areas to be very small or entirely disappear.  Wendlandt 
(1986c)  noted that this only happens on certain types of instruments, depending on the 
type of sample holder. A higher heating rate will also cause the rate of heat absorption 
to increase, therefore resulting in a greater peak height or differential temperature, 
� T min . The reason for this is that since the return to the baseline is a function of time 
and temperature difference, the return will be at a higher actual temperature at higher 
heating rates. Therefore, for the detection of small transitions, it is suggested that a 
higher heating rate be used so that the peak amplitude of the peaks can be increased. 

  Furnace atmosphere 

 In general, two types of gaseous atmosphere can be used. The fi rst type is a static 
gaseous atmosphere, which is usually in an enclosed system. It is very diffi cult to 

ComputerInterfaceAmp.

DT1

DT0

P
P

P

Temperature of sample RSample
side

Reference
side

Isothermal
plate (R)

Empty side

1

2

3

Figure 15.4     Schematic diagram of a triple-cell DSC.   Source:  Takahashi (2004) .    



obtain good reproducibility using the static gaseous atmosphere, as the atmosphere 
surrounding the sample is continually changing in concentration due to gas evolu-
tion by the sample and by the furnace convection currents. The second type is the 
dynamic gaseous atmosphere, which involves the maintenance of the gas fl ow either 
through the furnace or through the sample and reference materials. Under controlled 
conditions, this type of gaseous atmosphere is simple to maintain and reproduce. 

 If the sample is reactive towards certain gaseous components around its vicinity, 
the gas pressure of the system will infl uence the peak temperature and peak shape. 
This change will be more thermodynamically distinct when the gaseous environment 
is identical to the evolved or absorbed gas. The correlation between the transition 
temperature and gas pressure can be expressed by the Clapeyron equation: 

dp dT H T V/ /� � � (15.9)

   where p is the vapor pressure,  � H is the heat of phase transition, and  � V is the 
change in volume of the system due to the phase transition. 

 In general, when the purge gas is inert and different from the effl uent gas, increasing 
the gas fl ow rate reduces the peak temperature at which volatilization occurs. Under 
certain operating conditions, when the purge gas is the same as the effl uent gas, the 
volatilization peak either shifts to a higher temperature or is left unchanged in rela-
tion to zero fl ow rate. This phenomenon is related to the partial pressure changes of 
the effl uent gas in the vicinity of the sample surface. When the purge gas dilutes the 
effl uent gas, the partial pressure of the effl uent gas decreases with increasing fl ow rate, 
thereby causing the peak to shift towards lower temperatures. 

 When the evolved gas has a fi xed partial pressure, the sample will not start to dis-
sociate to a signifi cant extent until the dissociation pressure of the reaction equals 
or exceeds the partial pressure of the gaseous component in the surrounding atmo-
sphere. Therefore, a higher partial pressure of the surrounding gas will increase the 
dissociation temperature of the sample. 

 Gas-pressure changes can also affect the DSC curve.  Wendlandt (1986c)  reported 
that an increase in the gas pressure of the system would cause an increase in the 
transition temperatures, T I ,  � T min  and T F . At low gas pressures ( � 1 Torr) the product 
gases are rapidly taken away, thus shifting the transition temperatures towards the 
lower temperature region. At the same time, the peak resolution diminishes. 

  Calibration of the instrument 

 The temperature and energy scales of the DSC instrument must be properly cali-
brated in order for it to achieve high accuracy. Calibration standards of well-
established transition temperatures, which cover much of the temperature range of 
the DSC, are widely available. These calibration standards are in their pure form 
(� 99.99% purity based on vapor analysis) and stable, and, if possible, have a neg-
ligible vapor pressure. Most of these calibration standards are metal, and some have 
melting temperatures that are fi xed points on the International Practical Temperature 
Scale. Calibration standards of organic origin should always be used in sealed vessels 
to prevent sample losses through vaporization. Laboratory-grade chemicals should 
not be used as calibration standards even if the melting temperature is clearly 

Factors affecting DSC curves 551



552 Thermal Technique: Differential Scanning Calorimetry (DSC)

described. The presence of trace amounts of impurities will have a signifi cant effect 
on the observed transition temperature. 

 A standard temperature calibration procedure for DSC instruments has been pub-
lished by  ASTM E 967 (1999) . At least two standard reference materials are chosen to 
bracket the temperature range of interest. A small piece (1–2       mg) of the reference mate-
rial is cut from the center of the metal block for use in the calibration procedure. The 
practitioner has to be sure not to use any standard materials that have been exposed to 
air, as oxidation of the metal surface changes the melting temperature of the material. It 
is also important to note the physical form of the standard material used for the calibra-
tion. Standard materials in the form of fi ne powder will show a different transition tem-
perature and enthalpy from those in block form. This is due to the difference in surface 
area of the standard materials. The calibration of temperature should be conducted on 
the heating cycle rather than the cooling cycle, as signifi cant supercooling of the metal 
can occur in the cooling cycle, resulting in diffi cult temperature calibration. In addition, 
temperature calibration should be performed under the same experimental conditions as 
for the proposed experiment. An identical heating rate should be used, as the observed 
melting temperature is strongly infl uenced by the temperature gradient between the 
sample and the sample holder. During the transfer of the standard material into the sam-
ple vessel, care must be taken to ensure that only one droplet is formed in the sample 
vessel. If more than one droplet is present, multiple transition peaks may be observed. 

  Sample mass 

 The area of the DSC curve peak corresponds to the heat of reaction or phase transi-
tion and, therefore, the mass of the sample. The peak area is also inversely propor-
tional to the thermal conductivity (k); directly proportional to the density ( � ) and the 
heat of reaction or phase transition ( � H), but is independent of the specifi c heat. This 
relationship can be written as the following equation: 

A r l k� � �2 H /  (15.10)

   where A is the peak area ( � T      	      time), r is the sample radius and l is the length of the 
sample. Equation (15.10) can be rewritten as 

A V H k� � � / (15.11)

   where V is the volume of the sample, and therefore 

A Gm H k� � / (15.12)

   where G is the calibration factor and m is the sample mass. An increase in sample 
mass has been known to increase the peak minimum temperature ( Wendlandt, 1986c ).

  Particle size and packing 

 There are several fi ndings regarding the effects of sample particle size and distribu-
tion on the peak areas and � T min  values. The fi rst relates to the infl uence of grinding 



of the sample, which reduces the particle size of the sample, as compared with using 
a larger particle size sample. Samples of larger particle size often show narrow and 
reproducible DSC curves, while the transition temperatures of powdered samples 
often shift to higher temperatures and show a  “ smear-over ”  effect, appearing over 
a much larger temperature range than in the case of the larger particle size sample 
( Wendlandt, 1986c ). The degree and type of crystallinity of the sample is also said 
to have an infl uence on the shape of the DSC curve. Samples with a higher degree of 
crystallinity will result in a sharper peak, and  vice versa . If the sample is irregularly 
shaped, sample deformation may occur during heating, thereby increasing the noise 
level of the sample baseline. Occasionally, the noise level may be large enough to be 
mistaken for a transition peak. 

 In general, the sample must be in good thermal contact with the sample vessel 
to facilitate proper heat fl ow between the heat source and the sample, thus reducing 
thermal lag. In other words, proper packing of the sample in the sample vessel is 
necessary to ensure minimum void formation between the sample particles. This is 
because the thermal conductivity of air is very low compared with that of the sample. 

 For hydrophilic samples, proper storage and handling conditions must be main-
tained to minimize moisture absorption from the air, which can result in mass varia-
tions. When exposed to humid air, the mass increase is most pronounced during the 
fi rst 5       minutes of exposure before gradually leveling off. Therefore, the use of a dry 
box under dry inert gas is necessary.  

  Diluent 

 A diluent in a sample on the DSC curve can reduce the heat effect, and in turn 
reduce the peak area. However, if the samples are suffi ciently diluted with an inert 
diluent, the physical properties will be nearly the same, resulting in a peak area being 
directly proportional to the heat of the reaction or transition ( Wendlandt, 1986c ). The 
variation in thermal conductivity of the diluent is the main reason for the change in 
peak area. High conductivity allows for more effi cient transfer of the thermal effect 
to the thermojunction in the center of the sample. However, high thermal conductiv-
ity of the diluent can cause a decrease in the peak area when the diluted sample is in 
direct contact with a metal sample block. It is also important to know that the dilu-
ent should not react with the sample during the heating process. “ Masking ”  effects, 
where shifts in the transition temperature of the peak are caused by the product of 
a reaction between the diluent and the sample, have been observed in certain cases 
( Wendlandt, 1986c ).

  Sample vessel 

 Various types of sample vessel material are commercially available for DSC. The 
common materials used aluminum, carbon, gold, platinum, silver and stainless steel. 
The choice of sample vessel material is dependent on the maximum operating tem-
perature used for the experiment – the maximum operating temperature of the exper-
iment should not be higher than the melting temperature of the vessel material. If the 
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sample vessel should melt on the sample holder, alloying can occur and the sample 
holder will then have to be replaced. When analyzing a large amount of sample at a 
slow scanning rate, it is recommended that a sample vessel made of a high thermal 
conductivity material such as silver be used. 

 It is also important to consider the shape of the sample vessel to be used for a 
particular type of sample. Open-type sample vessels that do not seal hermetically 
are normally used for samples that are in a form of a fi lm, powder, block or fi ber. 
Samples that can be easily volatilized, sublimed or decomposed under experimental 
conditions should be placed in a hermetically sealed-type sample vessel.  

  Purge gas 

 The type and purity of the purge gas has a signifi cant infl uence on the shape of the 
DSC curve. Nitrogen gas is the most commonly used purge gas when operating at 
temperatures above ambient temperature. The nitrogen gas should be dry, and free 
of impurities such as oxygen. There are a number of commercially available grades 
of nitrogen gas, with purities ranging from 99.99 to 99.9999%. Air is not used as a 
purge gas because of its complex composition and high water-vapor content. 

 For sub-ambient temperatures, a number of inert gases (such as argon, helium and 
nitrogen) may be applied. The selection of the purge gas is mainly dependent on the 
experimental conditions used. It should be noted that if the purge gas is changed, 
recalibration of the DSC instrument, based on the new purge gas, must be performed.   

  Application in foods 

 It is very common to come across fraudulent activities in various consumer sectors, 
including the food industry. This has led to the development of many new techniques 
for the authentication of food products, as more consumers are becoming aware of 
food safety issues. The authentication of food products is also of primary concern 
for food manufacturers, as they do not wish to be subject to unfair competition from 
unscrupulous manufacturers who gain an economic advantage from misrepresenta-
tion of the food being sold. From a legislative point of view, high standards have 
been set requiring food manufacturers to provide quality labels that specify the 
chemical composition of each food product; from an economic point of view, the 
authentication of a food product is essential to avoid unfair competition that can lead 
to destabilization of the market and disrupt the national and regional economies. 

 Regarding food, the DSC technique is widely used in the characterization of food 
components and the study of physicochemical changes of these components as the food 
is subjected to various temperature effects. However, the use of DSC for the detection 
of adulteration in food is currently limited to the few examples described below. 

  Edible oils and fats 

 In the oils and fats industry, the physical property of an oil or fat is mostly used as 
a measurement for quality control and authentication. Certain specifi cations are set 



down for individual products in terms of the slip melting point (SMP), cloud point 
(CP) or solid fat content (SFC) at a particular temperature. For this application, DSC 
would seem ideally suited to the task of characterization. In fact, DSC has been used 
in the characterization of oils and fats for many years ( Cebula and Smith, 1992 ),
but few researchers have dedicated their work to utilizing the DSC technique for the 
authentication of oils and fats. Some of their works are reviewed below. 

  Confectionery fats 
 Confectionery fats make up approximately one-third of the overall ingredients in 
chocolate. It is the unique melting characteristics of these specialty fats that give 
chocolate its desirable organoleptic traits. The quality of confectionery fat can affect 
certain parameters of the chocolate manufacturing process, especially at the temper-
ing and cooling stages. This is the main reason why it is of utmost importance to 
monitor the quality and authenticity of these fats. 

 Genuine high-quality cocoa butter (CB), being one of the most expensive edible 
fats, is mostly used in premium chocolate. It is composed of specifi c triacylglycer-
ols having three predominant fatty acids, namely palmitic acid (C16:0), stearic acid 
(C18:0) and oleic acid (C18:1). Combinations of these fatty acids make up three 
main triacylglycerol (TAG) types – 2-oleopalmitin (POP), 2-oleopalmitostearin 
(POS) and 2-oleodistearin (SOS) – constituting approximately 80% of triacylglyc-
erols in cocoa butter ( Timms, 2003 ). Upon proper tempering, these triacylglycerols 
can form  ��  polymorph crystals with a melting point just below human body temper-
ature. It is this unique blend of triacylglycerols that gives cocoa butter its desirable 
masticatory melting behavior and consistency. Owing to the high cost of cocoa butter 
and an increasing demand for confectionery products, confectioners may blend other 
natural edible fats with one or more triacylglycerols that are similar to cocoa butter 
with the cocoa butter itself. These are termed  cocoa butter equivalents  (CBE), and 
include sal butter, mango butter, kokum butter, illippe butter, shea butter and palm 
mid fraction. The quality of these CBE fats is of great concern to most confection-
ers, as the composition of certain minor components in these fats greatly interferes 
with the crystal formation of these triacylglycerols. 

  Cebula and Smith (1992)  reported on the possible use of DSC for the detection 
of two minor components, diacylglycerol (DAG) and tripalmitin (PPP), which, if 
present in CB-CBE blends, can cause changes in the crystallization properties of the 
overall fat. They found that even the presence of about 4.4% of DAG and 3.9% of 
PPP in the CBE led to a distinct increase in peak sharpness and area in the cool-
ing curve ( Figure 15.5   ). The heating curves ( Figure 15.6   ) revealed changes in peak 
formation. The small trailing shoulder increased as the concentration of PPP 
increased while that of DAG decreased. This is because the presence of elevated lev-
els of trisaturated TAGs (such as PPP and DAG) had increased the rate of crystalliza-
tion at the early stages. In addition, the crystallization of DAG causes retardation in 
polymorphic transitions of TAG on heating. The data collected from this work are 
useful in further applying this thermal technique for the detection of adulterated oils 
and fats. 
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Figure 15.5     DSC cooling curves of (a) coberine, (b) coberine      �      4.4% diacylglycerol (DAG), (c) coberine      �      3.9% enriched tripalmitin 
(PPP), and (d) coberine      �      4.4% DAG      �      3.9% PPP.   Source:  Cebula and Smith (1992) .          
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Figure 15.6     DSC heating curves of (a) coberine, (b) coberine      �      4.4% diacylglycerol (DAG), (c) coberine      �      3.9% 
enriched tripalmitin (PPP), and (d) coberine      �      4.4% DAG      �      3.9% PPP.   Source:  Cebula and Smith (1992) .          

1.0

0.5

0.0
�10.0 0.0 10.0 20.0 30.0 40.0

Temperature (°C)

H
ea

t f
lo

w
 (

W
/g

)

(a)

Peak height

Peak 1

Onset 1

Peak area

�10.0 0.0 10.0 20.0 30.0 40.0

Temperature (°C)

H
ea

t f
lo

w
 (

W
/g

)

(b)

1.0

0.5

0.0

�10.0 0.0 10.0 20.0 30.0 40.0

Temperature (°C)

H
ea

t f
lo

w
 (

W
/g

)

(c)

1.0

0.5

0.0
�10.0 0.0 10.0 20.0 30.0 40.0

Temperature (°C)

H
ea

t f
lo

w
 (

W
/g

)

(d)

1.0

0.5

0.0



  Vegetable oils 
 The vegetable oil market is the largest part of the world edible-oils market pie, with 
over 121 million metric tonnes produced globally in 2006, with the expectation of 
expansion beyond the 126 million tonnes mark by the end of 2007 (USDA, 2007). 
In 2006, the major vegetable oils included palm oil (36.8 million tonnes), soybean 
oil (35.9 million tonnes), rapeseed oil (17.8 million tonnes), sunfl ower seed oil (10.8 
million tonnes), peanut oil (4.9 million tonnes), cottonseed (4.7 million tonnes), 
palm kernel oil (4.6 million tonnes), coconut oil (3.3 million tonnes) and olive oil 
(3 million tonnes). Based on these fi gures, it is clear that huge quantities of vegetable 
oils are being traded on the market daily throughout the world. This makes it dif-
fi cult to monitor deceitful traders who blend these vegetable oils with other cheaper 
fats. As with other consumer products, certain quality control measures have to be in 
place to provide a continual check for any discrepancies and to verify the genuine-
ness of claims made by traders for these vegetable oils. 

 In a multi-religious and multicultural world, it is essential that vegetable oils are 
authenticated as being free of any animal fats, particularly lard and beef tallow. 
Therefore, reliable methods for the detection of such adulterants are necessary for 
the vegetable oil industry to be able to verify the true composition of oils. Several 
studies have been published that describe the use of DSC for the detection of animal 
fats, such as lard, beef tallow and chicken fat, in palm oil and canola oil ( Marikkar
et al ., 2001, 2002a, 2002b, 2003a ).

  Marikkar  et al . (2002a)  described the use of heating and cooling curves to monitor 
the presence of lard, beef tallow and chicken fat as adulterants in canola oil. Canola 
oil samples were separately spiked with lard, beef tallow and chicken fat in a concen-
tration range of 1–20%. Gradual changes could be observed in the cooling curves 
as the concentration of the adulterants increased ( Figure 15.7   ). The cooling curve 
of pure canola oil was shown to have a major exothermic peak at  � 60.8°C and two 

Figure 15.7    Comparison of DSC cooling curves of canola oil blended with (a) beef tallow, (b) chicken fat and (c) lard at various 
concentrations.   Source:  Marikkar  et al . (2002a) .        
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minor peaks at � 40.5 and  � 17.0°C, and no peaks were found in the temperature 
region beyond  � 10.7°C ( Figure 15.7 ). As the canola oil was blended with even a 
small amount of beef tallow, peaks corresponding to higher melting-point triacylglyc-
erols started to appear in the higher-temperature region of the cooling curve. 
However,  Marikkar  et al . (2002a)  noted that the visibility of this higher temperature 
peak was not detectable at an adulterant concentration of below 2%. As the adul-
terant concentration increased to 20%, the peak was found gradually to increase in 
size, and shifted slightly towards a higher temperature. This peak was only appli-
cable to beef tallow, as no similar observations were found for the samples adulter-
ated with chicken fat and lard. In the samples adulterated with chicken fat and lard, 
peaks at � 17,  � 40.5 and  � 60.8°C were signifi cantly infl uenced by the adulterants. 
The peak at � 40.5°C was found to have gradually disappeared, while the peak at 
� 17°C had increased in size, resulting in a broader peak shifting towards a higher 
temperature. The peak at  � 60.8°C was the most infl uenced by the increasing pres-
ence of chicken fat and lard. As the percentage of chicken fat and lard increased in 
the sample, this peak was noted to increase in peak width and shift towards a higher 
temperature. Unfortunately, the cooling curves of chicken-fat-adulterated canola oil 
and lard-adulterated canola oil were not signifi cantly different from each other, mak-
ing it almost impossible to distinguish between adulteration with chicken fat and that 
with lard.  Marikkar  et al . (2002a)  also reported that no discrimination was found 
with these data, even after subtractive procedures carried out by using the DSC soft-
ware, and it was necessary to look into the possibility of using the heating curves for 
differentiation. 

 The heating curves of canola oil adulterated with 2     −     20% of beef tallow, chicken 
fat and lard are shown in  Figure 15.8   . In the absence of any adulterants, the melting 
profi le of canola oil is characterized by two overlapping peaks; a larger and higher 
temperature transition at � 17.8°C, and a smaller and lower temperature transition 

Figure 15.8     Comparison of DSC heating curves of canola oil blended with (a) beef tallow, (b) chicken fat and (c) lard at various 
concentrations.   Source:  Marikkar  et al . (2002a) .        
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at � 28°C. Complete thermal transition of canola oil was observed at  � 5.5°C; beyond 
this point, no further thermal transition was found. In the canola oil samples adul-
terated with chicken fat and lard, signifi cant differences in heating profi les were 
reported.  Marikkar  et al . (2002a)  noted that the minor peak at  � 28°C of canola oil 
was affected by the addition of beef tallow and lard. As the concentration of these 
adulterants increased to 20%, this peak gradually overlapped with the neighboring 
major peak. However, this trend was not signifi cant for the chicken fat adulterant, 
and thus cannot be used to detect the presence of chicken fat in canola oil. At the 
higher temperature region, from  � 5.5 to 50°C, interesting and distinct features that 
refl ect the nature of adulterants of beef tallow and lard were seen, but not of chicken 
fat. This work has made it possible to use DSC to detect the presence of beef tallow 
and lard as adulterants in canola oil, but failed to establish the presence of chicken 
fat under the specifi c conditions of the study. 

 In a similar development,  Marikkar et al . (2003a)  published DSC data on the 
detection of beef tallow, chicken fat and lard in palm olein. The animal fats used 
in this study were at concentrations ranging from 1 to 20%. The detection of the 
adulterants in palm olein was solely established using cooling profi les. Based on the 
results of the previous study, it can be expected that the cooling curve of palm olein 
will be altered in a systematic way by increasing the concentration of the adulterant 
fat. Indeed, these changes were clearly evident in the cooling curves of palm olein 
and its mixtures with beef tallow, chicken fat and lard ( Figure 15.9   ).  Marikkar  et al . 
(2003a)  reported that a shoulder peak at  � 54.8°C was shown to be very sensitive to 
animal fat adulteration of palm olein. This peak was found to disappear when the 
adulteration level of the sample exceeded 3%. Pure palm olein does not show any 
peak beyond its major exothermic peak at 1.5°C. Upon adulteration with beef tallow, 
a new peak at the region between 8.5 and 19°C was observed ( Figure 15.9 ).  Marikkar 
et al . (2003a)  hypothesized that this feature could be an indication of beef tallow 
adulteration in palm olein, since such a peak did not appear in all of the chicken fat 
and lard adulterated samples that were tested. As for the samples containing chicken 
fat and lard, a shoulder peak started to appear at the lower temperature region of the 
cooling curve ( Figure 15.9 ) as the level of adulterant increased. At the same time, the 
disappearance of another shoulder peak at � 54.8°C was reported. Upon comparison 
of the peak temperatures, Marikkar et al . (2003a)  noted that the maximum peak tem-
peratures of the shoulder peaks corresponding to the adulteration of chicken fat and 
lard were close. Another important observation regarding the effect of chicken fat 
and lard on the cooling curves is the shift of the peak corresponding to the lard adul-
terant towards the higher temperature region, and the shift of the peak corresponding 
to chicken fat towards the lower temperature region, as the concentration of the cor-
responding adulterant increases. This feature may be attributed to the different physi-
cal and chemical properties of chicken fat and lard. To further confi rm the accuracy 
of the detection method,  Marikkar  et al . (2003a)  applied subtractive procedures using 
the DSC software to the data, and the resulting curves are shown in  Figure 15.10   . 
The data clearly show that the adulteration of lard on palm olein caused a slight 
augmentation of its principal peak while showing an additional shoulder peak at the 
lower temperature region. On the contrary, the presence of chicken fat in palm olein 
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Figure 15.9 Comparison of DSC cooling curves of palm olein blended with (a) beef tallow, (b) chicken 
fat and (ci & ii) lard at various concentrations. Source: Marikkar et al. (2003).
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Figure 15.10 DSC subtracted curves of palm olein blended with (a) lard and (b) chicken fat at various 
concentrations. Source: Marikkar et al. (2003).
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caused a slight reduction in the principal peak while creating an additional shoulder 
peak at the lower temperature region. This distinction in subtractive curves could be 
used as a means of differentiating lard adulteration from chicken fat adulteration in 
palm olein. 

  Marikkar  et al . (2001)  carried on further studies to determine whether the alter-
ation of the fatty acid positions of lard triacylglycerols by chemical randomization 
would have an effect in the detection of lard adulteration in palm oil. It is known that 
blending of lard into vegetable oils can also be performed using randomized lard 
in place of genuine lard, as randomization has been shown to improve the physical 
properties of lard ( Sreenivasan, 1978 ). Lard extracted from the adipose tissues of pig 
was chemically interesterifi ed in the presence of sodium methoxide as a catalyst. In 
this work,  Marikkar  et al . (2001)  also focused their attention on the cooling char-
acteristics of the adulterated samples. A comparison of cooling profi les of genuine 
lard, chemically randomized lard, beef tallow, mutton tallow and chicken fat revealed 
signifi cant differences between lard and the other animal fats ( Figure 15.11   ). The 
cooling curves of both genuine and chemically randomized lard indicated two major 
exothermic peaks at 4.9 and  � 16.9°C, and 10.4 and  � 16.1°C, respectively. As for 
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Figure 15.11 DSC cooling curves of lard (A), chemically randomized lard (B), beef tallow (C), mutton 
tallow (D) and chicken fat (E).  Source: Marikkar et al. (2001).
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the cooling curve of palm oil, two major exothermic peaks at 17.8 and 1.3°C and two 
smaller shoulder peaks at � 6.8 and  � 43.9°C were exhibited ( Figure 15.12   ). From 
the data obtained, it is apparent that the chemical randomization of lard resulted in 
a slight peak broadening and changes in peak height and position. In the palm oil 
samples adulterated with 1–20% of genuine and chemically randomized lard, cer-
tain peak variations were noted ( Figure 15.12 ).  Marikkar  et al . (2001)  noted that the 
shoulder peak at � 43.9°C is of particular interest, as it was observed to be sensitive 
towards lard or randomized lard adulteration in palm oil. As the level of adulteration 
increased from 1 to 20%, the peak area was found to increase and a shift in maxi-
mum peak temperature towards a higher temperature region was detected.  Marikkar
et al . (2001)  believed that a particular group of lower melting-point triacylglycerols 
common to palm oil and lard or randomized lard was the cause of the shoulder peak 
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Figure 15.12 Comparison of DSC cooling curves of palm oil blended with (ai & ii) lard and (bi & ii) 
chemically randomized lard at various concentrations. Source: Marikkar et al. (2001).



augmentation, while the shift of the peak temperature was due to the fact that the 
oil samples behaved as a binary mixture after being adulterated with genuine or 
chemically randomized lard. A stepwise multiple linear regression analysis showed 
good correlation between the concentrations of genuine or chemically randomized 
lard adulterants from 1 to 20% and the peak parameters. Apart from using lard as 
an adulterant, Marikkar et al . (2001)  also investigated the effects of other animal 
fats, such as beef tallow, mutton tallow and chicken fat, as adulterants on palm oil 
( Figure 15.13   ). When blended at concentrations from 2 to 20%, the cooling curves 
of both beef and mutton tallow did not reveal any peaks that were caused by their 
adulteration like those found in the lard-adulterated palm oil samples. In the case of 
the palm oil sample adulterated with chicken fat, the peak caused by the adultera-
tion was reported to be at a position closer to the lard adulteration peak. However, a 
simple statistical test was conducted and confi rmed that these two peaks were signifi -
cantly distinguishable. 

 In another related work,  Marikkar  et al . (2002b)  conducted a study to look into 
the effect of enzymatically interesterifi ed lard as an adulterant on the cooling curves 
of adulterated palm oil. Results from the fatty acid and triacylglycerol composition 
analyses revealed that the palmitic acid at the  sn -2 fatty acid position of genuine lard 
was partially replaced with oleic acid, thereby decreasing the ratio of saturated to 
unsaturated fatty acids in the  sn -2 position of the triacylglycerol of enzymatically 
interesterifi ed lard. A comparison of cooling curves between both genuine and 
enzymatically interesterifi ed lard indicated that there are clear differences between 
the two fats, which could be attributed to the changes in their triacylglycerol pro-
fi les ( Figure 15.14   ). The cooling curves of the lard-palm oil blends containing from 
0.2 to 20% of enzymatically interesterifi ed lard showed variations in transition tem-
peratures ( Figure 15.15   ). A typical cooling curve of an unadulterated palm oil has 

Figure 15.13 Comparison of DSC cooling curves of palm oil blended with (a) beef tallow and (b) mutton 
tallow at various concentrations. Source: Marikkar et al. (2001).
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Figure 15.14 DSC cooling curves of lard (A) and enzymatically randomized lard (B). Source: Marikkar 
et al. (2002b).
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Figure 15.15 Comparison of DSC cooling curves of palm oil blended with enzymatically randomized lard 
at various concentrations. Source: Marikkar et al. (2002b).

two major peaks at 17.75 and 1.25°C and two minor peaks at  � 6.82 and  � 43.86°C. 
 Marikkar  et al . (2002b)  added that the shoulder peak appearing at  � 43.86°C is sen-
sitive towards the effects of adulteration caused by either genuine or chemically 
randomized lard. This observation was clearly indicated in the cooling curves of 



the adulterated samples, as the peak gradually and proportionally increases in size 
with the concentration of adulterant. As a result,  Marikkar et al . (2002b)  were able to 
obtain a good correlation between the concentration of lard in the adulterated palm 
oil sample and the corresponding peak parameters. In an attempt to develop a quan-
titative relationship between the cooling curve and the concentration of adulterant, 
 Marikkar  et al . (2002b)  investigated three independent variables (namely peak area, 
peak height and peak onset) on the dependent variable, i.e. the concentration of adul-
terant, by subjecting the data to a stepwise multiple linear regression analysis. The 
results revealed that changes in peak area for samples containing less than 1% of 
enzymatically interesterifi ed lard were insignifi cant, thereby negating the possibility 
of applying this method for lard detection in samples containing less than 1% of the 
adulterant. Marikkar et al . (2002b)  also commented on the fact that this DSC method 
was able to distinguish between adulteration of palm oil with lard from that with 
other animal fats, such as beef tallow, mutton tallow and chicken fat.  

  Butterfat 
 Butter is another fat that is widely consumed throughout the world. The production 
of butter involves the churning of fresh or fermented cream or milk. Butterfat is a 
highly saturated oil with signifi cant amounts of C4–C14 fatty acids. Owing to the 
high cost of butter, margarine has often been used as a cheaper alternative fat. For the 
same reason, certain unscrupulous and unethical manufacturers market butter that 
has been adulterated with less expensive vegetable or animal fats. In the past, various 
analytical methods for the detection of non-dairy fats in butter were successful in 
detecting the presence of vegetable fats ( International Dairy Federation, 1965, 1966 );
however, very few methods were able to recognize animal fats as adulterants in but-
terfat and most of these were either diffi cult to perform or time-consuming ( Timms, 
1980 ;  Geeraert and Sandra, 1985 ). Furthermore, the natural variability of butterfat 
composition, due to the difference in the diet of the animals, compounds the existing 
problems of data interpretation. Many trials have been conducted in an attempt to 
establish the relationship between fatty acid profi les and the integrity of butter, but 
the validity of these analytical methods are controversial ( Muuse et al ., 1986 ;  Precht, 
1990 ). It is also reported that an animal fat adulterant of up to 10–15% in butter can-
not be proven by fatty acid analysis because of their natural variations ( Gray, 1973 ; 
 Biliaderis, 1983 ). Moreover, the fact that most of the animal fat adulterants present 
in butter are usually at levels below 10% makes it almost impossible to use fatty acid 
analysis to determine whether or not the butter has been adulterated. 

 The disadvantages of such methods prompted  Coni et al . (1994)  to work on the 
application of DSC to detect fraudulent practices in butter production and monitor 
the authentication of butter.  Coni  et al . (1994)  investigated the detection of chicken 
fat in butter at concentrations of 2, 5, 10, 15 and 20% using DSC. Heating curves of 
the samples were complex and not easily interpretable. Furthermore, the tempering 
procedures and storage temperature of butter have been reported to affect heating 
curves signifi cantly ( Sato  et al ., 1989 ). Therefore,  Coni et al . (1994)  decided to use 
the cooling curve, which is infl uenced only by the chemical composition of the sam-
ple and not by the initial crystalline state, for their work. The results revealed that 
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the DSC is an effi cient method for characterizing pure animal fats as well as their 
mixtures ( Figure 15.16   ).  Figures 15.16(a) and 15.16(b)  show the cooling curves of 
pure butterfat and chicken fat, respectively, while  Figure 15.16(c)  indicates the cool-
ing curve of a mixture of butterfat and 20% chicken fat. Based on these data, distinct 
differences between pure butterfat and pure chicken fat can be observed, but not in 
the case of the fat mixture. A further data processing step, subtracting the normal-
ized butterfat curve from the normalized butterfat/chicken fat mixture, is required to 
show statistically acceptable differentiation. The resulting curves show a small peak 
at approximately  � 12°C ( Figure 15.17   ), and the area of this peak was found to be 
directly proportional to the amount of chicken fat added to butterfat.  Figure 15.18 
indicates that good linear correlation can be obtained between the exothermic peak 
and the range of compositions that are of practical interest (2–20%). 

 Several years later,  Aktaş and Kaya (2001)  reported on the detection of beef tallow 
and margarine in butterfat by DSC.  Aktaş and Kaya (2001)  investigated the effects 

Figure 15.16 DSC cooling curves of (a) pure butterfat, (b) pure chicken fat and (c) butterfat blended with 20% chicken fat. Source: 
Coni et al. (1994).
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of 5, 10 and 20% beef tallow and margarine in butterfat on the DSC curves. The 
heating and cooling curves of pure butterfat, margarine and beef tallow are shown in 
 Figure 15.19   , while those of the mixtures are shown in  Figure 15.20   . From the results 
obtained, it is clear that the DSC curve of beef tallow is different from those of but-
terfat and margarine, while some differences between margarine and butterfat can be 
noted. The addition of 5, 10 and 20% of beef tallow or margarine to butterfat caused 
signifi cant changes, especially between 10 and 20% concentrations, in the DSC 
heating and cooling curves of butterfat. In the cooling curves, changes in the peak 
areas of two peaks at temperatures of 6–7°C and 11–16°C were observed as the pro-
portion of beef tallow or margarine increased. The major differences in the curve 
shape as a result of the presence of beef tallow or margarine content were manifested 
in the smaller peak. In general, the peak sharpness, broadness and area are increased 
as the adulterant concentration increases, and the effect was noted to be greater in 
the sample containing beef tallow. Similar to the observations by  Coni  et al . (1994) , 
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Figure 15.19 DSC heating and cooling curves of (a) butterfat, (b) margarine and (c) beef tallow. Source: Aktaş and Kaya (2001).
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linear correlation between the peak areas and the level of adulterants was found for 
the beef tallow adulterant. However, in the case of the margarine adulterant, a non-
linear relationship was observed. 

 From these studies, it can be concluded that the use of DSC as a tool for the detec-
tion of adulterant fats of animal origin in butter is quite promising and straight-
forward, but this is not the case for margarines. The detection of margarines as an 
adulterant in butter using the DSC technique alone may not be suffi cient to conclude 
its presence. Further analytical techniques are required and should be used in combi-
nation with the DSC data in order to allow valid conclusions regarding the authenti-
cation of butter.   

  Fried foods 

 Edible oils and fats are widely used for frying applications. Frying is an ancient but 
popular way of cooking, especially in Spain and the other Mediterranean countries. 
Fried foods can also be found in the menus of most fast-food outlets throughout the 
world. The frying process involves the transfer of heat, moisture and fat both within 
and around the food. 

 In the past, lard and other animal fats have been used as frying fats for a variety 
of foodstuffs ( Weiss, 1983 ). It was only when reports were published on the adverse 
health effects of the high amounts of saturated fatty acids and cholesterol in these 
animal fats that there was a shift towards the use of vegetable fats as a frying medium 
( Love, 1996 ). Apart from health reasons, though, one of the main motivations lead-
ing to the development of methods for the authentication of fried foods has been 
the strict religious proscription regarding lard ( Rashood et al ., 1995 ).  Marikkar  et al . 
(2003b)  investigated the detection of lard in fried foods. Peanuts, tempeh, chicken 
and beef slices were subjected to frying in lard at 180°C. Fats from the samples were 
then extracted and underwent further analysis using GC, HPLC and DSC. The DSC 
data ( Figures 15.21–15.25           ) showed signifi cant differences between the heating and 
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Figure 15.21 DSC heating curves of peanut fried in lard (A), peanut oil (B), and DSC cooling curves of peanut oil (C) and peanut fried 
in lard (D). Source: Marikkar et al. (2003b).
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cooling profi les of the fat extracted from the fried foodstuff and the native oil present 
in the foodstuff itself. Lard adulteration when cooking tempeh and chicken resulted 
in a distinct endothermic peak at 22–23°C, while the adulterant in beef could only 
be detected in the subtracted curve ( Figure 15.25 ).  Marikkar  et al . (2003b)  also sug-
gested that the use of cooling curves would be a better option for determining beef 
fried with lard, since a clear distinct adulteration peak emerged at lower tempera-
tures. Detection of lard in the fried peanut sample was not possible by DSC alone.  

  Edible waxes and wax esters 

 Waxes have long been used in fruits and vegetables as a protective layer against 
water loss, for prevention of rot or mould infestation, and to provide a more appeal-
ing glazed or shiny appearance. The waxes that are commonly used in these food-
stuffs are all derived from natural sources and have mandatory certifi cation by the 
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Figure 15.22 DSC heating curves of tempeh fried in lard (A), tempeh oil (B), and DSC cooling curves of tempeh fried in lard (C) and 
tempeh oil (D). Source: Marikkar et al. (2003b).
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Figure 15.23 DSC heating curves of chicken fried in lard (A), chicken fat (B), and DSC cooling curves of chicken fat (C) and chicken 
fried in lard (D). Source: Marikkar et al. (2003b).



Temperature (°C)

10 5030

A

B

C

�50 �30 �10
Temperature (°C)

10�20 �10�50 �40 �30

20%

15%

10%

5%

H
ea

t f
lo

w
 (

W
/g

)
E

nd
o

E
xo

H
ea

t f
lo

w
 (

W
/g

)
E

nd
o

E
xo

Figure 15.24 DSC cooling curves of beef tallow (A), beef fried in lard (B), and rescaled cooling curves of beef tallow adulterated with 
various proportions of lard (C). Source: Marikkar et al. (2003b).
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Figure 15.25 DSC heating curves of beef tallow (A), beef fried in lard (B), and subtracted DSC curve of beef fried in lard (C). Source: 
Marikkar et al. (2003b).
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United States Food and Drug Administration (USFDA) to confi rm their safety for 
human consumption. Some of the natural waxes approved by the USFDA for use as 
a food additive in the food industry include beeswax (E901), candelilla wax (E902) 
from the reed-like dessert plant of the genus  Euphorbia , carnauba wax (E903) from 
the leaves of a Brazilian palm, shellac (E904), rice-bran wax (E908), and esters of 
colophonium (E915) from the resin of pine trees; some mineral waxes, such as paraf-
fi n wax (E905), microcrystalline wax (E905b) from the de-oiling of petrolatum, crys-
talline wax (E907) and oxidized polyethylene wax (E914) have also been approved. 

 In many apple-producing countries, these food-grade waxes are constantly used 
to coat the apples to protect them from dehydration and rot. In order to do this, the 
apples are submerged in or sprayed with a wax emulsion and then dried before pack-
ing. In compliance with the food additive laws and directives in most regions, the 
required amount ( “quantum satis  ” ) of these glazing agents (such as E901, E902, 
E903 and E904, which are approved for the coating of apple surfaces) must be 
clearly defi ned. However, the detection of these coating agents on apples by con-
ventional chromatographic methods is not easy, as the components of beeswax, 
candelilla wax and carnauba wax are very similar to those components found in the 
genuine surface wax of apples. These compounds consist of a wide range of lipid 
classes, such as hydrocarbons, wax esters, carbonyls, long-chain alcohols and triter-
penecarbonic acids, in varying proportions (Ritter et al. 2001). Conventional chroma-
tographic techniques could not provide a satisfactory quantitative analysis regarding 
the detection of these waxes on apples.  Ritter  et al . (2001)  were successful in using 
the DSC technique for the detection of beeswax, candelilla wax, carnauba wax and 
shellac on the surfaces of various cultivars of apples, with clear and divergent curves 
( Figure 15.26   ) obtained. The temperature at the peak maximum and the phase transi-
tion enthalpy were used as the main parameters for the detection. The average peak 
maximum temperature and phase transition enthalpy of genuine surface wax of 10 
apple cultivars were 64.4°C and 82       J       g �     1 , respectively. In samples of apples coated 
with beeswax, candelilla wax, carnauba wax and shellac, the average peak maximum 
temperatures and phase transition enthalpies were 68°C and 136–165       J       g �     1 , 77°C and 
116–161       J       g �     1 , 89°C and 127–162       J       g �     1 , and 76–89°C and 141–208       J       g �     1 , respec-
tively. This study also confi rmed the suitability of DSC as a screening method for 
detecting mixtures of coating agents and apple wax, as well as the presence of illegal 
coating agents such as paraffi ns, montanic acid esters and oxidized polyethylene wax 
on apples.  

  Honey 

 Honey is a sweet and viscous liquid that is composed of fructose, glucose, water, 
trace enzymes, minerals, vitamins and amino acids. Historically, honey has been 
mixed with various ingredients such as fl our, paraffi n wax, glucose and sucrose. In 
the 1970s, the emergence of high-fructose corn syrup (HFCS) encouraged further 
adulteration of honey. HFCS is an isoglucose syrup obtained from the enzymatic 
processing of vegetable carbohydrates such as corn, wheat, beet and cane. Of the 
various types of HFCS, HFCS 55 (containing approximately 55% fructose and 45% 



glucose) has been the choice for honey adulteration because its sugar composition is 
similar to that of honey. Later, in the 1980s, the wide availability of these complex 
isoglucose syrups resulted in its extensive use in the adulteration of honey. The addi-
tion of these syrups to honey leads to lower-quality honey products. Therefore, great 
efforts have been made to develop analytical methods for the detection of these adul-
terants. Of the methods developed to examine the authenticity of honey, none was 
dedicated to the overall characterization of these isoglucose syrups. Conventional 
chromatographic methods could not distinguish between the sugar profi les of honey 
and these syrups.  Kerkvielt  et al . (1995)  and  Kerkvielt and Meijer (2000)  worked on 
an alternative technique for the detection of visible exogenous elements in honey by 
microscopic analysis. This method was adapted for the characterization of adultera-
tion by cane sugar and cane-sugar products. However, it does have its drawbacks, as 
these vegetative key markers (such as sclerous rings or epidermic cells and others) 
may be removed by microfi ltration ( Antinelli et al ., 2001 ). The application of sta-
ble carbon isotope ratio for the detection of adulterated honeys was also reported 
( White and Winters, 1989 ;  White, 1992 ;  White  et al ., 1998 ). This method applies 
only for the detection of C-4 plant sugar syrups.  Cordella  et al . (2002)  reported on 
various limitations, in terms of pH, conductivity, humidity and acidity, of the meth-
ods defi ned both in the Codex Alimentarius and in European Directive 74/409 for 
the detection of the adulteration of honey. This led to them being the fi rst to develop 
a method for the detection of adulterated honey by using DSC. 

Figure 15.26 DSC cooling curves of apple wax samples and mixtures: cultivar apple wax (A); and mixtures with beeswax (B), with 
candelilla wax (C), with carnauba wax (D) and with shellac (E). Source: Ritter et al. (2001).
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  Cordella  et al . (2002)  investigated the thermal behavior of authentic honeys 
derived from  Lavandula ,  Robinia  and  Fir , as well as industrial sugar syrups. Data 
on thermal and thermochemical parameters, such as the glass transition tempera-
ture, enthalpies of fusion and heat capacity variation, revealed signifi cant differences 
between the syrup and honey samples ( Figure 15.27   ,  Tables 15.1, 15.2     ). Adding dif-
ferent concentrations of syrup to the honey revealed a linear relationship in the glass 
transition temperature and the enthalpy of fusion of the sample mixture.  Cordella
et al . (2002)  also reported that the method was able to detect the presence of indus-
trial syrups in honeys at levels as low as 5%. 

 In a follow-up study,  Cordella  et al . (2003)  further investigated the use of DSC 
to determine the differences between various varieties of honey ( Robinia ,  Lavender , 
Chestnut  and  Fir ).  Cordella  et al . (2003)  observed signifi cant differences in the 
glass transition temperature of the samples, indicating that this parameter was 

Figure 15.27 DSC cooling curves of (a) Lavandula honey, (b) isoglucose sugar syrup and (c) beet sugar syrup. Reprinted with 
permission from the Journal of Agricultural and Food Chemistry (2002), 50, 203–208; ©2002, American Chemical Society.
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useful for characterizing and successfully distinguishing between the honey varie-
ties. A TMDSC analysis was also performed by  Cordella  et al . (2003)  on the sam-
ples, and the results revealed that a new thermal transition similar to that of a glass 
transition occurred between 40°C and 90°C ( Figure 15.28   ). The deconvolution of the 
signal measured at that temperature range allows for the separation of the thermal 
effect related to the glass transition recorded in the reversing component of the signal 
from the endothermic effect recorded in the non-reversing signal. Based on the data, 
this endothermic peak can be attributed to the gelatinization of certain honey com-
pounds such as starch, sugars and water, while other compounds undergo a simulta-
neous thermal transition (reversing signal). This work has shed some light on the use 
of certain parameters, such as glass transition temperature and enthalpy changes, to 

Table 15.1    Transition temperature (T onset , T midpoint ),  �  C  p, and enthalpy of honeys and syrups during heating 

     Sample             No. of 
replicates

 Thermal phenomena 

 Glass transition   

Tg  Fusion 1  Fusion 2  Fusion 3 

Tonset Tmidpoint � C p � H 1,fus � H 2,fus � H 3,fus  

 Syrups  Beet syrup  4 �     34.3 �     33.4  0.9 �     67.7  A a �     849.9 
   Can syrup  2       �     32.0       �     31.6  0.3       �     95.9  A       �     997.5 
   Isoglucose 1  2  ND b  ND  ND  A  A       �     560.8 
   Isoglucose 2  2  ND  ND  ND  A  A       �     508.6 
   Isoglucose 3  2  ND  ND  ND  A  A       �     466.3 
   Isoglucose 4  2  ND  ND  ND  A  A       �     505.4 
 Honeys   Lavandula   10       �     41.1       �     38.0  0.6  A       �     23.7       �     256.2 
    Robinia   5       �     42.5       �     39.8  0.8  A  A       �     213.1 
 Honeydew   Fir   8       �     37.5       �     33.5  0.6  A       �     2       �     228.9 

a  A, not measured due to absence;    b  ND, not determined due to lack of accessibility by cooling system. 
  Reprinted with permission from the  Journal of Agricultural and Food Chemistry  (2002),  50 , 203–208. ©American Chemical 
Society 2002.  

Table 15.2    Experimental adulteration trials: Evolution of thermal parameters of  Lavandula  honey in terms of 
added syrup percentage (H in Jg      −     1 ; T onset  in °C;  � C p  in Jg      −     1 K      −     1 ) 

   Sample  Fusion ( � H 2,fus )  Glass transition (T onset ) 

 % Syrup  Syrup 1  Syrup 2  Syrup 3  Syrup 4  Syrup 1  Syrup 2  Syrup 3  Syrup 4 

 01  0 �     23.7 �     23.7 �     23.7 �     23.7 �     41.12 �     41.12 �     41.12 �     41.12 
 02  5       �     19.1       �     19.4       �     17.9       �     17.8       �     42.89       �     42.30       �     42.14       �     41.83 
 03  10       �     14.3       �     17.3       �     14.1       �     17.0       �     43.95       �     42.99       �     43.45       �     42.59 
 04  20       �     14.7       �     15.6       �     15.9       �     15.1       �     44.93       �     44.59       �     45.24       �     44.34 
 05  40       �     8.9       �     14.6       �     11.0       �     9.0       �     48.43       �     47.97       �     47.50       �     47.07 
 06  60       �     0.6       �     9.1       �     3.3       �     1.9       �     50.16       �     50.68       �     50.41       �     49.05 
 07  100  A a   A  A  A  ND b   ND  ND  ND 

a  A, not measured due to absence;     b  ND, not determined due to lack of accessibility by cooling system. 
  Reprinted with permission from the  Journal of Agricultural and Food Chemistry  (2002),  50 , 203–208. ©American Chemical 
Society 2002.  
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detect the plasticizing effect of honey adulterants, as well as a better understanding 
of the relationship between chemical reactions and structural changes occurring dur-
ing the heating of honey.  

  Shark 

 Sharks (superorder  Selachimorpha ) are often regarded as fi sh, although they are 
somewhat distantly related to the classical bony fi sh. Sharks have been a valuable 
resource of raw materials, including meat (fresh, frozen, salted and smoked), fi ns 
(one of the most expensive fi sh products in the world and commonly used in shark-
fi n soup in Chinese cuisine), shark-liver oil (used in the cosmetics and pharmaceu-
tical industry), skin (used as leather and sandpaper), teeth (used as jewellery) and 
cartilage (benefi cial in the treatment of diseases such as arthritis, psoriasis colitis, 
acne, enteritis, phlebitis, rheumatism, peptic ulcers, hemorrhoids, herpes simplex, 
melanoma and cancer) ( Schubring, 2007 ). Shark meat has been consumed as food 
in many coastal regions for over 5000 years. Small sharks are preferred for meat 
in many markets. Shark fi llets may be salted and diced or smoked. However, there 
are uncertainties during evaluation by the custom authorities worldwide regarding 
whether shark muscle has been heat-treated (smoked) or not. Different tariffs are 
charged for heated and untreated fi sh products, and this necessitates correct labeling 
of the products. The case becomes more problematic with hot and cold smoking of 
the fi sh product. Therefore, the Federal Research Centre for Nutrition and Food in 
Hamburg, Germany has taken on the task of carrying out investigations and estab-
lishing whether fi sh products are being declared truly by the manufacturers. 

  Schubring (2007)  conducted tests to measure and compare the differences in thermal 
behavior between bony fi sh and various sharks (catsharks, smoothhounds and liveroil 
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sharks), using DSC. The infl uence of heating (designed to mimic smoking conditions) 
on shark muscle was also studied. Differences between shark species were obvious 
but not strong. DSC curves of shark meat showed two main endothermic peaks and a 
smaller one at a lower temperature ( Figure 15.29   ). The changes in DSC curves caused 
by the effect of heating the meat are also shown ( Figures 15.30 and 15.31     ). As the 
temperature increases, DSC peaks of the meat samples can be seen gradually to dis-
appear. In the skin samples, the peak corresponding to collagen at 48°C disappeared 
completely after heating to 45–50°C, and a new small peak appeared at around 28°C. 
This fi nding may be due to the denaturation of collagen to gelatin. The infl uence of 
smoking on the DSC curve of the raw and smoked belly fl aps of spiny dogfi sh (known 
as  “  Schillerlocken  ”  in Germany) was also demonstrated ( Figure 15.32   ). In the smoked 
sample, the lower temperature peak disappeared, leaving behind only the higher 
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temperature peak. Unfortunately, from the DSC data that were found,  Schubring (2007) 
noted that it was not possible to say that a core temperature of 60°C, as demanded by 
the guidelines of the German Food Code, had been applied to the product, since the 
lower temperature peak occurred below 50°C.   

  Conclusions 

 Rapid developments in DSC instrument technology have led to many new applications 
for DSC in fundamental research. Nevertheless, only a handful of researchers have 
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focused their attention on applying DSC for the detection of adulterants in food, espe-
cially the detection of certain animal fats in vegetable oils. Most of the studies reviewed 
in this chapter made use of the conventional DSC technique; we have yet to see any 
reports on the use of the latest HPDSC technology for the detection of food adulterants. 
Despite the advancement in food authentication techniques, those involved in the adulter-
ation of food products are also developing new ways to overcome the current methods of 
food authentication. Therefore, an analytical technique such as HPDSC, which has a very 
short run time, is relatively easy to use, highly accurate and sensitive to subtle changes in 
chemical composition of the food product, while also providing the possibility of cou-
pling with other analytical techniques such as microscopy, spectroscopy and chromatog-
raphy, is potentially a very attractive option for use as a tool to detect fraudulent activities 
in food products. However, much work needs to be done to prove its worth in the detec-
tion of adulterants in food products other than those mentioned in this chapter. 

  Nomenclature 

A peak area
CCR(T)  heat capacity of reference cell 

CCS(T)  heat capacity of sample cell 
CR(T)  heat capacity of reference 
CS(T)  heat capacity of sample 
�   density 
 dq S /dt  heat transfer rate from furnace to sample 
G  calibration factor 
  �H  heat of reaction or phase transition 
 k  thermal conductivity 
 l  sample length 
 m  sample mass 
 p  vapor pressure 
 r  sample radius 
 R  heat resistance between furnace and sample 
 t  time 
� T  difference in temperature between sample and reference 

material 
 T F   fi nal peak temperature 
 T I   initial deviation temperature 
�Tmin   change in minimum temperature 
 T P   furnace temperature 
 T R   reference temperature 
 T S   sample temperature 
 V  volume of sample 
� V  change in volume of the system due to the phase transition 
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  Introduction 

 In this chapter the fundamentals of  chemometrics  will be presented by means of a 
quick overview of the most relevant techniques for  data display ,  classifi cation ,  mod-
eling ,  multivariate process monitoring , multivariate quality control and calibration.
The chapter is intended to make people aware of the great superiority of  multivariate
analysis  over the commonly used univariate approach. Mathematical and algorith-
mical details will not be presented, since the chapter is mainly focused on the gen-
eral problems to which chemometrics can be successfully applied in the fi eld of food 
authentication.

 As a matter of fact, many of the readers of this book may not be familiar with che-
mometrics, and a signifi cant percentage of them may have never even heard of this 
 “ new ”  science (although it’s quite strange that it is still considered a  “ new ”  science, 
when the Chemometrics Society was founded more than 30 years ago and the most 
basic algorithms date back to the beginning of the twentieth century). Furthermore, 
some may be quite put off by anything involving mathematical computations more 
advanced than a square root, or statistical tests more complex than a  t -test. 
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 Therefore, the goal of this chapter is simply that of being read and understood 
by the majority of the readers of this book. This goal will be completely achieved if 
some of them, after having read it, might say:  “ chemometrics is easy and powerful 
indeed, and from now on I will always think in a multivariate way ” . 

 Of course, to accomplish this goal in the limited space of a chapter, the attractive 
sides of chemometrics must be highlighted. Therefore, the intuitive aspects of each 
technique will be shown, without giving too much relevance to the algorithms. 

 First of all, what is chemometrics? According to the defi nition of the Chemometrics 
Society, it is  “ the chemical discipline that uses mathematical and statistical methods 
to design or select optimal procedures and experiments, and to provide maximum 
chemical information by analyzing chemical data ” . 

 One of the major mistakes that people make regarding chemometrics is thinking 
that, in order to use it, it is necessary to be a very good mathematician and to know 
the mathematical details of the algorithms being used. From the defi nition itself, it is 
clear instead that a chemometrician is a chemist  who can  use  mathematical and sta-
tistical methods. 

 If we want to draw a parallel with everyday life, how many of us really know in 
detail how a TV set, a mobile phone, a car or a washing machine works? But every-
body watches TV programs, makes phone calls, drives a car and starts a washing 
machine. Of course, what is important is that people know what each instrument is 
made for and that nobody tries to drive a TV set, or speak into a washing machine or 
do the laundry in a car. 

 Though chemometrics makes available a very wide range of techniques, some of 
them being very diffi cult to fully understand and use correctly, the great majority of 
the real problems can be solved by applying one of the basic techniques, the under-
standing of which, at least from an intuitive point of view, is relatively easy and does 
not require high-level mathematical skills.  

  Data collection 

 Chemometrics works on data matrices. This means that on each sample a certain 
number of variables have been measured (in the  “ chemometrical jargon ” , we say that 
each object is described by  v  variables). Although some techniques can work with a 
limited number of missing values, a chemometrical data set must be thought of as a 
spreadsheet in which all the cells are full. 

 Sometimes, instead, if data are gathered without having any specifi c project, 
it happens that the result is a  “ sparse ”  matrix containing some blank cells. In such 
cases, if the percentage of missing data is quite high, the whole data set is not suit-
able for a multivariate analysis; as a consequence, the variables and/or the objects 
with the lowest number of data must be removed, and therefore a huge amount of 
experimental effort can be lost. 

 All the chemometrical software allows the import of data from ASCII fi les or from 
spreadsheets. It is therefore suggested that the data be organized in matrix form from 
the start, as shown in  Table 16.1   , in such a way that the import can be performed 



in a single step. If, on the contrary, the data are spread over several fi les or sheets 
(e.g. one fi le for each sample or for each variable), then the import procedure will be 
much longer and more cumbersome. 

 Sometimes it also happens that people tend to  “ overcrowd ”  the data fi le with inter-
mediate and therefore “ useless ”  numbers (e.g. in the case of weighing, the gross 
weight and the tare). These values, being non-relevant for the data analysis, should 
anyway be removed before the chemometrical elaboration. It can be easily under-
stood that a good data collection, resulting in a well-structured data sheet, is the fi rst 
step towards successful data analysis. 

 This is especially true if the data have to be elaborated by an external consultant, 
who can therefore start his or her job with a simple and direct import of the data, 
without having to waste time (and possibly make mistakes) with boring tasks such as 
joining several fi les or removing redundant information.  

  Data display 

 The human mind can digest much more information when looking at plots rather 
than numbers. This is easily demonstrated by looking fi rst at the sequence of num-
bers reported in  Table 16.2   , and then at the plot in  Figure 16.1   . 

 It is very clear that, even in a very simple data set like this (just 10 samples, and 
a single variable), the information obtained by looking at the plot is superior to and 
much more easily available than the information gained by analyzing the raw num-
bers. From the plot, it becomes evident that the samples are clustered into two groups 
of the same size, the one at higher values being much tighter than the one at low val-
ues. Much more time and effort are required when we want to get the same informa-
tion from the table. 

Table 16.2    Ten samples described by one variable 

 Sample  1  2  3  4  5  6  7  8  9  10 

 Value  25.3  22.1  25.5  25.6  19.4  25.7  20.2  21.3  25.9  21.8 

Table 16.1    The structure of a chemometrical data set 

  Var. 1  Var. 2  Var. 3  Var. 4  Var. 5  Var. 6  Var. 7   …  Var. v 

 Obj. 1                   
 Obj. 2                   
 Obj. 3                   
 Obj. 4                   
 Obj. 5                   
 Obj. 6                   
  …                    
 Obj. n                   
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 Let us now take into account a more complex data set, i.e. the one reported in 
 Table 16.3   , where each object is described by two variables. The same data are plot-
ted in  Figure 16.2   . 

 In this data set there are 20 samples, supposed to belong to the same population. 
When looking at one variable at a time ( Figures 16.2a and 16.2b ), it really seems that 
the samples constitute a single group. When looking at the bivariate plot shown in 
 Figure 16.2c , we realize instead that we are in a situation very similar to that which we 
found with the univariate data set. The samples are split into two clusters of the same 
size, with the objects of the fi rst one more tightly grouped than the objects of the sec-
ond one. As previously shown, this conclusion cannot be reached when looking at one 
variable at a time, since neither of the two variables is able to discriminate between the 
two groups. 

 This bivariate data set, beyond showing once more that a plot is much more easily 
handled by the human brain than a data table, demonstrates that, when dealing with 
more than one variable, the analysis of just one variable at a time can lead to wrong 
results.

 If we had a data set with three variables, it would still be possible to visualize the 
whole information by a three-dimensional scatter plot, in which the coordinates of 
each object were the values of the variables. However, what should we do if there were 

5

20 21 22 23 24 25 26

7 8 2 1 346 910

Figure 16.1     Scatter plot of the data in  Table 16.2 .    

Table 16.3     Twenty samples described by two variables 

 Sample  Variable 1  Variable 2 

  1  21.2  32.5 
  2  16.2  21.0 
  3  13.1  21.7 
  4  11.6  21.3 
  5  20.8  29.9 
  6  10.4  20.6 
  7  19.5  26.8 
  8  9.8  25.2 
  9  15.2  31.2 
 10  12.0  26.0 
 11  17.6  28.5 
 12  24.0  30.0 
 13  17.8  33.1 
 14  15.0  24.0 
 15  11.0  24.2 
 16  24.8  25.3 
 17  12.8  23.3 
 18  26.5  30.6 
 19  22.9  27.5 
 20  9.7  22.8 



more than three variables? What we need, therefore, is a technique permitting the visu-
alization by simple bi- or tridimensional scatter plots of the majority of the informa-
tion contained in a highly dimensional data set. This technique is  principal component 
analysis  (PCA), one of the simplest and most used methods of multivariate analysis. 
PCA is very important, especially in the preliminary steps of an elaboration, when 
performing an exploratory analysis in order to have an overview of the data. 

 It is quite common to have to deal with large data tables with, for instance, a series 
of samples described by a number ( v ) of chemico-physical parameters. Examples of 
such data sets could be samples of olive oils from different origins described by their 
content in fatty acids and sterols, or samples of wines described by Fourier-transformed 
infrared (FT-IR) spectra. It is easy to realize how, especially in spectral data sets,  v  can 
be very high ( � 1000). In such cases, it would be impossible to obtain valuable infor-
mation without the help of multivariate techniques. 

 From a geometrical point of view, we can consider a  v -dimensional space in which 
each dimension is associated to one of the variables. In this space, each sample 
(object) has coordinates corresponding to the values of the variables describing it. 

Figure 16.2    Scatter plots of the data in  Table 16.3 : (a) univariate scatter plot of variable 1; (b) univariate 
scatter plot of variable 2; (c) bivariate scatter plot.        
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 Since it is impossible to visualize all the information at once, we can be content 
with the analysis of several bi- or tridimensional plots, each of them showing a dif-
ferent part of the global information. 

 It is also evident that not all possible combinations of two or three variables will 
give the same quality of information. For instance, if some variables are very highly 
correlated, then the information brought by each of them will be almost the same. 
If two variables are perfectly correlated, then one of them can be discarded, losing no 
information at all. In this way, the dimensionality of our space will be reduced from 
v  to  v       �      1. If two variables are very highly correlated, then the elimination of one of 
them will produce only a slight loss of information, while the dimensionality of the 
space will be reduced to v       �      1. So, we can deduce that the information contained in 
the “ lost ”   v -th dimension was well below the average of the information contained in 
the other dimensions. 

 It is quite apparent now that not all the dimensions have the same importance, 
and that, owing to the correlations among the variables, the  “ real ”  dimensionality 
of our data matrix is somehow lower than  v . Therefore, it would be very valuable to 
have a technique capable of concentrating in a few variables, and therefore in a few 
dimensions, the bulk of our information. This is exactly what is performed by PCA; 
it reduces the dimensionality of the data and extracts the most relevant part of the 
information, placing in the last dimensions the non-structured information – i.e. the 
noise. According to these two characteristics, the information contained in very com-
plex data matrices can be visualized in just one or a few plots. 

 From the mathematical point of view, the goal of PCA is to obtain, from  v  vari-
ables (X 1 , X 2 ,  … , X v ),  v  linear combinations having two important features: to be 
uncorrelated, and to be ordered according to the explained variance (i.e. to the infor-
mation they contain). The lack of correlation among the linear combinations is very 
important, since it means that each of them describes different  “ aspects ”  of the origi-
nal data. As a consequence, the examination of a limited number of linear combina-
tions (generally the fi rst two or three) allows us to obtain a good representation of the 
studied data set. 

 From a geometrical point of view, what is performed by PCA corresponds to look-
ing for the direction which, in the  v -dimensional space of the original variables, 
brings the greatest possible amount of information (i.e. explains the greatest vari-
ance). Once the fi rst direction is identifi ed, the second one is looked for; it will be the 
direction explaining the greatest part of the residual variance, under the constraint of 
being orthogonal to the fi rst one. This process goes on until the  v -th direction has 
been found. 

 These new directions can be considered as the axes of a new orthogonal system, 
obtained after a simple rotation of the original axes. While in the original system each 
direction (i.e. each variable) brings with it, at least in theory, 1/ v  of total information, 
in the new system the information is concentrated in the fi rst directions, and decreases 
progressively so that in the last ones no information can be found except noise. 

 The global dimensionality of the system is always that of the original data ( v ), but 
since the last dimensions explain only a very small part of the information, they can 
be neglected and we can take into account only the fi rst dimensions (the  “ signifi cant 



components ” ). The projection of the objects in this space of reduced dimensionality 
retains almost all the information that can now also be analyzed in a visual way, by 
bi- or tridimensional plots. These new directions, linear combinations of the original 
ones, are the principal components (PC) or Eigenvectors. 

 With a mathematical notation, we can write: 

var(Z ) var(Z ) var(Z )1 2� � �� v  (16.1)

   where var(Z i ) is the variance explained by component  i . Furthermore, since a simple 
rotation has been performed, the total variance is the same in the two systems of axes: 

var(X ) var(Z )i i� ∑∑ (16.2)

   The fi rst PC is formed by the linear combination   

Z a X a X a X1 11 1 12 2 1� � � �� v v (16.3)

   explaining the greatest variance, under the condition 

a i1
2 1�∑ (16.4)

   This last condition notwithstanding, the variance of Z 1  could be made greater simply 
by increasing one of the values of a. 

 The second PC 

Z a X a X a Xv2 21 1 22 2 2� � � �� v (16.5)

   is the one having var(Z 2 ) as large as possible, under the conditions that 

a i2
2 1�∑ (16.6)

   and that 

a ai i1 2 0�∑ (16.7)

   Equation (16.7) assures the orthogonality of components one and two. 
 The lower order components are computed in the same way, always under the two 

conditions previously reported. 
 From a mathematical point of view, PCA is solved by fi nding the eigenvalues of 

the variance–covariance matrix; they correspond to the variance explained by the cor-
responding principal component. Since the sum of the eigenvalues is equal to the sum 
of the diagonal elements (trace) of the variance–covariance matrix, and since the trace of 
the variance–covariance matrix corresponds to the total variance, we have confi rmation 
that the variance explained by the principal components is the same as explained by the 
original data. 

 It is now interesting to locate each object in this new reference space. The coor-
dinate on the fi rst PC is computed simply by substituting into Equation (16.3), with 
Xi being the values of the corresponding original variables. The coordinates on the 
other principal components are then computed in the same way. These coordinates 
are named scores, while the constants aij are named loadings. 
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 By taking into account the loadings of the variables on the different principal com-
ponents, it is very easy to understand the importance of each single variable in con-
stituting each PC. A high absolute value means that the variable under examination 
plays an important role for the component, while a low absolute value means that it 
has very limited importance. 

 If a loading has a positive sign, it means that the objects with a high value of the 
corresponding variable have high positive scores on that component. If the sign is 
negative, then the objects with high values of that variable will have high negative 
scores. As already mentioned, after a PCA, the information is mainly concentrated 
on the fi rst components. As a consequence, a plot of the scores of the objects on the 
fi rst components allows the direct visualization of the global information in a very 
effi cient way. It is now very easy to detect similarity between objects (similar objects 
have a very similar position in the space) or the presence of outliers (they are very far 
from all other objects) or the existence of clusters. Taking into account at the same 
time the scores and loadings, it is also possible to interpret very easily the differences 
among objects or groups of objects, since it is immediately understandable which are 
the variables giving the greatest contribution to the phenomenon under study. 

 Mathematically speaking, we can say that the original data matrix  Xo,v  (having as 
many rows as objects and as many columns as variables) has been decomposed into 
a matrix of scores So,c  (having as many rows as objects and as many columns as 
retained components, with c  usually  �       �       v ) and a matrix of loadings  Lc,v  (having as 
many rows as retained components and as many columns as variables). If, as usual, 
c       �       v , a matrix of the residuals  Eo,v , having the same size as the original data set, 
contains the differences between the original data and the data reconstructed by the 
PCA model (the smaller the values of this matrix, the higher the variance explained 
by the model). 

 We can therefore write the following relationship: 

X S L Eo,v o,c c,v o,v*� �

   Now, let us see the application of PCA to a real data set (K. MacNamara, personal 
communication, 2005). Twelve variables have been measured by gas chromatography 
on 43 samples of Irish whiskeys, of two different types; 19 samples were from type 
A and 24 samples were from type B, with the samples ordered according to the pro-
duction time. The data are reported in  Table 16.4   .   

 Since a trained assessor can easily discriminate a whiskey of type A from a whis-
key of type B, it is interesting to know whether this discrimination is possible also on 
a chemical basis, just taking into account the variables obtained by a routine analysis. 
When looking separately at each of the 12 variables, it can be seen that none of them 
completely separates the two types. Therefore, when thinking on a univariate basis, 
we could say that it is not possible to discriminate between the two types of whiskey. 
As a consequence, we could look for different (and possible more expensive to deter-
mine) variables. 

 After a PCA ( Figure 16.3   ), it is instead evident that the information present in the 
12 variables is suffi cient to discriminate the two whiskeys clearly. Once more, it has 



Table 16.4    Chemical composition of 43 whiskey samples 
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  1  A   80  408  37  583  466  24  15  388   988  3  13  45 
  2  A   76  327  40  507  483  25  18  396  1033  3  12  46 
  3  A   79  296  43  467  397  20  17  323   859  4  13  44 
  4  A   74  415  28  569  407  24  15  352   921  4  13  46 
  5  A   69  381  29  510  367  21  14  329   870  4  13  46 
  6  A   66  340  35  428  387  26  13  339   910  4  14  50 
  7  A   82  373  17  401  337  23  11  297   813  4  13  42 
  8  A   78  385  34  459  371  19  12  313   843  3  12  41 
  9  A   67  374  34  458  385  22  12  326   868  3  13  47 
 10  A   50  331  32  422  345  17  12  307   835  3  12  42 
 11  A   66  342  30  423  341  17  13  305   846  3  13  43 
 12  A   54  321  28  408  354  20  13  310   874  4  13  41 
 13  A   68  344  33  429  333  16  12  300   824  3  11  38 
 14  A   69  358  37  446  347  17  13  311   855  3  11  37 
 15  A   78  346  40  411  320  16  12  287   796  3  11  36 
 16  A   77  387  51  427  345  22  12  290   805  3  10  32 
 17  A  104  322  72  432  353  18  13  303   823  3  10  35 
 18  A   84  333  55  421  340  17  13  292   787  3  10  31 
 19  A   82  382  47  457  328  18  10  278   765  3  10  31 
 20  B   65  403  18  496  529  19  19  365  1014  3  11  35 
 21  B   58  352  18  434  457  17  17  312   907  3   8  26 
 22  B   71  394  25  555  560  18  20  391  1083  3  11  33 
 23  B   69  369  25  497  500  16  18  349  1005  3  10  29 
 24  B   83  344  28  489  479  15  17  352   957  3  10  29 
 25  B   93  344  31  500  481  15  18  352   990  3  10  29 
 26  B   65  453  18  503  529  21  17  390  1017  3  10  31 
 27  B   62  405  17  500  488  18  17  357   965  3   9  27 
 28  B   58  435  16  501  548  21  17  415  1056  3  10  31 
 29  B   63  459  17  544  575  21  19  426  1100  3  10  28 
 30  B   99  462  26  490  500  22  16  403  1057  3  10  30 
 31  B   81  357  21  402  396  16  14  310   814  2   7  17 
 32  B   80  380  23  497  483  18  17  395  1041  3  10  28 
 33  B   76  425  22  486  475  22  17  379  1007  4  10  25 
 34  B   79  446  24  446  418  18  14  319   803  3   9  25 
 35  B   78  461  24  478  458  19  16  352   908  3   9  23 
 36  B  108  477  29  493  430  16  14  329   811  3  11  28 
 37  B  111  481  28  494  429  16  15  330   833  3   9  22 
 38  B   82  408  22  473  431  18  12  317   774  3  10  27 
 39  B   73  428  20  493  445  18  13  327   804  3   8  20 
 40  B  102  469  25  490  457  20  11  327   776  3  10  27 
 41  B   90  463  22  491  452  20  12  324   774  3   9  21 
 42  B   50  410  14  440  419  19  12  300   704  3  11  28 
 43  B   61  425  17  445  432  20  12  318   758  3  10  23 
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to be pointed out that taking into account all the variables at the same time gives 
much more information than just looking at one variable at a time. 

 Now, let us go one step back and try to understand how this result has been 
obtained. First, since the variables have different magnitudes and variances, a nor-
malization has to be performed, in such a way that each variable will have the same 
importance. Autoscaling is the most frequently used normalization, which is done 
by subtracting from each variable its mean value and then dividing the result by its 
standard deviation. After that, each normalized variable will have mean      �      0 and vari-
ance      �      1.  Table 16.5    shows the data after autoscaling. The results of the PCA are 
such that PC1 explains 38.4% of the total variance and PC2 26.4%. This means that 
the PC1–PC2 plots shown in  Figure 16.3  explain 64.8% of the total variance.  Table 
16.6    shows the loadings of the variables on PC1 and PC2. From it, the loading plot 
in  Figure 16.3  is obtained. 

 From the score plot in  Figure 16.3 , it can be seen that the plane PC1–PC2 per-
fectly separates the two categories. By looking at the loading plot and at  Table 16.6 ,
it is possible to know which are the variables mainly contributing to each of the prin-
cipal components. Variables 4, 5, 7, 8 and 9 (propanol, isobutanol, butanol-1, 2-Me-
1-butanol and 3-Me-1-butanol – i.e. the alcohols) have the loadings with the highest 
absolute value on PC1, all of them being negative. This means that the alcohols are 
higher in those samples having the highest negative scores on PC1. Variables 6, 10, 
11 and 12 (isoamyl acetal, ethyl caproate, ethyl caprylate and ethyl caprate – i.e. 
the esters) have the loadings with the highest absolute value on PC2, all of them 
being negative. This means that the esters are higher in those samples having the 
highest negative scores on PC2. Therefore, it can be said that the esters are the main 
responsible for the separation between the two types, while the alcohols are the main 
responsible for the variability within each type. The fact that all the alcohols have 
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Figure 16.3     PCA of the data of  Table 16.4 . On the left is the score plot of the objects (coded according to the whiskey type), on the 
right is the loading plot of the variables (coded according to the order in  Table 16.4 ).



Table 16.5    Autoscaled data 
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  1  A  0.288  0.340  0.672  2.507  0.553  1.743  0.187  1.348  0.936 �     0.338  1.441  1.418 
  2  A  0.013       �     1.285  0.927  0.791  0.796  2.105  1.335  1.559  1.366       �     0.338  0.821  1.536 
  3  A  0.219       �     1.907  1.183       �     0.112       �     0.435  0.295  0.952       �     0.365       �     0.297  2.084  1.441  1.301 
  4  A       �     0.125  0.481       �     0.095  2.190       �     0.291  1.743  0.187  0.399  0.296  2.084  1.441  1.536 
  5  A       �     0.469       �     0.202       �     0.010  0.858       �     0.864  0.657       �     0.196       �     0.207       �     0.192  2.084  1.441  1.536 
  6  A       �     0.675       �     1.024  0.501       �     0.993       �     0.578  2.467       �     0.579  0.056  0.190  2.084  2.060  2.005 
  7  A  0.426       �     0.362       �     1.032       �     1.602       �     1.293  1.381       �     1.344       �     1.051       �     0.737  2.084  1.441  1.066 
  8  A  0.150       �     0.121  0.416       �     0.293       �     0.806       �     0.067       �     0.961       �     0.629       �     0.450       �     0.338  0.821  0.949 
  9  A       �     0.606       �     0.342  0.416       �     0.316       �     0.606  1.019       �     0.961       �     0.286       �     0.211       �     0.338  1.441  1.653 
 10  A       �     1.776       �     1.205  0.246       �     1.128       �     1.178       �     0.791       �     0.961       �     0.787       �     0.526       �     0.338  0.821  1.066 
 11  A       �     0.675       �     0.984  0.075       �     1.106       �     1.236       �     0.791       �     0.579       �     0.840       �     0.421       �     0.338  1.441  1.184 
 12  A       �     1.501       �     1.406       �     0.095       �     1.444       �     1.050  0.295       �     0.579       �     0.708       �     0.154  2.084  1.441  0.949 
 13  A       �     0.537       �     0.944  0.331       �     0.970       �     1.350       �     1.153       �     0.961       �     0.972       �     0.631       �     0.338  0.202  0.597 
 14  A       �     0.469       �     0.663  0.672       �     0.586       �     1.150       �     0.791       �     0.579       �     0.682       �     0.335       �     0.338  0.202  0.480 
 15  A  0.150       �     0.904  0.927       �     1.377       �     1.536       �     1.153       �     0.961       �     1.314       �     0.899       �     0.338  0.202  0.363 
 16  A  0.082       �     0.081  1.864       �     1.015       �     1.178  1.019       �     0.961       �     1.235       �     0.813       �     0.338       �     0.418       �     0.106 
 17  A  1.939       �     1.386  3.654       �     0.903       �     1.064       �     0.429       �     0.579       �     0.893       �     0.641       �     0.338       �     0.418  0.245 
 18  A  0.563       �     1.165  2.205       �     1.151       �     1.250       �     0.791       �     0.579       �     1.183       �     0.985       �     0.338       �     0.418       �     0.224 
 19  A  0.426       �     0.182  1.524       �     0.338       �     1.422       �     0.429       �     1.727       �     1.552       �     1.195       �     0.338       �     0.418       �     0.224 
 20  B       �     0.744  0.240       �     0.947  0.542  1.454       �     0.067  1.718  0.742  1.184       �     0.338  0.202  0.245 
 21  B       �     1.225       �     0.784       �     0.947       �     0.857  0.424       �     0.791  0.952       �     0.655  0.162       �     0.338       �     1.657       �     0.810 
 22  B       �     0.331  0.059       �     0.351  1.874  1.897       �     0.429  2.100  1.427  1.844       �     0.338  0.202  0.011 
 23  B       �     0.469       �     0.442       �     0.351  0.565  1.039       �     1.153  1.335  0.320  1.098       �     0.338       �     0.418       �     0.458 
 24  B  0.494       �     0.944       �     0.095  0.384  0.739       �     1.515  0.952  0.399  0.640       �     0.338       �     0.418       �     0.458 
 25  B  1.182       �     0.944  0.160  0.633  0.767       �     1.515  1.335  0.399  0.955       �     0.338       �     0.418       �     0.458 
 26  B       �     0.744  1.243       �     0.947  0.700  1.454  0.657  0.952  1.401  1.213       �     0.338       �     0.418       �     0.224 
 27  B       �     0.950  0.280       �     1.032  0.633  0.867       �     0.429  0.952  0.531  0.716       �     0.338       �     1.037       �     0.693 
 28  B       �     1.225  0.882       �     1.117  0.655  1.726  0.657  0.952  2.060  1.586       �     0.338       �     0.418       �     0.224 
 29  B       �     0.881  1.364       �     1.032  1.626  2.112  0.657  1.718  2.350  2.006       �     0.338       �     0.418       �     0.575 
 30  B  1.595  1.424       �     0.265  0.407  1.039  1.019  0.570  1.743  1.595       �     0.338       �     0.418       �     0.341 
 31  B  0.357       �     0.683       �     0.691       �     1.580       �     0.449       �     1.153       �     0.196       �     0.708       �     0.727       �     2.759       �     2.276       �     1.866 
 32  B  0.288       �     0.222       �     0.521  0.565  0.796       �     0.429  0.952  1.533  1.442       �     0.338       �     0.418       �     0.575 
 33  B  0.013  0.681       �     0.606  0.317  0.681  1.019  0.952  1.111  1.117  2.084       �     0.418       �     0.927 
 34  B  0.219  1.103       �     0.436       �     0.586       �     0.134       �     0.429       �     0.196       �     0.471       �     0.832       �     0.338       �     1.037       �     0.927 
 35  B  0.150  1.404       �     0.436  0.136  0.438       �     0.067  0.570  0.399  0.171       �     0.338       �     1.037       �     1.162 
 36  B  2.214  1.725       �     0.010  0.475  0.038       �     1.153       �     0.196       �     0.207       �     0.756       �     0.338  0.202       �     0.575 
 37  B  2.420  1.805       �     0.095  0.497  0.023       �     1.153  0.187       �     0.181       �     0.545       �     0.338       �     1.037       �     1.279 
 38  B  0.426  0.340       �     0.606  0.023  0.052       �     0.429       �     0.961       �     0.524       �     1.109       �     0.338       �     0.418       �     0.693 
 39  B       �     0.194  0.742       �     0.777  0.475  0.252       �     0.429       �     0.579       �     0.260       �     0.823       �     0.338       �     1.657       �     1.514 
 40  B  1.801  1.564       �     0.351  0.407  0.424  0.295       �     1.344       �     0.260       �     1.090       �     0.338       �     0.418       �     0.693 
 41  B  0.976  1.444       �     0.606  0.429  0.352  0.295       �     0.961       �     0.339       �     1.109       �     0.338       �     1.037       �     1.396 
 42  B       �     1.776  0.380       �     1.288       �     0.722       �     0.120       �     0.067       �     0.961       �     0.972       �     1.778       �     0.338  0.202       �     0.575 
 43  B       �     1.019  0.681       �     1.032       �     0.609  0.066  0.295       �     0.961       �     0.497       �     1.262       �     0.338       �     0.418       �     1.162 
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very similar loadings means that they are very much correlated, as is the case for the 
esters. This is a further demonstration of the superiority of multivariate analysis over 
univariate analysis. Indeed, it will be possible to adulterate a product in such a way 
that all the variables, singularly taken, fall inside their individual range of accept-
ance; much more diffi cult (not to say impossible) will be to have an adulterated prod-
uct in which the correlations among the variables will also be preserved. Therefore, 
adulterated products that will be unnoticed by the  “ classical ”  univariate analysis will 
be easily detected by a multivariate analysis (see  “ Modeling ” , below). 

  Table 16.7    reports the scores of the objects on PC1 and PC2. 
 As previously shown, the scores of an object are computed by multiplying the 

loadings of each variable by the value of the variable. As an example, let us compute 
the score of sample 1 on PC1 (since the autoscaled data have been used, these are the 
values that must be taken into account): 

0 288 0 006 0 340 0 253 0 672 0 261 2 507 0 363
0 55

. . . . . . . .
.
* * ( ) * * ( )� � � � �

� 33 0 452 1 743 0 067 0 187 0 385 1 348
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* ( ) * ( ) * ( )
* ( )
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1 418 0 159 1 7
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*
� � � �

� � � 778

   So, we have demonstrated that the two types of whiskeys really are different, from 
the chemical point of view as well.   

 Now, let us look at  Figure 16.4   . In it, the samples are coded according to  Table 
16.4 , i.e. following the production order. It can be seen that for both types there is a 
trend from the left-hand side of the plot (negative values of PC1) to the right-hand 
side of the plot (positive values of PC1), with this effect being much clearer for type 
1. As has previously been said, PC1 is mainly related to the alcohols. Therefore, it 
can be concluded that throughout the production period taken into account there has 
been a progressive decrease of the alcohol content. While the previous fi nding was 
the answer to a question that was explicitly formulated by the producer ( “ are the two 
types of whiskey different? ” ), this result emerged totally unexpectedly. This demon-
strates very well what Bro and colleagues have stated in a paper ( Bro  et al ., 2002 ):

  Usually, data analysis is performed as a confi rmatory exercise, where a postu-
lated hypothesis is claimed, data generated accordingly and the data analysed in 
order either to verify or reject this hypothesis. 

Table 16.6     Loadings of the variables on PC1 and PC2  
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 PC1  0.006 �     0.253  0.261 �     0.363 �     0.452 �     0.067 �     0.385 �     0.429 �     0.378  0.071  0.146  0.159 
 PC2  0.196  0.206       �     0.086       �     0.129  0.023       �     0.395       �     0.096       �     0.162       �     0.221       �     0.404       �     0.493       �     0.498 



 No new knowledge is obtained in confi rmatory analysis except the possible ver-
ifi cation of a prior postulated hypothesis. Using exploratory analysis the data 
are gathered in order to represent as broadly and as well as possible the problem 
under investigation. 

 The data are analysed and through the, often visual, inspection of the results, 
hypotheses are suggested on the basis of the empirical data. Consequently, 
exploratory data analysis is an extraordinary tool in displaying thus far unknown 
information from established and potential monitoring methods. 

Table 16.7    Scores of the objects on PC1 and PC2 

 Object  Category  Score on PC1  Score on PC2 

  1  A       �     1.778       �     2.654 
  2  A       �     1.581       �     2.974 
  3  A  1.477       �     2.730 
  4  A       �     0.679       �     3.359 
  5  A  0.921       �     2.744 
  6  A  1.737       �     4.096 
  7  A  2.675       �     1.889 
  8  A  1.673       �     0.432 
  9  A  1.534       �     1.811 
 10  A  2.526       �     0.650 
 11  A  2.395       �     0.793 
 12  A  2.395       �     2.350 
 13  A  2.488  0.350 
 14  A  1.850  0.113 
 15  A  3.080  0.722 
 16  A  2.446  0.409 
 17  A  2.955  0.603 
 18  A  2.891  1.031 
 19  A  2.903  1.231 
 20  B       �     2.546       �     0.658 
 21  B       �     0.426  1.448 
 22  B       �     3.730       �     0.862 
 23  B       �     1.805  0.400 
 24  B       �     1.093  0.748 
 25  B       �     1.392  0.723 
 26  B       �     3.069       �     0.258 
 27  B       �     2.090  0.724 
 28  B       �     3.556       �     0.589 
 29  B       �     4.814       �     0.585 
 30  B       �     2.815  0.020 
 31  B  0.677  4.098 
 32  B       �     2.361  0.140 
 33  B       �     2.148       �     0.925 
 34  B  0.180  1.939 
 35  B       �     1.527  1.444  
 36  B       �     0.173  1.729 
 37  B       �     0.747  2.663 
 38  B  0.575  1.484 
 39  B       �     0.510  2.283 
 40  B  0.012  1.648 
 41  B       �     0.314  2.114 
 42  B  1.251  0.927 
 43  B  0.514  1.368 
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  Process monitoring and quality control 

 When running a process, it is very important to know whether it is under control (i.e. 
within its natural variability) or out of control (i.e. in a condition that is not typical 
and therefore can lead to an accident). 

 Analogously, when producing a product it is very important to know whether 
each single piece is within specifi cations (i.e. close to the  “ ideal ”  product, within its 
natural variability) or outside specifi cation (i.e. signifi cantly different from the  “ stan-
dard ”  product and therefore in a condition possibly leading to a complaint by the 
fi nal client). 

 PCA is the basis for multivariate process monitoring and multivariate quality con-
trol, which are much more effective than the generally applied univariate approaches 
( Kourti and MacGregor, 1995 ). 

 Having collected a relevant number of observations describing the  “ normally oper-
ating ”  process (or the  “ within specifi cation ”  products), encompassing all the sources 
of normal variability, it will then be possible to build a PCA model defi ning the lim-
its within which the process (or the product) should stay. 

 Any new set of measurements (a vector  x1,v ) describing the process at a given 
moment (or a new product) will be projected onto the previously defi ned model by 
using the following equation:  s1,c       �       x1,v  *  Lc,v� . From the computed scores, it can be 
estimated how far from the barycenter of the model, i.e. from the  “ ideal ”  process (or 
product), it is. 

 Its residuals can also be easily computed:  e1,v       �       x1,v       �       s1,c  *  Lc,v  ( e1,v  is the vector 
of the residuals, and each of its v  elements corresponds to the difference between the 
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Figure 16.4    Score plot of the data in  Table 16.4  (the samples are coded according to the order in  Table 16.4 ). 



measured and reconstructed values of each variable). From them, it can be understood 
how well the sample is reconstructed by the PCA model, i.e, how far from the model 
space (a plane, in the case c      �      2) it lies. 

 Statistical tests make possible the automatic detection of an outlier in both cases 
(they are defi ned as T 2  outliers in the fi rst case and Q outliers in the second case). 
With these simple tests it will be possible to detect a fault in a process or to reject 
a bad product by checking just two plots, instead of as many plots as variables, as 
in the case of the Sheward charts commonly used when the univariate approach is 
applied. Finally, the contribution plots will easily outline which variables are respon-
sible for the sample being an outlier. 

  Figure 16.5    shows the output of process-monitoring software ( Leardi et al ., 2007 ) 
when the process (in this case, a continuous two-column whiskey distillation pilot 
plant, with 26 process variables being monitored) is in an ideal condition. 

 The actual situation of the plant (starred in  Figure 16.5 ) is well within both the 
confi dence ellipses of the PCA model (left-hand plot) and the critical limits of the 
T2  and Q statistics (right-hand plot). Furthermore, the green trajectories in both plots 
also demonstrate that the variability of the plant in the last hour has been quite small. 

 From  Figure 16.6   , it is instead very easy to understand that the process is no 
longer under control. Looking at the PCA plot (left-hand plot), it can be seen that the 
star is at the border of the external ellipse, corresponding to p      �      0.001; furthermore, 
the green trajectory shows the presence of a very clear trend which has taken place 
during the last hour. Looking at the T 2 –Q plot, it is clear that, while the T 2  value is 

Figure 16.5    Output of process monitoring software when the process is under control. 
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very close to the p      �      0.001 critical limit, the Q value is well below any critical limit; 
this means that the correlations inside the plant are still preserved. 

 The T 2  normalized contribution plot shows that the anomalous situation depends 
on the fact that the temperatures in the two columns (variables 1–21 on the chart in 
 Figure 16.6 ) are lower than the normal values. 

 Compared with the standard univariate approach, the multivariate approach is much 
more robust, since it will lead to a lower number of false-negatives and false-positives, 
and much more sensitive, since it allows the detection of faults at an earlier stage. 

 Furthermore, in many cases a process that is out of control produces a product 
which is also outside specifi cation. Therefore, the multivariate process monitoring 
also gives an indirect estimation of the quality of the fi nal product, without having 
to perform any direct analysis on the product itself, whose results would be known 
some time later. 

  Morris and Martin (2003)  tried to quantify the advantage brought by multivariate 
process monitoring, and came to the following conclusions:

  Better process control not only increases yields and results in more consist-
ent high-quality production, but has contributed to reducing specifi c energy 
costs by around 5% to 6%, coupled with production increases of up to 10%. 
It is conjectured that, if 10% of the 100 000 process manufacturing plants in 
Europe embrace these technologies, a net benefi t of the order of €500 million 
per annum to the European process manufacturing industries could result (EU 
Project Prognosis).    

Figure 16.6     Output of process monitoring software when the process is out of control.    



  Three-way PCA 

 It can happen that the structure of a data set is such that a standard two-way table 
(objects versus variables) is not enough to describe it. Let us suppose that some food 
samples have been analyzed by a panel of assessors, each of them giving scores to 
different attributes. A third way needs to be added to adequately represent the data 
set, which can be imagined as a parallelepiped of size  I       	       J       	       K , where  I  is the 
number of food samples (objects), J  is the number of attributes (variables) and  K  is 
the number of assessors (conditions) ( Geladi, 1989;   Smilde, 1992 ).

 To apply standard PCA, these three-way data arrays  X  have to be somehow trans-
formed to obtain a two-way data table. This can be done in different ways, according 
to the focus of interest. 

 The usual and simplest transformation is to average the scores given by the differ-
ent assessors. By doing that, a matrix with I  rows and  J  columns is obtained. This is 
simply done, but the price to be paid is that, since we are now dealing with the scores 
given by a hypothetical  “ average ”  assessor, we have lost every kind of information 
related to the assessors, such as the variability with which each attribute is assessed 
and the systematic effect typical of each assessor. 

 A different transformation applied to study the food samples consists of matri-
cizing the data array  X  to  X�a  ( I  rows,  J       	       K  columns). The interpretability of the 
score plot is usually very high, but since  J       	       K  is usually a rather large number, the 
interpretation of the loading plot is very diffi cult. The same considerations can be 
made when focusing on the assessors; in this case,  X�c  is obtained ( K  rows,  I       	       J  
columns).

 Three-way PCA allows a much easier interpretation of the information contained 
in the data set, since it directly takes into account its three-way structure. If the 
Tucker3 model ( Tucker, 1966 ) is applied, the fi nal result is given by three sets of 
loadings together with a core array describing the relationship among them. If the 
number of components is the same for each way, the core array is a cube. Each of 
the three sets of loadings can be displayed and interpreted in the same way as a score 
plot of standard PCA. 

 In the case of a cubic core array, a series of orthogonal rotations can be performed 
on the three spaces of the objects, variables and conditions, looking for the common 
orientation for which the core array is as much body-diagonal as possible. If this 
condition is suffi ciently achieved, then the rotated sets of loadings can also be inter-
preted jointly by overlapping them. 

 An example of application of three-way PCA is a data set from the fi eld of sen-
sory evaluation ( Cordella and Leardi, 2008 ). In it, eight types of noodles, each cor-
responding to a different formulation, were produced in four independent replicates, 
with each replicate tested by the panel in two independent sessions. Each of the 12 
panellists gave a score to 8 descriptors (1, yellow color; 2, translucency; 3, shininess; 
4, surface smoothness; 5, fi rmness; 6, chewiness; 7, surface stickiness; 8, elasticity). 
The data set can therefore be seen as a 64      	      8  	  12 data set. 

 By taking into account the loading plots of the objects ( Figure 16.7   ), it can be seen 
that the regions occupied by the 8 samples of each noodle (4 replicates      	      2 sessions) 
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never overlap. This means that the global variability (production      �      sensory evalu-
ation) of each noodle is always smaller than the differences among the noodles. 
The fact that the region spanned by each noodle is approximately the same (with 
the exception of noodle 2) indicates that the global variability can be considered as 
independent of the type of noodle. It can also be seen that the variability between 
sessions is smaller than the variability among replicates; this means that the  “ instru-
mental error ”  of the judges is smaller than the variability of the production. 

 On the fi rst axis, noodles 7 and 8 have the lowest loading, followed by noodle 6 and 
then by the remaining fi ve types, all with very similar loading. This ranking (7      �      8      �      6) 
corresponds to the content of glyceryl monostearate (GMS, 2.8%, 2.8% and 1.4%, 
respectively, with the other noodles having no GMS). It can be concluded that the load-
ings of each noodle group on the fi rst axis is directly related to the GMS content. 

 On the second axis, the fi ve formulations having no GMS are discriminated, with 
noodle 3 having the highest loading and noodle 1 having by far the lowest load-
ing. Noodle 3 is made only from durum wheat fl our (DWF), while noodle 1 is the 
only one containing wheat starch (WS). On the same axis, noodles 5, 4 and 2 have 
decreasing loadings, and this corresponds to their amount of wheat gluten (WG, 6%, 
3% and 0%, respectively). 

  Figure 16.8    shows the scatter plot of the loadings of the variables. Variables 5–8 
(the texture-related descriptors) have the highest values on the fi rst axis. This means 
that the fi rst axis is mainly related to the texture of the product. Variables 1 and 4 
(color and smoothness, both positive attributes) have positive loadings on axis 2, in 
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contrast with variables 2 and 3 (translucency and shininess, both negative attributes). 
Therefore, the second axis is mainly related to the appearance attributes of the 
noodles.

 It should also be noticed that variables 5–8 (the texture-related descriptors) have 
very similar loadings on both axes, and therefore are very highly correlated. As a 
result, it can be concluded that axis 1 is related to the amount of GMS and to the tex-
ture of the product; it can be seen that the addition of GMS gives a worse product. 

 Axis 2 is related to the aspect; it can be seen that noodle 3, obtained with DWF, is 
the product with the best appearance (it is the most yellow and the smoothest), while 
noodle 1, obtained with a large amount of WS, has the worst appearance (it is the 
most translucent and shiniest). The addition of WG also improves the appearance, 
since it results in an increase of the yellow color and of the smoothness. By taking 
into account both axes, it is easy to detect noodle 3 as being the best.  Table 16.8    
shows some types of data sets on which three-way PCA can be successfully applied. 

Table 16.8    Data sets on which three-way PCA can be applied 

 Field of application  Objects  Variables  Conditions 

 Environmental analysis  Air or water samples  Chemico-physical analyses  Time 
 Environmental analysis  Water samples (different locations)  Chemico-physical analyses  Depth 
 Panel tests  Food products (oils, wines)  Attributes  Assessors 
 Food chemistry  Foods (cheeses, spirits,  … )  Chemical composition  Ageing 
 Food chemistry  Foods (oils, wines,  … )  Chemical composition  Crops 
 Sport medicine  Athletes  Blood analyses  Time after effort 
 Process monitoring  Batches  Chemical analyses  Time 
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  Classifi cation 

 Earlier in this chapter we verifi ed that the two types of whiskey are indeed well sepa-
rated in the multivariate space of the variables. Therefore, we can say that we have 
two really different classes. Let us suppose we now have some unknown samples and 
want to know what their class is. After having performed the chemical analyses, we 
can add these data to the previous data set, run a PCA and see where the new sam-
ples are placed. This will be fi ne if the new samples fall inside one of the clouds of 
points corresponding to a category, but what if they fall in an intermediate position? 
How can we say with  “ reasonable certainty ”  that the new samples are from type A 
or type B? We know that PCA is a very powerful technique for data display, but we 
realize that we need something different if we want to classify new samples. What 
we want is a technique producing some  “ decision rules ”  discriminating among the 
possible categories. 

 While PCA is an  “ unsupervised ”  technique, the classifi cation methods are “ super-
vised ”  techniques. In these techniques, the category of each of the objects on which 
the model is built must be specifi ed in advance. 

 The most commonly used classifi cation techniques  are linear discriminant analysis
(LDA) and  quadratic discriminant analysis  (QDA). They defi ne a set of delimiters 
(according to the number of categories under study) in such a way that the multivari-
ate space of the objects is divided into as many subspaces as the number of categories, 
and that each point of the space belongs to one, and only one, subspace. Rather than 
describing in detail the algorithms behind these techniques, special attention will be 
given to the critical points of a classifi cation. 

 As previously stated, the classifi cation techniques use objects belonging to the dif-
ferent categories to defi ne boundaries delimiting regions of the space. The fi nal goal 
is to apply these classifi cation rules to new objects for their classifi cation into one of 
the existing categories. The performance of the technique can be expressed as clas-
sifi cation ability and prediction ability. The difference between  “ classifi cation ”  and 
 “ prediction ” , though quite subtle at fi rst glance, is actually very important, and its 
underestimation can lead to very bitter deceptions. 

Classifi cation ability  is the capability of assigning to the correct category the same 
objects used to build the classifi cation rules, while  prediction ability  is the capability of 
assigning to the correct category objects that have not been used to build the classifi ca-
tion rules. Since the fi nal goal is the classifi cation of new samples, it has to be clear 
that the predictive ability is by far the most important fi gure of merit to be looked at. 

 The results of a classifi cation method can be expressed in several ways. The most 
synthetic one is the percentage of correct classifi cations (or predictions). Note that in 
the following only the term  “ classifi cation ”  will be used, but it has to be understood 
as “ classifi cation or prediction ” . This can be obtained as the number of correct clas-
sifi cations (independently of the category) divided by the total number of objects, or 
as the average of the performance of the model over all the categories. The two results 
are very similar when the size of all the categories is very similar, but can be very dif-
ferent if the size is quite different. Let us consider the case shown in  Table 16.9   . 



 The very poor performance of category 3, by far the smallest one, hardly affects 
the classifi cation rate computed on the global number of classifi cations, while it pro-
duces a much lower result if the classifi cation rate is computed as the average of the 
three categories. 

 A more complete and detailed overview of the performance of the method can be 
obtained by using the classifi cation matrix, which also allows to know the catego-
ries to which the wrongly classifi ed objects are assigned (in many cases, the cost of 
an error can be quite different according to the category the sample is assigned to). 
In it, each row corresponds to the true category and each column to the category to 
which the sample has been assigned. Continuing with the previous example, a pos-
sible classifi cation matrix is shown in  Table 16.10   . 

 From  Table 16.10 , it can be seen that the 112 objects of category 1 were classifi ed 
in the following way: 105 correctly to category 1, none to category 2, and 7 to cat-
egory 3. In the same way, it can be deduced that all the objects of category 3 which 
were not correctly classifi ed have been assigned to category 1. Therefore, it is easy 
to conclude that category 2 is well defi ned and that the classifi cation of its objects 
gives no problems at all, while categories 1 and 3 are overlapping. As a consequence, 
to achieve perfect classifi cation more effort must be put into better separation of cat-
egories 1 and 3. All this information cannot be obtained from just the percentage of 
correct classifi cations. 

 If overfi tting occurs, then the prediction ability will be much worse than the clas-
sifi cation ability. To avoid it, it is very important that the sample size is adequate for 
the problem and the technique. A general rule is that the number of objects should 
be more than fi ve times (at the very least no less than three times) the number of 
parameters to be estimated. LDA works on a pooled variance–covariance matrix; this 
means that the total number of objects should be at least fi ve times the number of vari-
ables. QDA computes a variance–covariance matrix for each category, which makes 
it a more powerful method than LDA, but this also means that each category should 
have a number of objects at least three times higher than the number of variables. 

Table 16.9    Example of the performance of a classifi cation technique 

 Category No.  Objects  Correct classifi cation % Correct classifi cation 

 1  112  105  93.8 
 2  87  86  98.9 
 3  21  10  47.6 
 Total  220  201  91.4/80.1 

Table 16.10    Example of a classifi cation matrix 

 Category  1  2  3 

 1  105  0  7 
 2  1  86  0 
 3  11  0  10 
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This is a good example of how the more complex, and therefore  “ better ”  methods, 
sometimes cannot be used in a safe way because their requirements do not corre-
spond to the characteristics of the data set.  

  Modeling 

 In classifi cation, the space is divided into as many subspaces as categories, and each 
point belongs to one, and only one, category. This means that the samples that will 
be predicted by such methods must belong to one of the categories used to build the 
models; if not, they will anyway be assigned to one of them. To make this concept 
clearer, let us suppose the use of a classifi cation technique to discriminate between 
water and wine. Of course, this discrimination is very easy. Each sample of water will 
be correctly assigned to the category  “ water ”  and each sample of wine will be cor-
rectly assigned to the category  “ wine ” . However, what will happen with classifi ca-
tion of a sample of orange squash? The sample will be assigned either to the category 
 “ water ”  (if variables such as alcohol are taken into account) or to the category  “ wine ”  
(if variables such as color are considered). The classifi cation techniques are therefore 
not able to defi ne a new sample as being  “ something different ”  from all the categories 
of the training set. This is instead the main feature of the modeling techniques. 

 Though several techniques are used for modeling purposes, UNEQ (one of the 
modeling versions of QDA) and SIMCA (soft independent model of class analogy) 
are the most used. While in classifi cation every point of the space belongs to one 
and only one category, with these techniques the models (one for each category) can 
overlap and leave some regions of the space unassigned. This means that every point 
of the space can belong to one category (the sample has been recognized as a sample 
of that class), to more than one category (the sample has such characteristics that it 
could be a sample of more than one class) or to none of the categories (the sample 
has been considered as being different from all the classes). 

 Of course, the  “ ideal ”  performance of such a method would be not only to cor-
rectly classify all the samples in their category (as in the case of a classifi cation tech-
nique), but also be such that the models of each category could be able to accept 
all the samples of that category and reject all the samples of the other categories. 
The results of a modeling technique are expressed the same way as in classifi cation, 
plus two very important parameters: specifi city and sensitivity. For category  c , its 
specifi city (how much the model rejects the objects of different categories) is the 
percentage of the objects of categories different from  c  rejected by the model, while 
its sensitivity (how much the model accepts the objects of the same category) is the 
percentage of the objects of category  c  accepted by the model. 

 While the classifi cation techniques need at least two categories, the modeling tech-
niques can also be applied when only one category is present. In this case, the technique 
detects whether the new sample can be considered as a typical sample of that category 
or not. This can be very useful in the case of Protected Denomination of Origin prod-
ucts, to verify whether a sample, declared as having been produced in a well-defi ned 
region, indeed has the characteristics typical of the samples produced in that region. 



 The application of a multivariate analysis will greatly reduce the possibility of 
fraud. While an  “ expert ”  can adulterate a product in such a way that all the variables, 
independently considered, still stay in the accepted range, it is almost impossible to 
adulterate a product in such a way that its multivariate  “ pattern ”  is still accepted by 
the model of the original product, unless the amount of the adulterant is so small that 
it becomes unprofi table from the economic point of view.  

  Calibration 

 Let us imagine we have a set of wine samples and that on each of them the FT-IR 
spectrum is measured, together with some variables such as alcohol content, pH 
or total acidity. Of course, chemical analyses will require much more time than a 
simple spectral measurement. It would therefore be very useful to fi nd a relation-
ship between each of the chemical variables and the spectrum. This relationship, 
after having been established and validated, will be used to predict the content of the 
chemical variables. It is easy to understand how much time (and money) this will 
save, since in a few minutes it will be possible to have the same results as previously 
obtained by a whole set of chemical analyses. 

 Generally speaking, we can say that  multivariate calibration  fi nds relationships 
between one or more response variables  y  and a vector of predictor variables  x . As 
the previous example has shown, the fi nal goal of multivariate calibration is not just 
to  “ describe ”  the relationship between the  x  and the  y  variables in the set of samples 
on which the relationship has been computed, but to fi nd a real practical application 
for samples that in a following time will have the  x  variables measured. 

 The model is a linear polynomial ( y       �       b0       �       b1 x 1       �       b2 x 2       �       …       �       bk x k       �       f  ), where 
b0  is an offset, the  bk  ( k       �    1 ,  … ,  K)  are regression coeffi cients and  f  is a residual. 
The “ traditional ”  method of calculating  b , the vector of regression coeffi cients, is 
ordinary least squares  (OLS). However, this method has two major limitations that 
make it inapplicable to many data sets: 

  1.     It cannot handle more variables than objects 
  2.     It is sensitive to collinear variables.    

 It can easily be seen that both these limitations do not allow the application of OLS 
to spectral data sets, where the samples are described by a very high number of 
highly collinear variables. If we want to use OLS with such data anyway, the only 
way to do it is to reduce the number of variables and their collinearity through a suit-
able  variable selection  (see below). 

 When describing PCA, it can be seen that the components are orthogonal (i.e. 
uncorrelated) and that the dimensionality of the resulting space (i.e. the number of 
signifi cant components) is much lower than the dimensionality of the original space. 
Therefore, it is clear that both the aforementioned limitations have been overcome. 
As a consequence, it is possible to apply OLS to the scores originated by PCA. This 
technique is principal component regression  (PCR). 
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 It has to be remembered that principal components are computed by taking into 
account only the  x  variables, without considering at all the  y  variable(s), and are ranked 
according to the explained variance of the  “x  space ” . This means that it can happen 
that the fi rst PC has little or no relevance in explaining the response that we are inter-
ested in. This can be easily understood by considering that, even when we have several 
responses, the PCs to which the responses have to be regressed will be the same. 

 Nowadays, the most favored regression technique is  partial least squares regres-
sion  (PLS, or PLSR). As happens with PCR, PLS is based on components (or  “ latent 
variables ” ). The PLS components are computed by taking into account both the  x
and the y  variables, and therefore they are slightly rotated versions of the principal 
components. As a consequence, their ranking order corresponds to the importance in 
the modeling of the response. A further difference of OLS and PCR is that, while the 
former must work on each response variable separately, PLS can be applied to multi-
ple responses at the same time. 

 Because both PCR and PLS are based on latent variables, a critical point is the 
number of components to be retained. Though we know that information is  “ concen-
trated ”  in the fi rst components and that the last components explain just noise, it is 
not always an easy task to detect the correct number of components (i.e. when infor-
mation fi nishes and noise begins). Selecting a lower number of components would 
mean removing some useful information (underfi tting), while selecting a higher 
number of components would mean incorporating some noise (overfi tting). 

 Before applying the results of a calibration, it is very important to look for the 
presence of outliers. Three major types of outliers can be detected: outliers in the 
x -space (samples for which the  x -variables are very different from that of the rest 
of the samples; they can be found by looking at a PCA of the  x -variables), outliers 
in the y -space (samples with the  y -variable very different from that of the rest of the 
samples; they can be found by looking at a histogram of the  y -variable) and samples 
for which the calibration model is not valid (they can be found by looking at a histo-
gram of the residuals). 

 The goodness of a calibration can be summarized by two values; the percentage 
of variance explained by the model, and the  root mean square error in calibration
(RMSEC). The former, being a  “ normalized ”  value, gives an initial idea about how 
much of the variance of the data set is  “ captured ”  by the model; the latter, being an 
absolute value to be interpreted in the same way as a standard deviation, gives infor-
mation about the magnitude of the error. 

 As already described in the classifi cation section and pointed out at the beginning 
of this section, the goal of a calibration is essentially not to describe the relationship 
between the response and the  x -variables of the samples on which the calibration is 
computed (training, or calibration, set), but to apply it to future samples where only 
the cheaper x -variables will be measured. In this case too, the model must be vali-
dated by using a set of samples different from those used to compute the model (val-
idation, or test, set). The responses of the objects of the test set will be computed by 
applying the model obtained by the training set, and then compared with their  “ true ”  
response. From these values, the percentage of variance explained in prediction and 
the root mean square error in prediction  (RMSEP) can be computed. Provided that 



the objects forming the two sets have been selected fl awlessly, these values give the 
real performance of the model on new samples. 

 As an example, the results obtained on wheat samples ( Kalivas, 1997 ) are reported. 
The NIR spectra of 100 samples were recorded from 1100 to 2500       nm in steps of 2       nm 
(701 wavelengths), and on the same samples two responses (moisture and protein) 
were measured. Of the samples, 75 were used as training set, while the remaining 
25 constituted the test set. The ranges of the two responses were 12.45–17.36 and 
7.75–14.28, and the RMSEP obtained by applying PLS to the whole spectrum were 
0.28 and 0.43, respectively. 

 From  Figure 16.9   , showing the predictions on the test set, it can be seen that the 
accuracy of the estimation is quite good, though in the case of protein a systematic 
bias can be detected. 

  Variable selection 

 Usually, not all the variables of a data set bring useful and non redundant informa-
tion. Therefore, a variable (or feature) selection can be highly benefi cial because it 
will lead to the following results: 

●      Removal of noise and improvement of the performance  
●      Reduction of the number of variables to be measured and simplifi cation of the 

model.

 The removal of noisy variables should always be sought. Though some methods can 
give good results even with a moderate amount of noise disturbing the information, 
it is clear that their performance will increase when this noise is removed. Thus, fea-
ture selection is now widely applied also for those techniques (PLS and PCR) that in 
the beginning were considered to be almost insensitive to noise. 

Figure 16.9    Experimental vs predicted values of the test set with PLS applied to the whole spectrum: (a) moisture, (b) protein.      
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 While noise reduction is a common goal for any data set, the relevance of the 
reduction of the number of variables in the fi nal model depends very much on the 
kind of data constituting the data set, and a very wide range of situations are possi-
ble. Let us consider the extreme conditions: 

●      Each variable requires a separate analysis  
●      All the variables are obtained by the same analysis (e.g. chromatographic and 

spectroscopic data). 

 In the fi rst case, each variable not selected means a reduction in terms of costs and/
or analysis time. The variable selection should therefore always be made on a cost–
benefi t basis, looking for the subset of variables leading to the best compromise 
between performance of the model and cost of the analyses. This means that, in the 
presence of groups of useful but highly correlated (and therefore redundant) variables, 
only one variable per group should be retained. With such data sets, it is also possible 
that a subset of variables giving a slightly worse result may be preferred, if the reduc-
tion in performance is widely compensated for by a reduction in costs or time. 

 In the second case, the number of retained variables has no effect on the analysis 
cost, while the presence of useful and correlated variables improves the stability of 
the model. Therefore, the goal of variable selection will be to improve the predictive 
ability of the model by removing the variables giving no information, without being 
worried by the number of retained variables. 

 Intermediate cases can occur, in which  “ blocks ”  of variables are present. As an 
example, take the case of olive oil samples, on each of which the following analyses 
have been run: a titration for acidity, the analysis of peroxides, a UV spectroscopy for 
�K , a GC for sterols, and another GC for fatty acids. In such a situation, what counts 
is not the fi nal number of variables, but the number of analyses that can be saved. 

 The only possible way to be sure that the  “ best ”  set of variables has been picked 
up is to use the “ all-models ”  techniques to test all the possible combinations. Since 
with k  variables the number of possible combinations is 2 k       �      1, it is easy to under-
stand that this approach cannot be used unless the number of variables is really very 
low (for example, with 30 variables more than 10 9  combinations should be tested). 

 The simplest (but least effective) way of performing a feature selection is to oper-
ate on a “ univariate ”  basis, by retaining those variables having the greatest discrimi-
nating power (in case of a classifi cation) or the greatest correlation with the response 
(in case of a calibration). By doing that, each variable is taken into account by itself 
without considering how its information  “ integrates ”  with the information brought 
by the other (selected or unselected) variables. As a result, if several highly cor-
related variables are  “ good ”  they are all selected, without taking into account that, 
owing to their correlation, the information is highly redundant and therefore at least 
some of them can be removed without any decrease in performance. On the other 
hand, those variables that, although not themselves giving signifi cant information, 
become very important when their information is integrated with that of other vari-
ables, are not taken into account. 

 An improvement is brought by the  “ sequential ”  approaches. They select the best 
variable fi rst, then the best pair formed by the fi rst and second, and so on in a forward 



or backward progression. A more sophisticated approach applies a look back from 
the progression to reassess previous selections. The problem with these approaches 
is that only a very small part of the experimental domain is explored, and the number 
of models to be tested becomes very high in case of highly dimensional data sets 
(such as spectral data sets). For instance, with 1000 wavelengths, 1000 models are 
needed for the fi rst cycle (selection or removal of the fi rst variable), 999 for the sec-
ond cycle, 998 for the third cycle, and so on. 

 More  “ multivariate ”  methods of variable selection, especially suited for PLS applied 
to spectral data, are currently available. Among them, we can  cite interactive variable 
selection  ( Lindgren  et al ., 1994 ),  uninformative variable elimination  ( Centner  et al ., 
1996 ),  iterative predictor weighting PLS  ( Forina  et al ., 1999 )  and interval PLS
( Nørgaard  et al ., 2000 ). The improvements obtained by the application of a variable 
selection can be checked by looking at  Figure 16.10   . 

 In  Figure 16.10 , the predictions on the test set of the wheat data after variable 
selection by genetic algorithms (see below) are reported ( Leardi, 2000 ). In Leardi’s 
research, when the variables were reduced from the original 701 to 104 (for mois-
ture) and 64 (for protein), the RMSEP decreased from 0.28 to 0.24 and from 0.43 to 
0.30 respectively. In the case of protein, it can be seen that the bias present when the 
model was built on the whole spectrum totally disappeared. 

  Future trends 

 In future, multivariate analysis should be used more and more in everyday (scien-
tifi c) life. Until a few decades ago, experimental work resulted in a very limited 
amount of data, the analysis of which was quite easy and straightforward. Nowadays, 
it is common to have instrumentation producing an almost continuous fl ow of data. 
One example is process monitoring, performed by measuring the values of several 

Figure 16.10    Experimental vs predicted values of the test set with PLS applied after variable selection: (a) moisture, (b) protein.      
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process variables at a rate of one measurement every few minutes (or even seconds). 
Another example is quality control of a fi nal product of a continuous process, on 
which an FT-IR spectrum is taken every few minutes (or seconds). 

 Earlier in this chapter the case of wine FT-IR spectra was cited, from which the 
main characteristics of the product can be directly predicted. It is therefore clear that 
the main problem has shifted from obtaining a few data to the treatment of a huge 
amount of data. It is also clear that standard statistical treatment is not enough to 
extract the whole information buried in them. 

 Many instruments already have some chemometrics routines built into their software 
in such a way that their use is totally transparent to the fi nal user (and sometimes the 
word  “ chemometrics ”  is not even mentioned, to avoid possible aversion). Of course, 
they are  “ closed ”  routines, and therefore users cannot modify them. It is quite obvious 
that it would be much better if chemometric knowledge were much more widespread, 
in order that users could better understand what kind of treatment the data have under-
gone and eventually modify the routines in order to make them more suitable to their 
requirements. 

 As computers become faster and faster, it is nowadays possible to routinely apply 
some approaches that require very high computing power. Two of them are genetic 
algorithms (GA) and artifi cial neural networks (ANN). 

Genetic algorithms  are a general optimization technique with good applicability 
in many fi elds, especially when the problem is so complex that it cannot be tackled 
with  “ standard ”  techniques. In chemometrics, it has been applied particularly in fea-
ture selection ( Leardi, 2000 ). GA try to simulate the evolution of a species accord-
ing to the Darwinian theory. Each experimental condition (in this case, each model) 
is treated as an individual, whose  “ performance ”  (in the case of a feature selection 
for a calibration problem, it can be the explained variance) is treated as its  “ fi tness ” . 
Through operators simulating fi ghts among individuals (the best ones have the great-
est probability of mating and thus spreading their genome), the mating among indi-
viduals (with the consequent “ birth ”  of  “ offspring ”  having a genome that is derived 
by both the parents) and the occurrence of mutations, the GA result in a pattern of 
search that, by mixing  “ logical ”  and  “ random ”  features, allows a much more com-
plete search of complex experimental domains. 

Artifi cial neural networks  try to mimic the behavior of the nervous system to solve 
practical computational problems. As in life, the structural unit of ANN is the neu-
ron. The input signals are passed to the neuron body, where they are weighted and 
summed, then they are transformed, by passing through the transfer function into the 
output of the neuron. The propagation of the signal is determined by the connections 
between the neurons and by their associated weights. The appropriate setting of the 
weights is essential for the proper functioning of the network. Finding the proper 
weight setting is achieved in the training phase. The neurons are usually organized 
into three different layers: the input layer contains as many neurons as input vari-
ables, the hidden layer contains a variable number of neurons, and the output layer 
contains as many neurons as output variables. All units from one layer are connected 
to all units of the following layer. The network receives the input signals through the 



input layer. Information is passed to the hidden layer and fi nally to the output layer 
that produces the response. 

 These techniques are very powerful, but frequently they are not applied in the cor-
rect way. In such cases, despite a very good performance on the training set (due to 
overfi tting), they will show very poor results when applied to external data sets. 

  Advantages and disadvantages of chemometrics 

 In an issue of the  North American International Chemometrics Society Newsletter , 
 Schönkopf (1998)  lists some of the results obtained by applying chemometrics: 

●      A petroleum producer used chemometrics and increased productivity by 30% 
in one oil refi nery, earning US$14 million extra per year.  

●      A dairy saved $130 000 by not investing in new cooling equipment – a conclu-
sion they came to from smart experiments  

●      A petroleum company saved US$1 million per year using chemometrics-based 
measurements

●      An agricultural researcher got the same results in 10 minutes with chemomet-
rics as he achieved by analyzing his data over 3 months with classical statistics 

●      A meat manufacturer saved US$150 000 per year by reducing waste in a pro-
cess they optimized 

●      A food producer’s fi rst chemometric project saved US$115 000 
●      A dispersant developer carried out 20 experiments and simulated 380, thus 

reducing their experimental efforts by 95% 
●      An oil manufacturer solved a quality problem in 2 weeks with chemometrics 

after 2 years of failure using traditional methods. 

 The results are really impressive in terms of money and time (which is same … ) saved. 
It has also to be noticed that four out of the eight examples mentioned are related with 
the food industry. 

 In one of his papers,  Workman (2002)  very effi ciently depicts the advantages and 
disadvantages of multivariate thinking for scientists in industry. Of the eight advan-
tages of chemometrics that he clearly outlines, special relevance should be given to 
the following: 

  1.     Chemometrics provides speed in obtaining real-time information from data. 
  2.     Chemometrics allows high quality information to be extracted from less 

resolved data. 
  3.     Chemometrics promises to improve measurements.  
  4.     Chemometrics improves knowledge of existing processes.  
  5.     Chemometrics has very low capital requirements – it is cheap. 

 The last point especially should convince people to give chemometrics a try. No extra 
equipment is required – just an ordinary computer and some chemometrical knowl-
edge (or a chemometrical consultancy). It is certain that in the very worst cases the 

Advantages and disadvantages of chemometrics 613



614 Chemometric Methods in Food Authentication

same information as is found from a classical analysis will be obtained in a much 
shorter time and with much more evidence. In the great majority of cases, however, 
a simple PCA can provide much more information than that which was previously 
collected. So why are people so shy of applying chemometrics? In the same paper 
previously cited, Workman gives some very common reasons: 

  1.     The perceived disadvantage of chemometrics is that there is widespread igno-
rance about what it is and what it can realistically accomplish.  

  2.     This science is considered too complex for the average technician and analyst.  
  3.     Chemometrics requires a change in one’s approach to problem solving, from 

univariate to multivariate thinking. 

 Thus, while chemometrics leads to several real advantages, its  “ disadvantage ”  lies 
only in the general reluctance to use it, and acceptance that the approach that has 
been followed for many years can turn out not to be the best one.  

  Conclusions 

 This chapter clearly shows that standard univariate methods are not suffi cient to 
extract the maximum possible information from a data set. To do that, multivariate 
techniques must be applied. By using them, data display, classifi cation, modeling, 
process monitoring and multivariate calibration can be performed much more effi -
ciently, and the results can be interpreted much more easily. 

 Unfortunately, quite often people devote almost all their efforts to collecting the 
data, while paying almost no attention to the crucial step of transforming them into 
information. 
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  Introduction 

 Food authenticity has been an issue since the early 1800s, mainly related to improper 
labeling and economic adulteration  (EA) – i.e. the substitution, in part or whole, of 
cheaper and inferior food products for high-cost foods in order to defraud the con-
sumer. An authentic food, defi ned as a food that  “ conforms to the description pro-
vided by the producer or processor ” , includes the process history of a product or 
ingredient, its geographic region of origin, or the species or variety of the ingredient. 
Although rarely a health hazard, economic adulteration is driven by the demand for 
higher-value goods, by global trading and price fl uctuations – factors that provide an 
opportunity for illegal profi ts. For these reasons, food-processing industries and reg-
ulatory agencies have pushed for analytical methods to confi rm food product authen-
ticity ( Gayo and Hale, 2007 ).

 The development of new and increasingly sophisticated techniques for the authen-
tication of food products continues apace with increasing consumer awareness of 
food safety and authenticity issues. Food authentication is also of concern to food 
processors who do not wish to be subjected to unfair competition from unscrupulous 
processors who would gain an economic advantage from the misrepresentation of the 
food that they are selling ( Reid et al ., 2006 ). 

 Taking the fi shing industry as an example, the development of worldwide high-seas 
fi shing vessels, the improvement in food processing and storage, and the establishment 
of fi shing industries in developing countries have increased the variety of seafood 
species, both fresh and processed, currently available in markets. These factors have 
contributed to an increase in total catches from fi sheries and, thus, seafood consump-
tion worldwide. The demand for a year-round seafood supply, however, has negatively 
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impacted the number of some valued and appreciated species due to exploitation. 
Therefore, some have turned to illegal practices in order to meet the high demand for 
these valued and appreciated seafood products ( Downey, 1998 ). Because most con-
sumers are not very familiar with the taxonomical and morphological characteristics 
of seafood species, such as skin pattern, body appearance and size, eyes, shape and 
number of fi ns, they are subject to being defrauded by buying a seafood product that is 
not what it claims to be. In addition, the processing of seafood products, which often 
requires the removal of signifi cant morphological characteristics, hinders species rec-
ognition. For these reasons, species substitution has become the main form of adul-
teration in the seafood-processing industry ( Sotelo and Perez-Martin, 2003 ). 

 Food authenticity is a major issue for producers, processors, distributors, consum-
ers and regulators. Many consumers are prepared to pay a premium for products that 
they consider to be of superior quality, whether that is because of the manner of pro-
duction (as in organic food) or for other reasons, such as the geographical origin of a 
product. For the industry, the presence of  “ fake ”  foodstuffs obviously damages prof-
its as well as consumer confi dence. Food manufacturers need to ensure that tested 
and valid methods are available to meet the needs of industry and to protect the pub-
lic from misleading or fraudulent labeling ( Kvasnicka, 2005 ). 

 Spectroscopy, protein-based methods and DNA-based methods are the main 
techniques for the detection of food authenticity. Some PCR-based techniques that 
address the problem of establishing a relationship between the concentration of tar-
get DNA and the amount of PCR product generated by the amplifi cation have been 
recently developed. The two principal techniques of quantitative PCR in use at the 
moment are QC-PCR (quantitative-competitive PCR) and real-time PCR (Marmiroli, 
2003). The authenticity testing of variety and geographical origin and traceabil-
ity testing, examples of food authenticity issues, and the most commonly employed 
methods for testing the presence of GMOs in foods are given in  Tables 17.1, 17.2 and 
17.3       , respectively. 

  Emerging authentication methods 

  Physicochemical/chemical fi ngerprinting methods 

  Nuclear magnetic resonance (NMR)/SNIF-NMR 
 NMR spectroscopy is nowadays being used more and more to analyze foods. 
Advantages such as the simplicity of the sample preparation and measurement pro-
cedures, the instrumental stability and the ease with which spectra can be interpreted 
have contributed to the growing popularity of the technique. NMR spectra of food 
products can act as “ fi ngerprints ”  that can be used to compare, discriminate or clas-
sify samples. Selected variables that characterize the samples in some specifi c way 
are also used, instead of the whole spectra ( Le Gall and Colquhoun, 2003 ). 

Chemometric techniques  are often employed to analyze the data, as the informa-
tion contained in the spectra is of a high degree of complexity. These statistical tech-
niques serve several purposes in comparing and classifying samples or in  quantifying 



Table 17.1    Authenticity testing of variety and geographical origin, and traceability testing 

 Test method  Item of interest  Authenticity factor  Reference 

 DNA technology  Potato  Commercial variety   Ashkenazi  et al ., 2001 

 PCR  Tomato, maize, soybean  Transgenecity   Popping, 2002 
   Cow, ewe, goat, buffalo  Breed identifi cation   Plath  et al ., 1997 
   Fish  Detection of white fi sh species   Dooley  et al ., 2005 

 SNIF-NMR  Olive oil, wine  Geographic location   Gonzales  et al ., 1999 
   Basmati rice  Geographic location   Verma  et al ., 1999  

 Real-time PCR  Pasta  Commercial variety   Bryan  et al ., 1998 

 AFLP  Salmon  Distinguishing 10 different salmon-
like species 

 Russell  et al ., 2000 

   Fish and seafood  Identifi cation of the species of origin   Maldini  et al ., 2006  

 Qualitative PCR  Meat  Presence or absence of pork   Popping, 2002 

 Quantitative real-time PCR  Meat  Beef meat quantifi cation   Popping, 2002 
   Meat  Meat quantifi cation   Lopez-Andreo  et al ., 2006  

 DNA test (protein-based 
BSE test) 

 Cattle traceability  Geographical origin 
BSE tested 

  Popping, 2002 

 HPLC  Cow, ewe, goat, buffalo  Identifi cation of the species of 
origin

  De La Fuente and Juarez, 2005  

   Cheese  Detection of rennet whey   De La Fuente and Juarez, 2005  
   Seafood  Detection of species   Arvanitoyannis  et al ., 2005  
   Chili powder  Classifi cation of chili powders   Forgacs and Cserhati, 2006  

 ELISA  Cow, ewe, goat, buffalo  Identifi cation of the species of origin   De La Fuente and Juarez, 2005  
   Vegetable  Addition of vegetable proteins  Sanchez  et al ., 2002 

 DNA analysis  Rice-based food products  Identifi cation of GMOs  Ren  et al ., 2005 

Table 17.2    Most commonly employed methods for testing the presence of GMOs in foods (adapted from 
Arvanitoyannis, 2003a )

 Method  Ease of use  Equipment cost  Sensitivity  Duration  Qualifi cation 

 SNIF-NMR  Diffi cult  High  High  Depends on isotope 
measured 

 Yes 

 LC-NMR  Diffi cult  High  High  Depends on isotope 
measured 

 Yes 

 NIR  Easy  Low  Medium  Short  No 
 Affi nity gel 
electrophoresis 

 Moderate  Low  High  Short  No 

 Western blot  Diffi cult  High  Medium  Medium  No 
 ELISA  Moderate  Medium  High  Short  Yes 
 Lateral fl ow strip  Easy  Low  High  Short  No 
 Microarrays  Moderate  High  High  Short  Yes 
 Southern blot  Diffi cult  High  Medium  Medium  No 
 Qualitative PCR  Diffi cult  Medium  High  Long  No 
 QC-PCR  Diffi cult  Medium  High  Medium  Yes 
 Real-time PCR  Diffi cult  Medium  High  Medium  Yes 
 RAP-DNA  Diffi cult  Medium  High  Medium  Yes 
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 adulterants using calibration sets. Several reviews have already been published 
on the subject of NMR and food, and on NMR and chemometrics ( Colquhoun and 
Goodfellow, 1994 ;  Colquhoun, 1998 ;  Colquhoun and Lees, 1998 ;  Lindon  et al ., 2001 ). 

NMR spectroscopy  involves the analysis of the energy absorption by atomic nuclei 
with non-zero spins in the presence of a magnetic fi eld. The energy absorptions of 
the atomic nuclei are affected by the nuclei of surrounding molecules, which cause 
small local modifi cations to the external magnetic fi eld. NMR spectroscopy can 
therefore provide detailed information about the molecular structure of a food sam-
ple, given that the observed interactions of an individual atomic nucleus are depen-
dent on the atoms surrounding it ( Reid  et al ., 2006 ). 

 There are several ways of preparing the food sample itself (solid, liquid) and decid-
ing which type of analysis is to be carried out. Some targeted analyses tend to include 
an extraction of fractionation step, while other samples are used as they are for non-
targeted analyses ( Andreotti  et al ., 2002 ). Solid samples (fruits, vegetables, green tea) 
are freeze-dried and/or ground and then extracted into a deuterated solvent. High-
protein samples (fi sh muscle, meat, cheese) may be homogenized in hydrochloric 
acid. In both cases, the samples are centrifuged, and then the supernatant is collected 
for analysis ( Le Gall and Colquhoun, 2003 ). Data sets for NMR/authenticity studies 
are commonly acquired under automation using a sample changer to acquire spectra 
for 20–60 samples in a batch. Prior to any data acquisition, it is recommended that 

Table 17.3     Examples of food authenticity issues (adapted from  Kvasnicka, 2005 )  

 Commodity  Issue 

 Herbs and spices  Adulteration with water to increase weights 
 Incorrect botanical declaration 

   Intentional addition of low-value materials 
 Fruit and vegetable  Undeclared water, sugar and acid addition to fruit juice 
   Undeclared pulpwash or peel extract addition into fruit juice 
   Incorrect declaration of fruit type 
 Cereals  Basmati rice replaced with non-Basmati rice 
   Undeclared replacement of durum wheat with common wheat 
   Incorrect declaration of geographical and cultivar origin of 

premium long grain rice 
 Oils and fats  Undeclared addition of other vegetable oils to single-seed oils 
   Undeclared addition of poorer-quality oils to extra-virgin olive oil 
   Butter adulterated with hydrogenated oil and animal fat 
 Milk and dairy  Undeclared addition of water to milk 
   Cows ’  milk in sheep ’ s, goats ’  or buffalo milk yoghurt or cheese 
   Distinction between cheese made from raw or heat treated milk 
 Meat and fi sh  Incorrect declaration of species 
   Labeling previously frozen meat as fresh 
   Undeclared water addition to bacon and ham in excess of legally 

permitted amounts 
 Beverages  Single malt whisky replaced by blended whisky 
   Inappropriate sugar addition to increase alcohol content in wine 
   Incorrect declaration of vintage or geographical origin of wine 
 Miscellaneous  Incorrect declaration of fl oral or geographical origin of honey 
   Undeclared sugar addition to honey 
   Undeclared use of genetically modifi ed food 



the NMR spectrometer be tuned on the fi rst sample of a series, to check the 90° pulse 
length of the instrument and to optimize the fi eld homogeneity. 

 There are several independent approaches for the conversion of the raw NMR spec-
tra into data suitable for chemometric analysis. One procedure is to transfer the trans-
formed spectra to a PC and use them as they are ( Duarte  et al ., 2002 ). Another option 
is to divide the spectra into segments, and sum the intensities of the data points in 
each segment ( Spraul et al ., 1994 ). There is also the popular alternative of selecting a 
series of signals from the NMR spectra using the spectrometer ’ s own  “ peak-picking ”  
routine, which gives peak positions and heights ( Mannina et al ., 2001 ). 

 In chemistry, it is possible to record many pieces of information, such as spec-
troscopic and chromatographic intensities for each sample. Therefore, most chemi-
cal experiments are multivariate. The way to deal with such a wealth of information 
is to use multivariate analysis , which includes applied statistics. One defi nition of 
chemometrics is as follows: the chemical discipline that uses mathematical and sta-
tistical methods for handling, analyzing, interpreting and predicting chemical data 
(Malinowski, 1991). Chemometrics represents a wide range of statistical methods 
aimed at tackling three different main objectives: simplifying complex and massive 
data sets, classifying objects or predicting analytical parameters. 

 The fi rst limitation in using NMR for food authentication is the cost of equipment. 
Food authentication research is constantly looking for techniques that can identify 
marker compounds to permit the detection of adulteration or testify to the quality of a 
high-price food product. An advantage is that NMR is probably the best non- targeted 
technique to use for the screening of food extracts; all the main metabolites can be 
detected in a single spectrum with minimal and non-destructive sample preparation 
( Zamora  et al ., 2002 ). For the detection of minor components, larger amounts of the 
starting material can be extracted initially and then fractionation steps can be added to 
the sample preparation in order to concentrate certain types of compound ( Lommen 
et al ., 1998 ). Also, high fi eld NMR instruments allow more compounds to be detected, 
since they provide improved sensitivity and signal dispersion, and the introduction of 
cryo-probes will give signifi cantly increased sensitivity on existing instruments. Another 
advantage of using NMR is the fact that it is quantitative ( Holland  et al ., 1995 ). 

 The measurements are easily repeatable and reproducible over the long term. The 
instrumental parameters that need careful attention from the analyst and that may 
vary from one data recording session to another are the tuning and the resolution. 
A difference in tuning will affect the intensity of all peaks in the spectra. In order to 
compare quantitatively sets of spectra recorded at different times, all the spectra can 
be normalized to the reference peak, provided that a fi xed amount of internal standard 
is added to all the samples. The problems of repeatability and reproducibility of chro-
matographic techniques that are caused by the ageing of columns and to temperature 
fl uctuations are not applicable to NMR ( Le Gall et al ., 2003 ).

 The authenticity of a food product is essentially defi ned by a legally recognized 
description that concerns its characteristics (quality, origin, process). An authentic 
food product has to be properly labeled according to the appropriate national and 
international regulations when presented for sale in the marketplace. Mislabeling 
may arise, for example, when the legal defi nition of a given product traded on the 
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global market differs from one country to another. The list of mislabeling problems 
is potentially endless, and can relate to the truthfulness of the claimed geographi-
cal origin (wine and olive oil), the species of plant or animal (beef or pork in sau-
sage), the processing used (whether food has been irradiated or not) and the quality 
claimed (farmed versus wild, natural versus artifi cial, organic versus conventional). In 
response, the investigation of NMR methods for authenticating food has blossomed 
during recent years ( Le Gall and Colquhoun, 2003 ).

 High resolution  13 C NMR has been proposed to discriminate virgin olive oils orig-
inating from several countries from other oleic oils and high linoleic oils ( Zamora 
et al ., 2001 ).  Mavromoustakos  et al . (2000)  have used the olefi nic signals obtained 
by  13 C NMR to differentiate virgin olive oils from oils adulterated with soybean, cot-
tonseed, corn and sunfl ower-seed oils.  Belton  et al . (1996)  highlighted the potential 
of high-resolution 1 H NMR to authenticate fruit juices. The sample preparation and 
acquisition were straightforward, and the clear differences in the chemical composi-
tion of juices like grape, apple, pineapple, orange and grapefruit suggest that authen-
ticity problems could be tackled in this way. 

 Both  13 C and  1 H NMR have been applied to freeze-dried wine extracts dissolved 
in D 2 O to successfully classify white wines from three German regions ( Vogels  et al ., 
1996 ) and red wines from three areas of the Apulia region in Italy (Brescia  et al ., 2002). 
Beer has also been analyzed by  1 H NMR.  Duarte  et al . (2002)  have identifi ed around 30 
compounds in degassed beer samples, and identifi ed as many unassigned spin systems. 
Ale and lager were compared and, although the high and mid-fi eld regions (amino, fatty 
and organic acids plus fermented sugars and dextrins) allowed some separation, it was 
the low fi eld region (aromatic compounds) that gave the best discrimination. 

1 H NMR has been used to evaluate the freshness of halibut on the basis of the 
level of metabolites such as adenosine triphosphate (ATP), adenosinediphosphate 
(ADP), adenosine monophosphate (AMP), inosine monophosphate (IMP), inosine 
and hypoxanthine. Amounts of ATP, ADP and AMP decreased with time, while IMP, 
inosine and hypoxanthine increased (Sitter  et al ., 1999). 

 The specifi c proportions of the particular isotopes of hydrogen and oxygen present 
in molecules are dependent mainly on climatic and geographical conditions and, to a 
lesser extent, on the photosynthetic metabolism of plants. The effect of these conditions 
on the fi nal isotopic composition of a molecule is known as  isotopic fractionation . 
This natural phenomenon is exploited by two particular analytical techniques – 
SNIF-NMR and IRMS – which are perhaps the most sophisticated and specifi c 
techniques for determining food authenticity. Both techniques are capable of deter-
mining the exact proportion and location of specifi c isotopes within a food sample. 
However, the fi nancial cost of purchasing and operating such high-specifi cation 
NMR and MS instruments is quite high and time-consuming sample preparation is 
required before analysis can take place ( Reid  et al ., 2006 ).  

  Fourier transform infrared spectroscopy (FT-IR) 
 The FT-IR analyzer measures the absorbed radiation at different frequencies and 
obtains spectra which, similar to fi ngerprinting, reveal the identity of the specifi c 
molecule. FT-IR provides detailed information about the chemical structure and 



 composition of a sample. FT-IR analysis can also be associated with GC; for  example, 
GC-FT-IR was used to determine the presence of mercury in seafood. Acid leach-
ing with toluene extraction was fi rst performed, with subsequent GC-FT-IR detection 
( Quevauviller  et al ., 2000 ). FT-IR together with near-infrared (NIR), mid-infrared 
(MIR) and Raman spectroscopic techniques fall among the fi ngerprinting techniques; 
the latter are the ones which provide a means for rapid and high throughput monitor-
ing and would be ideally suited for rapid characterizations if prominent changes could 
be captured in a reproducible manner ( Vaidyanathan and Goodacre, 2003 ). 

 There is an evolving trend towards the use of profi ling methods combined with 
chemometrics for the determination of authenticity. The advantage of the profi ling 
methods would be the evaluation of the overall components in a sample rather than 
looking for a single marker compound. Contemporary Fourier transform infrared 
(FT-IR) spectroscopy has the capability of rapidly obtaining reproducible biochemi-
cal patterns that would allow for the composition-based statistical classifi cation. 

 Infrared (IR) spectroscopy is ideal for rapid screening and characterization of 
chemical composition variation. Distinct and reproducible components exist in dif-
ferent fruit commodities ( Taruscio  et al ., 2004 ); thus, biochemical fi ngerprints may 
be produced by FT-IR to allow for the differentiation of subtle differences. Variation 
in the chemical composition attributed to variety, geographical origin or alien ingred-
ients might be elucidated through chemometric analysis of spectral-based grouping 
( Kemsley  et al ., 1996 ). Advances in instrument design and auxiliary optics as well 
as the development of powerful supervised chemometric software have made FT-IR 
spectroscopy a suitable tool for the assessment of quality and authenticity in vari-
ous foods ( Edelmann et al ., 2001 ). This technique requires low sample volume and 
is environmental friendly. It does not require a large amount of hazardous organic sol-
vents, as is necessary for liquid chromatography. Minimal or no sample preparation 
is required, which greatly speeds up sample analysis. Nearly real-time measurement 
has been made possible by immediate software prediction, and once the instrument has 
been purchased there is minimal operational cost involved in performing the tech-
nique ( He et al ., 2007 ). 

 Such FT-IR fi ngerprints can be useful for assessing bacterial contamination of meat 
( Goodacre, 2002 ) and for confi rming food authenticity in general ( Downey, 1998 ). 
Metabolite information obtained from FT-IR fi ngerprints of mutant strains may also 
be useful in evaluating and assessing gene function ( Oliver  et al ., 1998 ) or changes 
in physiology ( Goodacre et al ., 2000 ). The major advantage of this technique is its 
rapidity and ease of spectral acquisition, enabling non-invasive measurements to be 
made with little or no sample preparation. However, suffi cient signal resolution must 
be ascertained for the desired effect to be monitored, in order to use spectral informa-
tion as protein or metabolic fi ngerprints. 

  Gallignani  et al . (1994)  applied FT-IR for the direct determination of ethanol in 
alcoholic beverages. This provided accurate results, without requiring any previ-
ous chemical treatment of the sample. Implementation of FT-IR spectroscopy on 
the extracted polymeric materials of Portuguese white wines revealed that this tech-
nique can be used effectively to characterize white wine polysaccharide composi-
tion ( Arvanitoyannis, 2003b ). It was possible to identify the wine-making process 
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involved, and its infl uence on the amount and type of wine polysaccharides. Finally, 
the results showed that it is possible to use FT-IR combined with multivariate tech-
niques for an in-depth characterization of white wine polymeric fractions ( Coimbra
et al ., 2002 ).  

  Near infra-red (NIR) 
 NIR measurement technology offers an amazingly diverse capability for the analysis 
of many different constituents or properties of food products. Moisture, fat, protein 
and sugar content are perhaps the most well-known applications in products such as 
grain, fl our, cereals, dairy products, snacks and coffee, but NIR has also found appli-
cations in the measurement of chocolate thickness on refi ner rollers, the thickness of 
sausage casings, the alcohol content of beverages, the maturity of peas and even the 
quality of fruit juices ( Cowe and McNicol, 1985 ). 

 NIR measurement is a well-established analytical technique, and many examples 
of its applications can be found in the literature going back as far as the 1950s and 
even earlier. Specifi cally, early laboratory applications of NIR concentrated upon 
quantitative and qualitative studies of liquids and solvent mixtures ( Kaye, 1954 ).
NIR measurement has broadly evolved on two fronts; laboratory applications, and 
on-line application of the technique. This division has resulted from the very different 
demands that the two approaches place upon the instrument design and specifi cation. 
Laboratory measurement has the benefi t of offering very controlled measurement 
conditions. The product can be appropriately prepared – for example, it can be ground 
to a specifi c particle size and consistently presented to the instrument, usually in some 
form of windowed cell. Also, an acceptable time for each measurement may be 30 
seconds or more, which is obviously faster than the laboratory wet chemical equiv-
alent, but slow in terms of continuous on-line analysis. Infrared light is part of the 
broad spectrum of energy known as electromagnetic radiation ( Bruton, 1970 ).

 The measurement range of the NIR is well suited to the needs of food processing 
since a wide range of different constituents may need to be measured, such as mois-
ture, fat, sugar, caffeine, oil and protein. In NIR, the most important and prominent 
absorptions are due to the –OH, –NH and –CH groups. These absorption features are 
very specifi c to the constituent in question, as discussed above, and so the technique 
readily lends itself to quite detailed discrimination of constituent parts of a foodstuff. 
In addition, the technique has one further important strength – a choice of absorption 
sensitivities for a given constituent. Each of the absorbing groups characteristically 
exhibits three main absorption bands in the NIR ( Benson, 2003 ).

 When considering the possibility of using the NIR technique to solve a particular 
measurement problem, it is necessary to appreciate both its scope and its limitations. 
The non-contact characteristic is very attractive, since the measurement will not nor-
mally interfere with product fl ow. Also, for food processing, non-contact measure-
ments are favored for hygiene reasons. NIR measurement is unaffected by changes 
in the electrical properties of foodstuffs, such as electrical conductivity or dielectric 
behavior; such parameters can easily change if the salt or other ionic material content 
varies ( McCallum, 1961 ). This provides a distinct advantage over alternative meth-
ods of on-line moisture measurement based upon monitoring the electrical properties 



of the product, such as capacitance or conductance, which can be related to moisture 
content.

 It seems ironic that an NIR gauze can measure moisture precisely, but when com-
pared with a technique that essentially measures volatiles it will appear to have 
product-type/variation sensitivity. The effect that is being observed is that the non-
moisture volatile materials present in the product are also removed to a lesser or 
greater extent during oven testing. These losses contribute to the apparent moisture 
content. In the application of NIR to moisture determination, the response to free or 
associated moisture and bound water should be appreciated. In most materials, the 
difference in wavelength between the absorption bands for these two forms of mois-
ture is very small, and therefore they cannot usually be treated separately. Whether 
this is an advantage or a drawback depends on the requirements of the individual 
application ( Bruton, 1970 ).

 The concern for materials with large particle size, especially those that have 
recently been dried or steam conditioned, is whether the surface moisture represents 
the internal condition. Indeed, it is frequently the case in drying processes that the 
surface and internal moisture levels of bulky materials differ. In many situations 
this potential diffi culty is not a problem, because there is some form of relationship 
between the surface and total moisture content which can be exploited to provide a 
measurement. The classic example of this is the on-line measurement of biscuit mois-
ture. Microwave measurement can be a useful alternative technique when the limited 
penetration of NIR measurement is a problem ( Osbourne and Fearn, 1986 ). 

 There are instances where NIR measurement may not be successful. Backscatter 
gauzes work on the absorption characteristics, and if they are subject to specular 
energy from shiny surfaces then the measurements can become noisy and ultimately 
worthless. The light directly refl ected has no absorption information; products such 
as caramels, syrups and fondants fall into this category. In these instances it is possi-
ble to consider a special optical arrangement for the gauze to ignore specular light, or 
even to use a transmission confi guration ( Benson, 2003 ).

 The future for the application of on-line NIR technology looks very promising, 
with increasing opportunity for its application as the food industry becomes ever 
more concerned with accurate process control. Moisture assessment is likely to 
remain the principal application for an on-line gauze because it has such obvious pos-
sibilities for control and has a far-reaching impact on product quality, keeping char-
acteristics, yield optimization and process energy usage. However, other parameters, 
such as oil or fat, where their control can be affected, are becoming and will continue 
to become more important. 

  High-pressure liquid chromatography (HPLC) 
 The HPLC technique is highly sensitive and very fast in response. The effi ciencies 
of separation are very high. A wide range of compounds may be separated by HPLC 
because the technique has a wide range of selectivity through the availability of many 
solvent combinations and packings. New substances to be used as stationary phases 
are continually being developed. No restriction has to be made to sample volatility 
and derivatization. In most cases, samples are small and preparation takes little time. 
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Detectors can work continuously and detect very small amounts. The combination of 
HPLC and mass detectors opens new and wide horizons. A further trend is the mini-
aturization of apparatus, resulting in less solvent use. For the detection of phenolic 
compounds, anthocyanins and organic acids, HPLC is the ideal technique. For other 
compounds, it is a  technique rather than  the  technique ( Nollet, 2003 ). 

 Chromatography is a method for the separation of components between two phases. 
One phase is a stationary bed (the  stationary phase ) and the other phase is a fl uid 
moving through the stationary phase (the  mobile phase ). In high-performance liq-
uid chromatography (HPLC), the mobile phase is pumped through the column. The 
LC instrument includes: (i) solvent reservoirs, (ii) a solvent delivery system, (iii) an 
injection device, (iv) the column, (v) a detector and (vi) a data-acquisition system. 
The mass spectrometry (MS) detector currently has many applications with LC. 
Different techniques to interface or couple liquid chromatography and mass spec-
trometry are available. A widely used interface is atmospheric pressure ionization 
(API) ( Scot, 1995 ).

 Electrospray MS has three steps: nebulization of the solution into electrically 
charged droplets, liberation of ions from the droplets, and transportation of ions into 
the vacuum of the analyzer. Evidently, the cited MS techniques are not exhaustive 
( Meyer, 1994 ). Sample preparation and clean-up are very important steps of analyses. 
The components of interest have to be isolated from the sample matrix, and interfer-
ing substances have to be removed. Accuracy, detectability and selectivity are highly 
improved. Frequently employed procedures include lyophilization, ultrafi ltration and 
liquid–liquid extraction. 

 In fruit and fruit products, different compounds can be monitored for authentic-
ity purposes: phenolic compounds, organic acids, carotenoids, amino acids, anthocy-
anins and sugars. Phenolic compounds, a diverse class of compounds containing a 
hydroxyl group on a benzene ring, include (among others) fl avones, fl avonols, fl a-
vonoids, polyphenols and chalcones.  Silva  et al . (2000)  analyzed the phenolic com-
pounds and procyanidin polymers by reversed-phase HPLC. 

 The use of soybean proteins in bovine milk is forbidden in many countries, and 
other countries have regulations regarding maximum allowance levels. Soy pro-
teins in unheated milk were analyzed by  Ashoor and Stiles (1987) .  De Frutos  et al . 
(1992)  used HPLC to separate whey proteins from bovine, ovine and caprine species. 
Identifi cation of the presence of soy protein, caseinate and whey protein in unheated 
beef, pork, chicken and turkey was possible, as was that of added non-meat protein. 
Added soy protein could also be detected at levels of 6g       kg    −   1  in cheese samples. 
Identifi cation of the presence of animal whey proteins in vegetable milks or of soy-
bean in animal milk was possible using the HPLC method ( Garcia  et al ., 1997 ). 

 Downscaling or miniaturization of columns and sample treatment are challenges 
for the future. Miniaturization involves less sample volume, fewer solvents and less 
time. Regulations and government commitments require more separation effi ciency; 
the hyphenation of HPLC and MS, allowing the development of new methodologies, 
is a move in the right direction. Automation of separation and detection and lower 
costs of apparatus will be helpful ( Nollet, 2003 ).



  Protein-based methods 

  ELISA 
 Microarray-based approaches involve miniaturization of standard assay procedures 
in multiple arrays to allow simultaneous analysis of multiple determinants/analytes. 
Such assays are very popular in transcriptomics, but have also been extended to pro-
teome analyses. Microspots of  “ bait ”  molecules are immobilized in rows and col-
umns onto a solid support, and exposed to samples containing the corresponding 
binding molecules. The complex formation within each microspot can be detected 
using readout systems based on fl uorescence, chemiluminescence, electrochemis-
try, mass spectrometry or radioactivity. Large-scale assessment of protein profi les 
can be carried out by the use of immunoassays on microarrays ( Schweitzer and 
Kingsmore, 2002 ).

 The analysis involves a scale-up of enzyme-linked immunoassays (ELISA) that 
have been in use for protein analysis. Antibodies immobilized in an array format 
onto specifi cally treated surfaces act as  “ baits ”  to probe the sample of interest to 
detect proteins that bind to the relevant antibodies, using, say, fl uorescence detection 
( Vaidyanathan and Goodacre, 2003 ).

 The majority of reported studies on immunological techniques for food authentica-
tion concern the use of ELISA. This technique involves the cultivation of antibodies 
or antisera that are capable of binding to a protein of interest, thereby enabling the 
detection of that protein, both qualitatively and quantitatively. The major advantage 
of this approach is that antibodies or antisera can be manufactured to respond spe-
cifi cally to the protein of interest, thereby enabling recognition and quantitation of 
that protein exclusively. The disadvantages of the ELISA approach include the initial 
diffi culty in producing an antibody specifi c to a particular protein. However, this is a 
relatively minor diffi culty to overcome when the selectivity of the technique is taken 
into account ( Reid et al ., 2006 ). 

 Recent research using ELISA-based techniques includes detecting the presence of 
meat from different species in food products ( Jha et al ., 2003 ) and the presence of 
vegetable proteins in milk powder (Sanchez  et al ., 2002). There have been promising 
results for the use of ELISA to differentiate milk from different species ( Moatsou
and Anifantakis, 2003 ), as well as to detect the adulteration of sheep ’ s and goat ’ s milk 
with cow ’ s milk at levels as low as 0.1% ( Hurley  et al ., 2004 ). This technique holds 
much potential for the authentication of food products, but, to date, limited advances 
have been made in extending its authentication capabilities. 

 Protein microarrays can also be developed for assessing protein–protein, enzyme–
substrate and other protein–metabolite interactions ( MacBeath and Schreiber, 2000 ). 
In one study, 119 yeast protein kinases were arrayed in microwells and examined for 
kinase activity with 17 substrates, demonstrating the value of microarrays in multi-
plexed protein functional assessments ( Zhu et al ., 2000 ). Carbohydrate-based micro-
arrays have also been devised ( Wang  et al ., 2002 ). Microarray technology for the 
examination of proteins on a large scale is still in the developmental stage ( Ringeisen
et al ., 2002 ), and there are several challenges to be considered, particularly with 
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respect to reproducibility and quantifi cation, compared with the technology used for 
nucleic acids ( Templin  et al ., 2002 ).  

  Western blot 
 An assay based on Western blotting and detection of central nervous system (CNS)-
specifi c antigens was developed to detect brain tissue in processed (heated) meat prod-
ucts. Bands of antigen-bound primary antibodies were visualized through secondary 
anti-antibodies labeled with peroxidase, which generated chemiluminescence that was 
documented by a photographic fi lm. Ponceau-S staining before antibody incubation 
and molecular-mass information regarding detected antigens after immunoreactions 
added information that supported correct identifi cation of brain tissue in the meat 
products. In this approach B 50 /growth-associated protein (B 50 ), glial  fi brillary acidic 
protein (GFAP), myelin basic protein (MBP), neurofi lament (NF), neuron- specifi c 
enolase (NSE) and synaptophysin (Syn) proteins were detected in raw luncheon meat 
and a liver product enriched with brain tissue at a level of 5% (m/m). Only MBP and 
NSE were considered suitable biomarkers for detection of 1% (m/m) brain tissue in 
meat products pasteurized at 70°C or sterilized at 115°C. The use of an anti-monkey 
MBP instead of anti-human MBP enabled speciation of the CNS material, whether 
from bovine and ovine brains or from porcine brain tissue. This immunoblot assay 
potentiates the analysis of approximately 70 samples within 8 hours, including sample 
preparation and the simultaneous probing of NSE and MBP target antigens ( Sultan
et al ., 2004 ).

 However, a Western blot based on this antigen demonstrated diffi culty in the inter-
pretation of results from heat-treated retail meat products (Lucker  et al ., 2000). 
Incidentally, a reverse transcription PCR coupled with restriction fragment length 
polymorphism was described as detecting successfully GFAP mRNA in (stored) 
ground meat and pasteurized meat products fortifi ed with brain tissue at levels above 
0.5% ( Seyboldt  et al ., 2003 ). Like GFAP, NF is a marker for intermediate fi lament, 
but is present in equal amounts in spinal cord and in peripheral nerves ( Kelley  et al ., 
2000 ). Immunohistochemical detection of brain tissue was obtained with anti-NF in 
processed and heat-treated bovine and porcine brains, but diminished rapidly in raw 
as well as in heated luncheon meat ( Tersteeg  et al ., 2002 ). Western blot assays were 
performed to determine the utility of the antiserum in recognizing specifi c proteins 
that contained nitrated tyrosine residues ( Hinson  et al ., 2000 ).  

  Lateral fl ow strip 
 A typical lateral fl ow strip comprises a microporous material, such as nitrocellulose, 
cellulose acetate or a glass fi ber membrane. Nitrocellulose (NC) is typically brittle 
and fragile as a pure sheet, so it is laminated onto a semi-rigid plastic substrate, such 
as polyester, styrene or polyvinyl chloride (PVC), often using a pressure-sensitive or 
heat-sensitive adhesive ( Green and Rathe, 2006 ). 

 For protein-based detection, specifi c monoclonal and polyclonal antibodies have 
been mainly developed for immunochemical detection, Western blot analysis and 
enzyme-linked immunosorbent assays (ELISA). The immunochromatographic assays 



(also known as lateral fl ow strip tests, Reveal CP4 and Reveal Cry9C) detect 5-enol-
pyruvyl-shikimate-3-phosphate synthase (EPSPS), derived from  Agrobacterium  sp. 
strain CP4 which confers resistance to the herbicide glyphosate in soybeans and 
corn, and  Bacillus thuringiensis  Cry proteins which confer protection against insects 
in corn plants, seeds and grains, respectively. Both kits, which are commercialized by 
Neogen ( http://www.neogen.com ), detect GMO presence in 5–20       min at a low price, 
with high sensitivity (  �  0.125% mass fraction of GMO); both are reliable fi eld tests 
for controlling the distribution of biotechnology-derived products ( Ahmed, 2002 ).

  DNA-based methods 

  Microarrays 
 Microscopic arrays of oligonucleotides or cDNA containing up to several hundred 
thousand different sequences are starting to infl uence methodologies and paths to 
discovery in genomics ( Graves, 1999 ). Microarrays of DNA and oligonucleotides are 
beginning to have a similar impact on the biological sciences to that which integrated 
circuits have already produced on the physical sciences, and for similar reasons they 
can do many things in parallel, with very little material and a modest investment of 
labor. They can be used, for example, in expression analysis, polymorphism detec-
tion, DNA resequencing and genotyping on a genomic scale (Marmiroli, 2003). 

 These arrays consist of many microscopic spots, each of which contains identi-
cal single-stranded polymeric molecules of deoxyribonucleotide attached to a solid 
support such as glass or a polymer. Each spot contains many copies of a particular 
sequence, which can range in length from 10 or 20 bases up to 1000 to 2000. The 
utility of these spots arises from the tendency of their component bases to pair up or 
hybridize with a second strand containing a complementary sequence. It is easy to 
see how an array of different sequences can be used to identify one or more pieces of 
DNA or RNA in a solution. These unknown sequences are all tagged by attaching a 
fl uorescent dye to them, and then exposed to an array containing hundreds or thou-
sands of different sequences, each in a known location. When the array is examined, 
it is possible to identify which molecules are present in the solution by determining 
which spots fl uoresce. Peptide nucleic acid (PNA) arrays could also form powerful 
tools for hybridization-based DNA screening assays, due to some favorable features 
of the PNA molecules ( Weiler  et al ., 1997 ). 

 DNA chips can also fi nd great applicability in agricultural biotechnology. Micro-
arrays will assist plant biotechnology companies by allowing rapid analysis of trans-
genic plants ( Lemieux et al ., 1998 ). The link existing between microarrays and PCR 
is great; in fact the PCR product could be tested directly on a DNA chip, rendering an 
easy and very fast phase of screening even for different target sequences in the same 
reaction; this technique will fi nd a great fi eld of applicability in GMO traceability. 

  Southern blot 
 The need to monitor and verify the presence and the amount of GMOs in agricultural 
products has generated a demand for analytical methods.  Luthy (1999)  reported that the 
analytical technique divides into the detection of the introduced DNA, and detection 
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of the expressed protein in transgenic plants. The method of detecting expressed pro-
tein (such as enzyme-linked immunoabsorbent assays (ELISA)) was simple, highly 
specifi c and easy to quantitate, although the sensitivity was low and it was found fre-
quently to fail to detect fully processed products ( Anklam et al ., 2002 ). The method 
of detecting target DNAs with polymerase chain reaction (PCR) was reliable and 
highly sensitive, although it was diffi cult to use the routing agarose gel analysis and 
Southern blot confi rmation of the PCR products for massive samples ( Meyer, 1999 ). 
Here, we describe an improved liquid-phase hybridization (LPH) PCR-ELISA tech-
nique for the specifi c detection of PCR products. In this method, the biotinylated 
PCR products were hybridized  in situ  with the digoxigenin-labeled probe in the PCR 
reaction mixtures, and then captured with Streptavidin-coated tubes. The PCR prod-
ucts were analyzed with agarose electrophoresis and then verifi ed with Southern 
blotting ( Liu  et al ., 2004 ). In PCR-based assays, the results are usually analyzed by 
electrophoresis and Southern blotting. The gel electrophoresis method is rapid but 
hazardous, and the Southern blotting method makes the testing of multiple samples 
tedious and time-consuming ( Li  et al ., 2001 ). 

 Chickpea ( Cicer arietinum  L.) is an important food legume, cultivated in over 40 
countries, with a high nutritional value. Lack of appropriate DNA isolation protocol 
is a limiting factor for any molecular studies of this crop. The present report describes 
a rapid and effi cient protocol for small- and large-scale preparation of a superior qual-
ity and quantity of DNA from four cultivars (JG62, WR315, C235 and ICCV89314) 
compared with that of earlier reports. The yield of DNA through both the methods 
was estimated to be approximately 80        � g g    −   1  of plant tissue. Both small- and large-
scale preparations were essentially suitable for PCR and Southern blot hybridization 
analyses, which are the key steps in crop improvement programs through marker 
development and genetic engineering techniques ( Chakraborti  et al ., 2006 ). The 
emergence of plant transformation and molecular marker analyses in genome studies 
has greatly enhanced the speed and effi cacy of crop improvement and breeding pro-
grams. A prerequisite for taking advantage of these methods is the ability to isolate 
genomic DNA of superior quality and quantity for analyzing through PCR, restriction 
enzyme digestion and subsequent Southern blot hybridization. To fulfi l this criterion, 
a rapid, simple and reliable DNA isolation method is highly sought. Since the size, 
content and organization of genome and contents of metabolites of different plant 
systems vary from each other to a great extent, a single DNA isolation protocol is not 
likely to be applicable for all plant systems ( Loomis, 1974 ).

  Qualitative polymerase chain reaction (PCR) 
 PCR has been used in many different applications because it has very great fl exibility 
in the fi eld of molecular biology. Its principal use is to generate a large amount of a 
desired DNA product starting from a given template, but it can also be used to amplify 
very long fragments of DNA and in such a way to synthesize whole genes, amplify 
and quantify specifi c RNA species, produce RNA fi ngerprinting or PCR mediated 
cloning, screen DNA libraries and produce DNA sequences (Marmiroli, 2003). 

 Long-distance PCR amplifi es and detects routinely and specifi cally PCR prod-
ucts ranging in size from less than 1       kb to more than 50       kb ( Foord and Rose, 1995 ),



regardless of target template sequence or structure. Long-distance PCR facilitates the 
amplifi cation of eukaryotic genomic DNA segments containing introns of varying 
number and lengths, thus permitting the defi nition of intron/exons boundaries. About 
10 years ago, direct cellular localization of a DNA or RNA target was routinely 
achieved by  in situ  hybridization. This method has been dramatically improved in its 
sensitivity. However, despite these improvements the relatively high detection thresh-
old of in situ  hybridization of about 10 copies per cell limits its usefulness ( Nuovo, 
1994 ).The advent of PCR made possible the detection of the low copy events as well. 

 PCR starting from RNA detects or measures a defi ned RNA species, ranging from 
mRNAs for gene products to the level of viral RNA in plasma. RNA-PCR is a good 
method for screening cells and tissues for the expression of an mRNA ( Rashtchian, 
1994 ). The extension of arbitrarily primed PCR (AP-PCR) fi ngerprinting to RNA has 
resulted in a tool with exciting potential for detecting differential gene expression. It 
is now possible to obtain a partially abundance-normalized sample of cDNA pro-
duced in a single tube in a few hours ( Liang and Pardee, 1992 ). Under standard PCR 
conditions, suffi cient sequence information from a template is required to design two 
primers that hybridize to each strand of the DNA ( Dieffenbach and Dveksler, 1995 ). 

 Screening DNA libraries of high complexity for rare sequences is one of the fun-
damental techniques of molecular biology. When applied to the screening of highly 
complex DNA libraries contained within either bacteriophage or plasmid vectors, 
PCR offers the opportunity to identify rare DNA sequences in complex mixtures of 
molecular clones by increasing the abundance of a particular sequence ( Israel, 1993 ).
The technique employs a thermostable DNA polymerase in a temperature cycling 
format to perform multiple rounds of dideoxynucleotide sequencing on the template 
( Murray, 1989 ).  

  Quantitative-competitive PCR (QC-PCR) 
 QC-PCR is the co-amplifi cation of a target analyte with an internal standard. In par-
ticular, it involves the co-amplifi cation of unknown amounts of an internal control 
template in the same reaction tube by the identical primer pair ( Studer et al ., 1998 ). 
The reaction conditions can be maintained to generate amplifi cation products that 
should differ by more than 40       bp. Multiple PCR reactions are needed as each sample 
is amplifi ed with increasing amounts of competitor, while maintaining constant the 
sample volume/concentration. Qualifi cation is achieved by comparing the equiva-
lence point at which the amplicon from the competitor gives the same signal inten-
sity as that of the target DNA on stained agarose gels ( Hardegger  et al ., 1999 ). 

 A quantitative competitive PCR (QC-PCR) assay was developed to detect and quan-
tify Escherichia coli  O157:H7 cells. From 10 3  to 10 8  CFU of  E. coli  O157:H7 cells 
ml�  1  was quantifi ed in broth or skim milk, and cell densities predicted by QC-PCR 
were highly related to viable cell counts. QC-PCR has the potential for quantitative 
detection of pathogenic bacteria in foods ( Li and Drake, 2001 ). For QC-PCR, a dilu-
tion series of three to fi ve PCR reaction mixtures are made, each with a constant 
(unknown) amount of added target DNA and a known dilution series of competi-
tor DNA. The target and competitor DNA compete for the same primers; when the 
concentration of each is equivalent, band intensities will be equivalent. The point 
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of equivalence is determined by visual assessment of band intensities or by  digital 
analysis of the gel image and generation of a regression line. Quantitation of the 
gene copy number can be converted to chromosomal equivalents and cell numbers. 
The objectives of this study were to determine whether QC-PCR could be applied 
to foods, and to develop a quantitative PCR assay for detection and enumeration of 
E. coli  O157:H7 cells in broth and skim milk ( Raeymaekers, 1993 ). 

 To confi rm that the developed QC-PCR assay could be applied quantitatively, 
DNA was extracted from an overnight culture and diluted 100- and 200-fold, result-
ing in DNA samples I and II, respectively. Constant amounts of DNA from each sam-
ple were co-amplifi ed with corresponding sets of serially diluted competitor DNA in 
QC-PCR. The DNA concentration in each sample was determined and compared to 
confi rm whether the results predicted by QC-PCR were equivalent to the actual two-
fold difference in DNA concentration ( Li and Drake, 2001 ).

  Real-time PCR 
 Real-time PCR was originally developed in 1992 by Higuchi  et al . (1992), and 
has rapidly gained popularity due to the introduction of several real-time complete 
instruments and easy-to-use PCR assays. With this technique, the amplifi cation of 
the target DNA sequence can be followed throughout the whole reaction by the indi-
rect monitoring of the product formation. Real-time detection strategies rely on con-
tinuous measurements of the increment in fl uorescence generated during the PCR 
reaction. The number of PCR cycles necessary to generate a signal that is signifi -
cantly and statistically above noise level is taken as a quantitative measure, and is 
called the cycle threshold (Ct). As long as the Ct value is measured at the stage of 
PCR where the effi ciency is still constant, the Ct value is inversely proportional to 
the log of the initial amount of target molecules. The reaction does not proceed lin-
early, but plateaus in later cycles. The reasons for this are: (i) the reannealing of PCR 
products competing more effi ciently with hybridization of primers, (ii) the inhibition 
of reactions by reaction by-products, and (iii) the limiting of the polymerizing com-
pounds ( Grove, 1999 ). 

 Real-time PCR has replaced double competitive PCR as the preferred quantita-
tive PCR-based technology for several reasons: it is faster; the quantitative results 
are produced without the need for error-prone pipetting and image analysis; the risk 
of carry-over contamination is minimized by the lack of post-PCR pipetting; and the 
production and calibration of competitors is not required ( Holst-Jensen, 2003 ). 

 Molecular beacons have been successfully employed in real-time PCR and for 
the generation of melting curves, including the multiplex PCR format, and they are 
widely used for discriminating single base-pair differences (SNP). They may be tai-
lored for the detection and quantifi cation of new GM crops that feature single nucle-
otide genetic modifi cations ( Seitz, 2000 ). The growing number of commercially 
available real-time thermocyclers is an indication of the success of this technology. 
Presently, real-time quantifi cations can be considered as the more powerful tool for 
the detection and quantifi cation of GMOs in a wide variety of agricultural and food 
products ( Hubner  et al., 2001 ).  



  Random amplifi ed polymorphic DNA (RAPD) 
 RAPDs are in fact just one example of a whole set of PCR-based molecular markers, 
which have been collectively termed as MAAP (multiple arbitrary amplicon profi l-
ing) ( Caetano-Anolles, 1993 ). These approaches have in common the use of one (usu-
ally) or two primers of random sequence to amplify multibanded fi ngerprints from a 
complex genome. The techniques differ in the length and sequence of the primers, 
number of amplifi cation cycles, temperature of the annealing stage and methods for 
evidencing polymorphisms ( Caetano-Anolles, 1994 ).

 The classic RAPD technique ( Williams  et al ., 1990 ) uses one single primer, 10-nt 
long, with a GC percentage between 50 and 70%, to amplify sequences encompassed 
by imperfect inverted repeats of the primer in a low-stringency reaction (annealing 
at 34–36°C). This technique has been applied to all types of organisms for differ-
ent purposes. Its main advantages are that it is fast, easy to perform and requires 
small amounts of DNA. The disadvantages are the dominance of RAPD patterns in 
different laboratories. The AP-PCR (amplifi ed molymorphic-PCR) technique uses a 
longer primer of arbitrary sequence in a reaction that includes some cycles at a lower 
annealing temperature ( Welsh and McClelland, 1990 ). A particular modifi cation 
could involve the use of two different random primers, thereby increasing the number 
of bands in the fi ngerprint (Diaz and Ferrer, 2003). 

 A different example can be derived from the identifi cation of marine mammals 
(seal, whale) in processed seafood products, performed with species-diagnostic 
molecular markers, including RAPDs ( Martinez and Danielsdottir, 2000 ). Similarly, 
a polymorphism in a specifi c gene affecting coat color allowed detection in cheese of 
milk coming from a particular breed not permitted in the production of Registered 
Designation of Origin cheeses ( Maudet and Taberlet, 2002 ).

  Enzyme immunoassays 

 Besides biomedical research and clinical chemistry, enzyme immunoassays have 
been used in a broad range of applications in food analysis, including analytes of low 
molecular weight such as mycotoxins, anabolics, antimicrobial drugs, pesticides and 
vitamins, as well as macromolecules such as bacterial toxins, enzymes, hormones, 
food proteins and even living organisms, including bacteria and moulds ( Fukal and 
Kas, 1989 ).

 Immunochemical methods are based on the ability of antibodies to recognize three-
dimensional structures and play a major role in biochemical research. Being primarily 
a part of the immune system in most classes of vertebrates (Stanworth and Turner, 
1979), immunoglobulins have been utilized as the key substances in any immunoassay 
for more than 40 years. Antibodies represent a group of glycoproteins possessing two 
distinct types of polypeptide chains linked by both covalent and non-covalent bonds. 
Both the light chain and the heavy chain show a variable region at their amino termi-
nal end of about 110 amino acids residues, whereas the remaining part of the polypep-
tide chain is referred to as the constant region ( Kohler and Milstein, 1975 ).

 The most prevalent test format of enzyme immunoassays is still the microtiter plate 
assay, which is usually performed by employing automated absorbance measurement 
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and calculation of the results. Depending on the individual test specifi city, these 
assays are either quantitative or qualitative methods which can easily be performed 
in routine laboratories. Dipstick tests use either membranes or plastic materials as the 
solid phase. Depending on the pre-treatment of the solid support, antigens or antibod-
ies are bound covalently or just adsorbed by multiple non-covalent bonds on the sur-
face of the membrane as dots or lines ( Martlbauer, 2003 ). 

 The potential sensitivity of any immunoassay is directly related to the affi nity of 
the antibody, and may be calculated if the equilibrium constant is known. Since the 
antigen–antibody reaction may be described using reaction kinetics as well as thermo-
dynamic equations, reaction time and temperature also infl uence assay sensitivity. 
Rely ing on antibody affi nity, there is a signifi cant difference between competitive and 
non-competitive methods ( Jackson and Ekins, 1986 ).

 One main area for the application of antibody techniques is the authenticity of 
food of animal origin. Most applications in this fi eld have focused on identifi cation 
of meat and milk of numerous animal species, either directly in the raw material or in 
processed food. The target antigens used in most studies on meat and meat products 
are blood or serum proteins, such as albumin. The proteins used for the immuniza-
tion procedure cover a wide range of animal species, such as horse, cattle, pig, sheep, 
and exotic species such as impala and topi. Usually, the reliability and sensitivity of 
these assays decreases with increased heating of the samples, even with relatively sta-
ble proteins such as myoglobulin, adrenal preparations or troponin ( Schweiger  et al ., 
1983 ). Enzyme immunoassays utilizing blood or serum proteins (such as albumin) 
as the target antigen show limited suitability in testing heat-treated sample materials. 
A progressive loss in activity is observed with increased heat treatment due to dena-
turation of the antigen ( Goodwin, 1992 ).

 As well as the identifi cation of the meat and milk of different mammalian spe-
cies, only a few other applications, such as an enzyme immunoassay for distinguish-
ing between crustacean tail-meat and white fi sh ( Taylor and Jones, 1992 ), have been 
described. Substitution of canned sardine with other species and adulteration of 
canned tuna with bonito are two other specifi c authentication issues that have been 
addressed ( Taylor  et al ., 1994 ). Also, a relatively low number of applications have 
focused on the detection of plant proteins (soy in meat products, or soy, wheat and 
pea proteins in milk powder) ( Haasnoot  et al ., 2001 ). 

 The main advantages of enzyme immunoassay over immunodiffusion or immu-
noelectrophoresis procedures are reduced assay time, the requirement for only small 
amounts of antisera, and the possibility of obtaining quantitative results. In addition, 
the enzyme immunoassay microtiter plate assay may be automated, thus allowing a 
large number of samples to be processed, whereas rapid tests like dipsticks may be 
used as fi eld tests to screen suspicious samples. Compared with physicochemical 
methods of analysis, microtiter tests have advantages regarding aspects of the sample 
treatment necessary prior to analysis. The sample extract clean-up in particular can be 
simplifi ed or even totally omitted ( Martlbauer, 2003 ). A general disadvantage of anti-
body techniques in this particular area is the limited availability of commercial test 
kits. The main reason for this limitation is the particular structure of the market for 
immunochemical methods in food analysis, which is characterized by a broad range 



of potential products requiring a high degree of innovation but having relatively low 
sales per product. 

  Conclusions 

 Food authentication is the process by which a food is verifi ed as complying with its 
label description. Labeling and compositional regulations, which may differ from 
country to country, have a fundamental place in determining which scientifi c tests 
are appropriate for a particular issue. Of course, claims concerning the species of 
origin concern mainly the genetic make-up of the organism, and the defi nition of a 
species may make this a rather arbitrary classifi cation. Some claims may go beyond 
the species barrier to the variety of the organism. Another authenticity issue which 
may commonly arise is the need to determine whether food products from one spe-
cies have been mixed with similar material from a cheaper species. Enzyme-linked 
immunosorbent assay (ELISA) and agar-gel immunodiffusion have been employed 
for analysis. The development of DNA methods continues to have a major place in 
meat authentication. Hunt et al . (1997)  used oligonucleotide probes to identify the 
species of origin of raw and cooked meat. The benefi t of this procedure is that the 
polymerase chain reaction (PCR) approach is not required. This is advantageous, 
because this equipment is not available in all laboratories, and it may also give rise to 
undesirable assay variability. It is considered superior to immunological techniques 
because the latter detect soluble plasma proteins. 

 Nuclear magnetic resonance (NMR) is the third spectroscopic technique which is 
being increasingly applied to food authentication. It can be used in a number of dif-
ferent ways. The entire spectrum can be used to generate a database, which is subse-
quently interpreted by statistical techniques. In this, it is analogous to using FT-IR or 
FT-Raman spectroscopy. Alternatively, it can be used to measure small amounts of 
specifi c compounds in the sample, which are then used as markers of authenticity. 
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 Fourier transform mid-infrared spectroscopy  

 cheese geographical origin  ,   40  ,   42   
 cheese ripening process  ,   33–34    
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 Raman spectroscopy  ,   156  ,   191  
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see also    Aromatic amino acids plus nucleic 
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 Raman spectroscopy  ,   166–167   
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 gas chromatography  ,   333     
 Anise ( Pimpinella anisum ) essential oils, 

Raman spectroscopy  ,   162  ,   163   
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 fl uorescence spectroscopy  ,   235   
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 high-performance liquid chromatography  , 

  9  ,   626  
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 structure  ,   380  ,   386   
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 antigen interaction  ,   479–480   
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see also    Immunoglobulins   

 Antigen–antibody interaction  ,   479–480   
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 aroma components, isotope ratio mass 
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 high-performance liquid chromatography  , 
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 malic acid  ,   375   
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 near-infrared spectroscopy  ,   89   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   256    
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 fl uorescence spectroscopy  ,   235   
 high-performance liquid chromatography  ,   9   
 near-infrared spectroscopy  ,   129   
 Raman spectroscopy, pesticide residues 

detection  ,   176   
 wax glazing agents  ,   572  

 differential scanning calorimetry  ,   572     
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 juice
 high-performance liquid chromatography, 

phenolics  ,   380  ,   381  ,   384   
 organic acids  ,   375    

 mid-infrared spectroscopy  ,   31    
 Arabica ( Coffea arabica )  ,   53  ,   54  ,   86  ,   87  ,   88  , 

  171
 caffeine, isotope ratio mass spectrometry  , 

  299
 gas chromatography  ,   345   
 high-performance liquid chromatography  , 

  393
Arabidopsis thalianicus , genetically modifi ed  , 

  431
 Arabinoxylans, Raman spectroscopy  ,   157   
 Arbutin, high-performance liquid 

chromatography  ,   380   
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 Aroma compounds  
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 Aromatic amino acids plus nucleic acids, 
fl uorescence spectroscopy  ,   210  
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 fi sh  ,   223   
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 vegetable oil adulterants detection  ,   46    

 Fourier transform near-infrared microscopy  , 
  141

 Fourier transform near-infrared spectroscopy  , 
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 learning algorithm  ,   127   
 structure  ,   127    

 Aspalathin, Raman spectroscopy  ,   171  ,   172   
 Asparagus, isotope ratio mass spectrometry  ,   13  

 geographical origin assessment  ,   294    
 Atmospheric pressure ionization (API)  ,   8  ,   626   
 Attenuated total refl ectance (ATR) system  

 Fourier transform mid-infrared spectroscopy  
 coffee  ,   53   
 modifi ed starches  ,   45   
 vegetable oils  ,   47    

 mid-infrared spectroscopy  ,   30–31  
 milk  ,   35     

 Authenticity  ,   66  ,   269  ,   362  ,   618  ,   620  
 challenges  ,   16–17   
 evaluation methods  ,   6–16  ,   619  

 emerging techniques  ,   618  ,   620–635    
 spectroscopic techniques  ,   67–68  ,   84  , 
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 artifi cial neural networks  ,   126–128   
 support vector machines  ,   128–130     

 Automated N/C analyzer-mass spectrometry 
(ANCA-MS)  ,   249   
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 B 50 /growth-associated protein  ,   628   
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Bacillus thuringiensis   ,   427  ,   428  ,   629   
Bacillus thuringiensis  ssp.  kurtaki   ,   432   
 Back-propagation artifi cial neural networks  , 

  138  ,   139   
 Bacteria

 Fourier transform infrared spectroscopy  , 
  54–55  ,   623   

 mid-infrared spectroscopy  ,   54–56   
 random amplifi ed polymorphic DNA  ,   414    

 Banana, Raman spectroscopy, pesticide 
residues detection  ,   176   

 Banned dyes  ,   1   
 Barley  

� hordein  gene real-time polymerase chain 
reaction  ,   439   

 identifi cation in gluten-free foods  ,   454   
 polymerase chain reaction  ,   454   
 polyphenolics, high-performance liquid 

chromatography  ,   9    
 Basil

 isotope ratio mass spectrometry  ,   298   
 Raman spectroscopy of essential oils  ,   165    

 Basmati rice, near-infrared spectroscopy  ,   86   
 Bayes classifi cation, near-infrared spectroscopy 

data analysis  ,   78   
 Beaujolais  ,   50  ,   233   
 Beef

 capillary electrophoresis of protein markers  , 
  533

 enzyme-linked immunosorbent assay  ,   492  , 
  493

 heat-processed products  ,   492  ,   493    
 Fourier transform mid-infrared spectroscopy  , 

  43
 front-face fl uorescence spectroscopy  ,   219  

 muscle types  ,   219    
 isotope ratio mass spectrometry  ,   13  ,   290  ,   291  

 organic/conventional produce  ,   300    
 near-infrared spectroscopy  ,   90   
 polymerase chain reaction  ,   458  ,   459  

 detection in feeds  ,   455    
see also    Ground meat   

 Beef tallow, differential scanning calorimetry  
 butter  ,   566–569   
 vegetable oil  ,   557  ,   558  ,   559    

 Beer
 biological origin of ingredients  ,   306   
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 fl uorescence spectroscopy  ,   231–232   
 International Bitter Units (IBU)  ,   232   
 isotope ratio mass spectrometry  ,   306   
 stable carbon isotope ratio analysis  ,   249    

 Beeswax, differential scanning calorimetry  ,   572   
 Beet sugar  

 fl uorescence spectroscopy  ,   233   
 Fourier transform mid-infrared spectroscopy  , 

  51
 fruit juice adulteration  ,   255  ,   372  

 gas chromatography-isotope ratio mass 
spectrometry  ,   302   

 high-performance liquid chromatography  , 
  373

 site-specifi c natural isotope fractionation 
nuclear magnetic resonance  ,   256  ,   258    

 genetically modifi ed organisms, 
immunoassay dipstick tests  ,   505   

 honey adulteration  ,   340  
 near-infrared spectroscopy  ,   90   
 Raman spectroscopy  ,   173    

 isotope ratio  ,   271  
 mass spectrometry  ,   13     

 pepper ( Capsicum annuum ) ripening, Raman 
spectroscopy  ,   160   

 Benzaldehyde  ,   14  
 isotope ratio mass spectrometry  ,   296    

 acid derivatives  ,   375  ,   376   
� -carotene, high-performance liquid 

chromatography  ,   392   
� -caryophyllene, Raman spectroscopy  ,   162   
� -casein, Raman spectroscopy  ,   167  ,   169   
� -galactosidase  ,   483   
� -hydroxyacyl-CoA-dehydrogenase  ,   223   
� -ionone, isotope ratio mass spectrometry  ,   298   
� -lactoglobulins  

 Raman spectroscopy  ,   167   
 reverse phase high-performance liquid 

chromatography  ,   394  ,   396    
� -myrcene, Raman spectroscopy  ,   163   
�   -pinene, Raman spectroscopy  ,   162   
 Betalains  ,   2   
 Biceps femoris  ,   219   
 Billfi sh, polymerase chain reaction 

indentifi cation  ,   463   
 Biogenic amines, botryotized wine  ,   388   
 Biosensors

 capillary electrophoresis interfaces  ,   536   

 genetically modifi ed organisms PCR dip-
stick test  ,   438–439   

 immunoassay  ,   508  ,   509  ,   510    
 Black pepper ( Piper nigrum ), gas 

chromatography-mass spectrometry  ,   337   
 Blackberry  

 anthocyanins  ,   380  ,   385   
 juice, high-performance liquid 

chromatography  ,   373    
 Blackcurrant  

 anthocyanins  ,   380   
 juice

 high-performance liquid chromatography  , 
  373

 organic acids  ,   375     
 Blaufränkisch  ,   49   
 Blueberry, anthocyanins  ,   385   
 Bordeaux  ,   294   
 Botanical origin, honey  

 differential scanning calorimetry  ,   574–575   
 Fourier transform near-infrared spectroscopy  , 

  136–137
 front-face fl uorescence spectroscopy  ,   234   
 gas chromatography  ,   340   
 isotope ratio mass spectrometry  ,   307   
 Raman spectroscopy  ,   155  ,   173    

Botrytis cinerea  (noble rot)  ,   304  ,   387  ,   388   
 Bourbon

 Fourier transform mid-infrared spectroscopy  , 
  49

 isotope ratios  ,   258    
 Bovine albumin  

 enzyme-linked immunosorbent assay  ,   492   
 Raman spectroscopy  ,   167  ,   168    

 Bovine immunoglobulin G, enzyme-linked 
immunosorbent assay  ,   496  ,   497   

 Bovine species, polymerase chain reaction 
discrimination  ,   455–456   

 Bovine spongiform encephalopathy (mad cow 
disease)  ,   129  ,   141  ,   455  ,   495  ,   499   

 Brandy
 adulteration  ,   258   
 Fourier transform near-infrared spectroscopy  , 

  139
 marked age/vintage year  ,   140    

 stable carbon isotope ratio analysis  ,   249    
 Brassicasterol, gas chromatography  ,   333   
 Brazil nut oil, Fourier transform Raman 

spectroscopy  ,   153   
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 Bread
 adulteration, historical aspects  ,   2   
 fl our  

 front-face fl uorescence spectroscopy  ,   231   
 near-infrared spectroscopy  ,   84–85    

 Fourier transform Raman spectroscopy  ,   195   
 polymerase chain reaction  ,   412   
 wheat ( Triticum aestivum )  ,   84–85  ,   86    

 Bt genetically modifi ed organisms  ,   427   
 Bt maize  ,   16  ,   427  

 lateral fl ow strip tests  ,   629   
 polymerase chain reaction detection  ,   428  , 

  430  ,   431  ,   432–433  ,   434  ,   435  ,   436  ,   437  
 capillary gel electrophoresis  ,   530     

 Buckwheat, Fourier transform mid-infrared 
spectroscopy  ,   44   

 Buffalo  
 enzyme-linked immunosorbent assay  ,   492  , 

  497
 milk  ,   465  ,   497   
 polymerase chain reaction  ,   455  ,   456  ,   457  ,   465    

 Butter
 beef tallow adulteration  

 differential scanning calorimetry  ,   565–569   
 gas chromatography  ,   336    

 Fourier transform Raman spectroscopy  ,   153   
 Fourier transform spectroscopic techniques  , 

  135
 isotope ratio mass spectrometry  ,   292   
 near-infrared spectroscopy  ,   92  ,   93    

 C3 plants  ,   12  ,   271  
 stable carbon isotope ratio analysis  ,   249 

 C3 sugars, isotope ratio mass spectrometry  ,   302   
 C4 plants  ,   12  ,   271  

 stable carbon isotope ratio analysis  ,   249 
 C4 sugars, isotope ratio mass spectrometry  

 fruit juices  ,   302   
 wine  ,   303    

 Cabbage, organic/conventional discrimination, 
isotope ratio mass spectrometry  ,   300   

 Cabernet  ,   49  ,   51   
 Caffeic acid  ,   375  ,   376   
 Caffeine  

 isotope ratio mass spectrometry  ,   299   
 Raman spectroscopy  ,   171    

 Calibration, multivariate techniques  ,   607–609   
Calmintha  essential oils, Raman spectroscopy  , 

  162

 Calvin cycle  ,   12  ,   249  ,   271   
 Camellia oil  

 Fourier transform mid-infrared spectroscopy  , 
  47

 Fourier transform Raman spectroscopy  ,   155    
 Camembert-type cheese  ,   33   
 Campesterol, gas chromatography  ,   344   
 Camphor, Raman spectroscopy  ,   162  ,   163   
 Candelilla wax, differential scanning 

calorimetry  ,   572   
 Cane sugar  

 Fourier transform mid-infrared spectroscopy  , 
  51

 front-face fl uorescence spectroscopy  ,   234   
 fruit juice adulteration  ,   255  

 site-specifi c natural isotope fractionation 
nuclear magnetic resonance  ,   258    

 honey adulteration  ,   573  
 Raman spectroscopy  ,   173     

 Canola, genetically modifi ed organisms  
 immunoassay dipstick tests  ,   505   
 polymerase chain reaction  ,   430    

 Canola oil  
 differential scanning calorimetry  ,   557–559   
 Fourier transform spectroscopy  ,   135   
 gas chromatography  ,   333   
 near-infrared spectroscopy  ,   94   
 Raman spectroscopy  ,   156    

 Canonical correlation analysis  
 cheese ripening process  ,   33   
 fl uorescence spectroscopy  ,   236   
 front-face fl uorescence spectroscopy  ,   220  ,   221    

 Canonical variate analysis  
 Fourier transform near-infrared spectroscopy  , 

  135
 Fourier transform Raman spectroscopy  ,   195   
 front-face fl uorescence spectroscopy  ,   212   
 near-infrared spectroscopy  ,   93   
 Raman spectroscopy  ,   155   
 wine authentication techniques  ,   96    

 Capillaries
 electrochromatography  ,   529   
 electrophoresis  ,   523–524  ,   526  

 protein adsorption  ,   532  ,   533    
 isoelectrofocusing  ,   529    

 Capillary columns, gas chromatography  ,   326  , 
  327  ,   333  

 dimensions  ,   326  ,   328  ,   332   
 polar phase coatings  ,   327  ,   332    
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 Capillary electrochromatography (CEC)  ,   529   
 Capillary electrophoresis  ,   521–537  

 advantages  ,   522–523   
 applications  ,   529–536  

 chiral compounds  ,   533–535   
 DNA analysis  ,   530–532   
 organic acids  ,   535   
 proteins  ,   532–533   
 review articles  ,   523    

 chiral selectors  ,   533  
 cyclodextrins  ,   533–534    

 disadvantages  ,   536   
 instrumentation  ,   523–524  

 detectors  ,   524    
 modes  ,   526–529   
 new developments  ,   536   
 sensitivity  ,   536   
 theoretical principle  ,   524–525  

 diffuse zone  ,   525   
 electromigration  ,   525  ,   526   
 electrophoretic mobility  ,   526   
 fi xed zone  ,   525   
 migration time  ,   526    

see also    Free solution capillary 
electrophoresis (FSCE)   

 Capillary electrophoresis-mass spectrometry  
 chiral amino acids analysis  ,   535   
 meat extenders detection  ,   533    

 Capillary gel electrophoresis (CGE)  ,   528  
 polymerase chain reaction-based DNA 

analysis  ,   530–531  
 genetically modifi ed organisms detection  , 

  530
 Capillary isoelectrofocusing (CIEF)  ,   528–529  

 ampholytes  ,   529    
 Capillary isotachophoresis  ,   526   
 Capsanthin, Raman spectroscopy  ,   160   
 Capsicum

 genetically modifi ed organism detection, 
polymerase chain reaction  ,   431   

 ripening, Raman spectroscopy  ,   160    
 Caraway ( Carvum carvi ) essential oils, Raman 

spectroscopy  ,   162   
 Carbohydrates  

 Fourier transform Raman spectroscopy  ,   189  , 
  190  ,   191–192  ,   194–197   

 gas chromatography  ,   341   
 high-performance liquid chromatography  , 

  372–373

 Raman spectroscopy  ,   156–156    
 Carbon

 delta values  ,  see     �13C values   
 isotope enrichment  ,   249  ,   271  

see also    Isotope ratio mass spectrometry 
(IRMS)

13 C determinations  ,   13  
 elemental analyzer-isotope radio mass 

spectrometry  ,   281–282   
 gas chromatography-isotope ratio mass 

spectrometry  ,   285   
 liquid chromatography-isotope ratio mass 

spectrometry  ,   287     
 Carbonated beverages, CO 2  source 

characterization  ,   299   
 Carboranes, gas chromatography liquid phase  , 

  325
 Carnauba wax, differential scanning 

calorimetry  ,   572   
 Carotenoids

 Fourier transform Raman spectroscopy  ,   195   
 front-face fl uorescence spectroscopy  ,   233   
 fruit juice  ,   372   
 high-performance liquid chromatography  , 

  9–10  ,   170  ,   626  
 vegetable oils  ,   391  ,   392    

 Raman spectroscopy  ,   152  ,   158–160  ,   170  ,   172   
 ultraviolet-visible spectrometry  ,   10   
 wine  ,   233    

 Carrier gases, gas chromatography  ,   324   
 Carrot  

 Fourier transform Raman spectroscopy  ,   195   
 polyphenolics, high-performance liquid 

chromatography  ,   9   
 Raman spectroscopy  ,   161  

 essential oils  ,   162   
 juice  ,   170     

 Carvacrol  
 Raman spectroscopy  ,   162  ,   163   
 solid phase microextraction-gas 

chromatography-mass spectrometry  ,   340    
 Caryophyllene, Raman spectroscopy  ,   165 
 Casein

 capillary electrophoresis  ,   533   
 cheese ripening process  ,   34  ,   212  ,   214   
 enzyme-linked immunosorbent assay  ,   496  , 

  497  ,   498   
 Fourier transform mid-infrared spectroscopy  , 

  34  ,   35   



Index 651

 front-face fl uorescence spectroscopy  ,   211  , 
  212  ,   214   

 milk  ,   35  
 coagulation process  ,   211    

 Raman spectroscopy  ,   167  ,   168  ,   169   
 reverse phase high-performance liquid 

chromatography  ,   394  ,   395    
 Cassava ( Manihot esculenta ), Raman 

microspectroscopic detection of 
cyanogenic glucosides  ,   175   

 Castor bean, Fourier transform near-infrared 
spectroscopy  ,   137–138   

 Catechine, gas chromatography  ,   344   
 Catechins  ,   377   
 Caulifl ower mosaic virus 35S rRNA subunit 

promoter (CaMVX35S)  ,   426  ,   432  ,   433  , 
  434  ,   437   

 Cayenne pepper, historical aspects  ,   3   
 Cellulases  ,   14   
 Cellulose, Raman spectroscopy  ,   165   
 Cephalopods, polymerase chain reaction 

indentifi cation  ,   461   
 Cereal products  

 fl uorescence spectroscopy  ,   231   
 Fourier transform Raman spectroscopy  , 

  196–197
 mid-infrared spectroscopy/Fourier transform 

mid-infrared spectroscopy  ,   44–45   
 near-infrared spectroscopy  ,   84–86    

 Cereals
 capillary electrophoresis of protein markers  , 

  532
 historical aspects  ,   2   
 isotope ratio mass spectrometry  ,   13   
 mid-infrared spectroscopy/Fourier transform 

mid-infrared spectroscopy  ,   44–45   
 near-infrared spectroscopy  ,   72  ,   84–86   
 polymerase chain reaction, contamination 

detection  ,   16    
 Chalcones, high-performance liquid 

chromatography  ,   626   
 Chamomile ( Chamomilla recutita )

 micro-Fourier transform Raman 
spectroscopy  ,   175   

 Raman spectroscopy  ,   161  ,   172    
 Chardonnay  ,   97  ,   139   
 Charge-coupled devices  

 near-infrared spectroscopy  ,   73   
 Raman spectroscopy  ,   151    

 Cheddar cheese  ,   92   
 Cheese

 enzyme-linked immunosorbent assay  , 
  496–497

 commercial kits  ,   498    
 fl uorescence spectroscopy  

 authentication at retail stage  ,   213–217   
 microorganisms  ,   236    

 Fourier transform mid-infrared spectroscopy  , 
  35–38  ,   39   

 Fourier transform near-infrared spectroscopy  , 
  130–132  ,   140   

 front-face fl uorescence spectroscopy  , 
  213–217

 gas chromatography  ,   336–337   
 geographic origin assessment  ,  see    Cheese 

geographic origin   
 high-performance liquid chromatography  , 

  394–396
 near-infrared spectroscopy  ,   92  

 maturity assessment  ,   92   
 sample presentation mode  ,   72    

 polymerase chain reaction  ,   465   
 Raman spectroscopy  ,   168   
 ripening process  ,  see    Cheese ripening   
 species of origin authentication  ,   465  ,   497   
 standards, historical aspects  ,   4    

 Cheese geographic origin  
 Fourier transform near-infrared spectroscopy  , 

  130–132
 front-face fl uorescence spectroscopy  ,   217   
 isotope ratio mass spectrometry  ,   292–293   
 Protected Designation of Origin (PDO) 

authenticity assessment  ,   39–40   
see also    Emmental cheese   

 Cheese ripening  ,   32–34  
 canonical correlation analysis  ,   33   
 Fourier transform mid-infrared spectroscopy  , 

  33–34
 bacterial strains  ,   55    

 front-face fl uorescence spectroscopy  ,   212–213  
 oxidation monitoring  ,   217–218    

 mid-infrared spectroscopy  ,   32–34   
 principal component analysis  ,   33  ,   34   
 proteolysis  ,   32    

 Chemical bonds  ,   27  
 near-infrared spectroscopy  ,   68   
 vibrational modes  ,   27–28   
 vibrational spectroscopy  ,   28    
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 Chemical methods, historical aspects  ,   3   
 Chemometrics  ,   10  ,   12  ,   585–614  

 advantages/disadvantages  ,   613–614   
 calibration  ,   607–609  

 outliers  ,   608    
 classifi cation  ,   604–606   
 data collection  ,   586–587   
 data display  ,   587–597  

 plots versus tables  ,   587–588   
 principal component analysis  ,  see

  Principal component analysis    
 defi nition  ,   586  ,   621   
 Fourier transform mid-infrared spectroscopy  

 cereals  ,   44   
 meats  ,   43   
 wine  ,   49    

 future trends  ,   611–613   
 honey fl oral origin  ,   174   
 isotope ratio mass spectrometry  ,   308   
 modeling  ,   606–607   
 near-infrared spectroscopy  ,   74–82  ,   118  , 

  126–130
 qualitative  ,   77–80   
 quantitative  ,   76–77   
 unsupervised methods  ,   75   
 validation  ,   80–82    

 nuclear magnetic resonance spectroscopy  , 
  618  ,   620  ,   621   

 process monitoring  ,   598–600   
 quality control  ,   598–600   
 variable selection  ,   609–611  

 cost-benefi t considerations  ,   610–611 
 removal of noise  ,   609  ,   610     

 Cherry juice, high-performance liquid 
chromatography  ,   373   

 Chicken  
 enzyme-linked immunosorbent assay  ,   492   
 fat, differential scanning calorimetry  

 butter adulteration  ,   565–566   
 vegetable oil adulteration  ,   557  ,   558  ,   559    

 Fourier transform mid-infrared spectroscopy  , 
  43

 front-face fl uorescence spectroscopy  ,   222   
 near-infrared spectroscopy  ,   90   
 polymerase chain reaction  ,   458  ,   459–460   
 Raman spectroscopy  ,   166    

 Chickpea ( Cicer arietinum ), DNA isolation  , 
  630

 Chicory in coffee  ,   2  ,   3   

 Chinese alligator, polymerase chain reaction  , 
  459

 Chinese cabbage, organic/conventional 
discrimination, isotope ratio mass 
spectrometry  ,   300   

 Chinese gooseberry, Raman spectroscopy, 
pesticide residues detection  ,   176   

 Chip-based methods  
 capillary electrophoresis  ,   536   
 DNA analysis  ,   629    

 Chiral compounds  
 capillary electrophoresis  ,   

533–535
 gas chromatography  ,   7  

 essential oils  ,   339   
 synthetic fruit aromas  ,   345    

 gas-liquid chromatography  ,   325    
 Chlorogenic acid  ,   375  ,   376   
 Chlorophyllases  ,   14   
 Chlorophylls  

 fl uorescence spectroscopy  ,   210  
 edible oils  ,   230   
 fruit/vegetables  ,   234–235   
 wine  ,   233    

 front-face fl uorescence spectroscopy  ,   233   
 high-performance liquid chromatography  , 

  391
 Chocolate  ,   393  

 cocoa butter equivalents addition  ,   503  ,   555   
 gas chromatography  ,   333   
 infrared spectroscopy  ,   11    

 Cholesterol, gas chromatography  ,   333   
 Chrisin, honey botanical origin  ,   391   
 Chromatographic techniques  ,   6–10  ,   321  

 mobile phase  ,   321   
 stationary phase  ,   321   
see also    Gas chromatography  ;   High-

performance liquid chromatography   
 Chymosin, Raman spectroscopy  ,   167   
 1,8-Cineole, Raman spectroscopy  ,   162  ,   165   
 Cinnamaldehyde, isotope ratio mass 

spectrometry  ,   307   
 Cinnamic acid derivatives  ,   375–376   
 Citric acid  

 fruit  ,   373  
 juices  ,   306  ,   373  ,   375    

 isotope ratio mass spectrometry  ,   306   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   260    
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 Citrus fruit  
 high-performance liquid chromatography  , 

  373
 carotenoids  ,   385  ,   386   
 fl avonoids  ,   377–380    

 juice  ,   373  
 Western blotting technique  ,   

501
 Clams, enzyme-linked immunosorbent assay  , 

  499
 Clapeyron equation  ,   551   
 Classifi cation, chemometrics  ,   604–606   
Clostridium   ,   56   
 Cluster analysis  

 Fourier transform mid-infrared spectroscopy  , 
  49

 gas chromatography  ,   348   
 isotope ratio mass spectrometry  ,   292   
 Raman spectroscopy  ,   155  ,   165  

 essential oils  ,   163  ,   165    
 wine authentication  ,   49  ,   96   
see also    Hierarchical cluster analysis   

 Cocoa butter  
 differential scanning calorimetry  ,   555   
 gas chromatography  ,   331–332  ,   333  ,   334   
 high-performance liquid chromatography  , 

  393  ,   394   
 isotope ratio mass spectrometry  ,   305   
 triacylglycols  ,   555   
 triglyceride steroespecifi c analysis  ,   14    

 Cocoa butter equivalents (CBE)  ,   393  ,   555 
 assay  ,   503   
 differential scanning calorimetry  ,   555    

 Cocoa ( Theobroma cacoa )
 enantio-capillary gas chromatography  ,   7   
 Raman spectroscopy  ,   171    

 Coconut oil  ,   557  
 Fourier transform Raman spectroscopy  ,   153   
 Fourier transform spectroscopic techniques  , 

  135
 Cod

 front-face fl uorescence spectroscopy  ,   223   
 polymerase chain reaction  ,   465    

 Cod-liver oil, Fourier transform spectroscopic 
techniques  ,   135   

 Code of Practice for Fruit and Vegetable Juices  , 
  371

 Codex Alimentarius  ,   4  ,   89  ,   269  ,   454   
 Coeffi cient of determination (R 2 )  ,   81   

 Coffee  
 gas chromatography  ,   345–348  

 adulteration with cheaper products  ,   348   
 arabica/robusta variety discrimination  , 

  345–347
 torrefacto roasting  ,   346–347    

 geographical origin authentication  ,   296  , 
  347–348

 historical aspects  ,   2  ,   3   
 infrared spectroscopy  ,   11   
 isotope ratio mass spectrometry  ,   296   
 mid-infrared spectroscopy/Fourier transform 

mid-infrared spectroscopy  ,   53–54   
 near-infrared spectroscopy  ,   86–88  

 combined mid-infrared spectroscopy  ,   
88

 nuclear magnetic spectroscopy  ,   12   
 polymerase chain reaction/chip-based 

capillary electrophoresis  ,   536   
 Raman spectroscopy  ,   171   
 species discrimination  ,   171  ,   345–347  

 high-performance liquid chromatography  , 
  393  ,   394    

see also    Arabica (Coffea arabica)  ;   Robusta 
(Coffea canephora)   

 Cognac  
 Fourier transform mid-infrared spectroscopy  , 

  49  ,   50   
 gas chromatography  ,   349    

 Collagen, front-face fl uorescence spectroscopy  , 
  218

 muscle type differences  ,   220    
 Colophonium (E915) esters  ,   572   
 Coloring substances  

 fruit juice adulteration  ,   385   
 historical aspects  ,   2  ,   3   
 wine adulteration  ,   387    

 Common component and specifi c weights 
analysis (CCSWA)  

 Fourier transform near-infrared spectroscopy  , 
  131  ,   132   

 front-face fl uorescence spectroscopy  ,   213  , 
  214  ,   215–217    

 Common mallow ( Malva sylvestris ), Raman 
spectroscopy  ,   160   

 Compound-specifi c isotope analysis  ,   278  ,   284  , 
  286

 Connective tissue  ,   219  
 fl uorophores in meat  ,   218   
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 Connective tissue  ( continued )
 front-face fl uorescence spectroscopy  ,   218  , 

  219
 Continentality, oxygen/hydrogen isotope 

enrichment effects  ,   270   
 Continuous fl ow immunoassays  ,   508   
 Continuous spectrum near-infrared 

spectroscopy instruments  ,   70   
 Cooked Meat Species Identifi cation Kit  ,   495   
 Coomassie dye-binding assay  ,   10   
 Copper salts  ,   2   
 Coriander ( Coriandrum sativum ) essential oils, 

Raman spectroscopy  ,   162   
Coridothymus  essential oils, Raman 

spectroscopy  ,   162   
 Corn oil  

 fl uorescence spectroscopy  ,   229  ,   230   
 Fourier transform Raman spectroscopy  ,   153   
 Fourier transform spectroscopic techniques  , 

  135
 infrared spectroscopy  ,   11   
 near-infrared spectroscopy  ,   94    

 Corn sugar  
 fruit juice adulteration  ,   255  

 site-specifi c natural isotope fractionation 
nuclear magnetic resonance  ,   258    

 honey adulteration  ,   340  ,   341  
 near-infrared spectroscopy  ,   90    

see also    High-fructose corn syrup   
 Cornmint oil ( Mentha arvensis ), gas 

chromatography  ,   337  ,   339   
 Cotton

 genetically modifi ed organisms, 
immunoassay dipstick tests  ,   505   

 mid-infrared spectroscopy/Fourier transform 
mid-infrared spectroscopy  ,   56    

 Cotton oil  ,   557  
 fl uorescence spectroscopy  ,   229    

 Coumarin, isotope ratio mass spectrometry  ,   297   
 CP4 EPSP synthase  ,   427  

 enzyme-linked immunosorbent assay 
dipstick tests  ,   505    

 CP4  EPSPS  gene, polymerase chain reaction 
detection  ,   427  ,   429–430  ,   434   

 Crabmeat, infrared spectroscopy  ,   11   
 Cranberry  ,   385   
 Crassulacean Acid Metabolism (CAM) plants  , 

  12  ,   271   
 Crecenza cheese  ,   140   

 Crocetin  ,   133  
 Raman spectroscopy  ,   159    

 Cross-validation of calibration  
 Fourier transform near-infrared spectroscopy  , 

  134
 near-infrared spectroscopy  ,   80–81    

 Crustacea  
 enzyme immunoassays  ,   634   
 polymerase chain reaction  ,   461–462    

Cry1A(b)  gene/Cry protein  ,   427  
 enzyme-linked immunosorbent assay  ,   505   
 genetically modifi ed organism gene inserts  , 

  427
 Bt11 maize  ,   428   
 polymerase chain reaction detection  ,   428  , 

  429  ,   430  ,   432  ,   434     
 Cryogenic jet systems  ,   330–331   
 Crystalline wax (E907)  ,   572   
 Cucumber ( Cucumis sativus ), stellacyanin 

Raman spectroscopy  ,   165   
 Cumin ( Cuminum cyminum ) essential oils, 

Raman spectroscopy  ,   162   
 Curcuma ( Curcuma longa ), micro-Fourier 

transform Raman spectroscopy  ,   175   
 Custard powder  ,   3   
 Cyanogenic glucosides, Raman 

microspectroscopy  ,   174–175   
 Cyclodextrins, capillary electrophoresis chiral 

selectors  ,   533–534   
 p-Cymene, Raman spectroscopy  ,   162  ,   163   
 Cysteine, Raman spectroscopy  ,   156   
 Cystine, Raman spectroscopy  ,   156  ,   191   

 2D Fluorescence spectroscopy  ,   205   
 Dairy products  

 chemometrics  ,   12   
 enzyme-linked immunosorbent assay  , 

  496–498
 vegetable protein adulteration  ,   497    

 fl uorophores  ,   210   
 Fourier transform mid-infrared spectroscopy  

 lactic acid bacteria  ,   55   
 microorganism rapid identifi cation  , 

  55–56
 front-face fl uorescence spectroscopy  , 

  210–218
 oxidation monitoring  ,   217–218    

 gas chromatography  ,   334–337   
 isotope ratio mass spectrometry  ,   13   
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 mid-infrared spectroscopy/Fourier transform 
mid-infrared spectroscopy  ,   32–43  

 chemical parameters prediction  ,   34–38   
 quality/geographic origin at retailed stage  , 

  38–43
 near-infrared spectroscopy  ,   92–93   
 nuclear magnetic spectroscopy  ,   12   
 polymerase chain reaction  ,   465–467   
 Raman spectroscopy  ,   167–170   
 terminal restriction fragment length 

polymorphisms  ,   531–532    
 Data collection  ,   586–587   
 Data display  ,   587–597  

 plots versus tables  ,   587–588   
 principal component analysis  ,  see    Principal 

component analysis    
 Decalactones, isotope ratio mass spectrometry  , 

  298
 Decanal, isotope ratio mass spectrometry  ,   298   
  � 10B values, isotope ratio mass spectrometry, 

coffee  ,   296   
� 13C values, isotope ratio mass spectrometry  , 

  12  ,   303  
 asparagus  ,   294   
 butter  ,   292   
 cheese  ,   193  ,   292  ,   293   
 CO 2  source characterization in carbonated 

beverages  ,   299   
 coffee  ,   296   
 geographic origin secondary indicator  ,   310   
 glycerol  ,   304   
 guaiacol from natural/semi-synthetic vanilla  , 

  296
 meat  ,   289  ,   290   
 organic/conventional produce  ,   300   
 pears  ,   295   
 pistachios  ,   294  ,   295   
 rice  ,   295   
 royal jelly  ,   304   
 sugars  ,   301  ,   302  ,   303   
 wheat  ,   295    

� -3-carene, Raman spectroscopy  ,   165   
� 2H values, isotope ratio mass spectrometry  ,   13  

 asparagus  ,   294   
 cheese  ,   293   
 meat  ,   290   
 milk  ,   291    

� 15N values, isotope ratio mass spectrometry  
 butter  ,   292   

 cheese  ,   292  ,   293   
 coffee  ,   296   
 geographic origin secondary indicator  ,   

310
 meat  ,   289  ,   290  ,   291   
 organic/conventional produce  ,   300   
 pears  ,   295   
 pistachios  ,   294  ,   295   
 royal jelly  ,   304   
 wheat  ,   295    

� 18O values, isotope ratio mass spectrometry  
 asparagus  ,   294   
 butter  ,   292   
 cheese  ,   293   
 guaiacol from natural/semi-synthetic vanilla  , 

  296  ,   297   
 meat  ,   290–291   
 milk  ,   291   
 orange juice  ,   301   
 organic/conventional produce  ,   300   
 pistachios  ,   295   
 primary indicator of geographic origin 

(� 18O water )  ,   308  ,   310   
 rice  ,   295   
 wheat  ,   295    

� 34S values, isotope ratio mass spectrometry  
 butter  ,   292   
 cheese  ,   293   
 geographic origin secondary indicator  ,   310   
 meat  ,   290  ,   291    

 Delta toxin (Cry protein)  ,   427  ,   428  
see also    Cry1A(b) gene/Cry protein   

 Delta values  ,   12  ,   270  
 geographic origin indicators  ,   310    

 Denaturing gradient gel electrophoresis 
(DGGE)  ,   425   

 De-trending, data pre-processing  ,   75  ,   76   
 Devil’s claw ( Harpagophyton procumbens ), 

micro-Fourier transform Raman 
spectroscopy  ,   175   

 Dextran hydrolysis, Fourier transform Raman 
spectroscopy  ,   196   

 Dhurrin, Raman microspectroscopy  ,   175   
 Diacylglycerol, differential scanning 

calorimetry  ,   555   
 Dictamus essential oils, Raman spectroscopy  , 

  163
 Dietary fi ber content, enzymatic techniques  ,   14   
 Dietary supplements  ,   16   
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 Differential scanning calorimetry (DSC)  , 
  543–579

 applications  ,   554–578  
 butterfat  ,   565–569   
 cocoa butter  ,   555   
 edible oils  ,   554–570   
 edible waxes/wax esters  ,   570  ,   572   
 fried foods  ,   569–570   
 honey  ,   572–576   
 shark  ,   576–578   
 vegetable oils  ,   557–565    

 factors affecting curves  ,   550–554  
 diluent  ,   553   
 furnace atmosphere  ,   550–551   
 gas pressure changes  ,   551   
 instrument calibration  ,   551–552   
 particle size/packing  ,   552–553   
 purge gas  ,   554   
 sample mass  ,   552   
 sample vessel  ,   553–554   
 scanning rate  ,   550    

 heat-fl ux  ,   544  ,   547  
 instrumentation  ,   548   
 measurements  ,   546    

 nomenclature  ,   579   
 power-compensation  ,   544  ,   546–547  

 instrumentation  ,   546–547   
 measurements  ,   546    

 theoretical principle  ,   544–546  
 heat fl ow rate  ,   544–545    

 triple-cell  ,   549   
see also    High-performance differential 

scanning calorimetry (HPDSC)  ; 
  Temperature-modulated differential 
scanning calorimetry (TMDSC)   

 Dihydrochalcones, Raman spectroscopy  ,   172   
 Dihydrothymidines, enzyme-linked 

immunosorbent assay  ,   503   
 Dill ( Anethum graveolens ) essential oils, 

Raman spectroscopy  ,   162   
 Dioade array detectors  

 high-performance liquid chromatography  ,   7   
 near-infrared spectroscopy  ,   69  ,   70  ,   123  

 multi-channel  ,   73     
 Dip-stick tests  

 genetically modifi ed organisms detection  
 enzyme-linked immunosorbent assay  ,   505   
 polymerase chain reaction  ,   438–439    

 immunoassay  ,   508  ,   634  

 multianalyte tests  ,   509     
 Discrete-wavelength spectrophotometer  ,   

70
 Discriminant analysis  ,   604  ,   605  

 Fourier transform near-infrared microscopy  , 
  141

 Fourier transform near-infrared spectroscopy  , 
  137

 alcoholic beverages  ,   140    
 isotope ratio mass spectrometry  ,   290  ,   305   
 Raman spectroscopy  ,   166    

 Discriminant partial least squares  
 DPLS1  ,   79   
 DPLS2  ,   79   
 Fourier transform near-infrared spectroscopy  , 

  137
 geographic origin assessment  ,   132    

 near-infrared spectroscopy  ,   79  ,   89  ,   96  ,   97    
 Distilled alcoholic beverages  

 biological origin of ethanol  ,   306   
 Fourier transform near-infrared spectroscopy  , 

  97
 gas chromatography  ,   349   
 isotope ratio mass spectrometry  ,   306   
 methanol adulteration  ,   96   
 near-infrared spectroscopy  ,   95–99   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   248   
 stable carbon isotope ratio analysis  , 

  249 
 DNA chips  ,   629   
 DNA comet assay, irradiated foods detection  , 

  502
 DNA extraction from foods (CTAB method)  , 

  413
 DNA-based methods  ,   15–16  ,   629–633  

 capillary electrophoresis  ,   530–532   
 DNA stability in foods  ,   412–413   
 polymerase chain reaction  ,  see    Polymerase 

chain reaction    
 DNA-binding silica resin  ,   413   
 Dornfelder wines  ,   50–51   
 Drug contamination, enzyme-linked 

immunosorbent assay  ,   15   
 Dumas combustion  ,   281   
 Durham wheat ( Triticum durum )  ,   84  ,   85  ,   86  

 front-face fl uorescence spectroscopy  ,   231   
 near-infrared spectroscopy  ,   85–86    

 Dye adulterants, historical aspects  ,   2   
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 Eggs
 carbon isotope ( 13 C) enrichment  ,   271   
 feed-derived genetically modifi ed DNA 

detection  ,   429   
 fl uorescence spectroscopy  ,   225–229  

 albumin  ,   226  ,   227   
 freshness  ,   225–229    

 front-face fl uorescence spectroscopy  ,   226   
 gelling/foaming properties  ,   226    

 Elastin, front-face fl uorescence spectroscopy  , 
  218

 Electrochemical detection  ,   7   
 Electrochemiluminescence probes, genetically 

modifi ed organisms detection  ,   
431–432

 Electromagnetic radiation  ,   119–120  
 classical theory  ,   120–121   
 quantum theory  ,   121    

 Electromigration  ,   525   
 Electron capture detector, gas chromatography  , 

  329  ,   331   
 Electron impact ionization  ,   273   
 Electron ioniziation mass spectrometry  ,   7   
 Electro-osmotic mobility  ,   525–526  ,   529   
 Electrophoretic mobility  ,   526   
 Electrospray ionization-mass spectrometry  ,   8  , 

  536  ,   626  
 applications

 amino acids analysis of orange juice  ,   535   
 meat extenders  ,   533     

 Elemental analyzer-isotope ratio mass 
spectrometry (EA-IRMS)  ,   273  ,   278  , 
  279  ,   280–281  

 applications
 edible oils  ,   305   
 natural/synthetic caffeine discrimination  , 

  299
 natural/synthetic tartaric acid 

discrimination  ,   299    
 dilution  ,   279   
 quantitative high-temperature conversion  , 

  282–284
 sample converion into gases  ,   280–281   
 system confi guration  ,   282   
13 C determinations  ,   281–282   
2 H determinations  ,   282–283   
15 N determinations  ,   281–282   
18 O determinations  ,   282–283   
34 S determinations  ,   281–282    

 Ellagic acid, high-performance liquid 
chromatography  ,   387   

 Emmental cheese  
 Fourier transform mid-infrared spectroscopy  , 

  35–38  ,   39–43   
 Fourier transform near-infrared spectroscopy  , 

  92  ,   130–132   
 front-face fl uorescence spectroscopy  ,   217   
 geographic origin discrimination  ,   39–43  ,   92  , 

  130–132  ,   217  ,   292–293   
 isotope ratio mass spectrometry  ,   292–293   
 near-infrared spectroscopy  ,   38    

 Energy levels  ,   27   
 5-Enolpyruvylshikimate-3-phosphate synthase, 

genetically modifi ed organism gene 
inserts  ,   427   

 Enzyme immunoassays  ,   482  ,   483  ,   633–635  
 applications

 fi sh  ,   634   
 meat  ,   634   
 species indentifi cation  ,   634    

 dipstick tests  ,   634   
 heterogeneous  ,   483   
 homogeneous  ,   483   
 microtiter plate format  ,   633–634   
 sensitivity  ,   483    

 Enzyme techniques  ,   14–15  ,   477  
 sample preparation  ,   14   
see also    Enzyme immunoassays  ;   Enzyme-

linked immunosorbent assay (ELISA)   
 Enzyme-linked immunosorbent assay (ELISA)  , 

  15  ,   477–510  ,   627–629  
 advantages/disadvantages  ,   490–492   
 antigen immobilization method  ,   485   
 applications  ,   491–508  

 dairy products  ,   496–498   
 feedstuffs  ,   499–501   
 fi sh  ,   498–499   
 genetically modifi ed organisms  ,   503–508   
 gums  ,   502   
 honey  ,   502   
 irradiated foods  ,   502–503   
 meat/meat products  ,   491–496  ,   627   
 milk  ,   627    

 characteristics  ,   485–489   
 commercial kits  ,   490  ,   493  ,   494  ,   495  ,   496   
 format  ,   483  ,   484  

 competitive/non-competitive  ,   485   
 diect/indirect  ,   485   
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 Enzyme-linked immunosorbent assay (ELISA)  
(continued )

 two-site (sandwich type)  ,   485  ,   488  ,   489    
 monoclonal antibodies  ,   489   
 quantifi cation  ,   486–488   
 selectivity (cross-reactivity)  ,   488–489   
 sensitivity  ,   483  ,   485–486  ,   489   
 supports  ,   489–490  

 magnetic particles  ,   489–490   
 polystyrene plates  ,   489   
 tubes  ,   489     

 Enzymes  ,   14   
 Epitopes  ,   479   
 Ergostanol, gas chromatography  ,   344   
Escherichia coli

 fl uorescence spectroscopy  ,   235   
 quantitative competitive polymerase chain 

reaction  ,   631–632   
 Raman microspectroscopy  ,   176    

 Essential oils  
 gas chromatography  ,   7  ,   337  ,   339  

 chiral compounds  ,   339    
 Raman spectroscopy  ,   161–165   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   248    
 Estragol, isotope ratio mass spectrometry  ,   298   
 Ethanol

 isotope ratio mass spectrometry  
 biological origin determination  ,   306   
� 13C values  ,   294    

 nuclear magnetic resonance spectra  ,   250–251  
 infl uence of instrumentation on data  ,   255    

 site-specifi c deuterium ratio determination  , 
  250

 site-specifi c natural isotope fractionation 
nuclear magnetic resonance  ,   252–253  , 
  294

 automatic distillation control system  ,   256   
 fruit juice  ,   256   
 wines  ,   258–259     

 Ethylene glycol  ,   2   
 Eucalyptol, Raman spectroscopy  ,   163   
 Eucalyptus ( Eucalyptus  spp) essential oils, 

Raman spectroscopy  ,   162  ,   164–165   
 Euclidean distance  

 factorial discriminant analysis  ,   80   
 hierarchical cluster analysis  ,   78   
k -nearest neighbors  ,   80    

 European Union regulations  ,   4–5   

 European Union spectroscopic authentication 
research projects  ,   119   

 Factorial discriminant analysis  
 fl uorescence spectroscopy  ,   228   
 Fourier transform near-infrared spectroscopy  , 

  131  ,   132   
 front-face fl uorescence spectroscopy  ,   212  , 

  214  ,   218  ,   223  ,   225  ,   231   
 geographic origin assessment  ,   131  ,   132  

 cheese  ,   41  ,   42    
 near-infrared spectroscopy  ,   79–80  ,   86  ,   87  , 

  90–91
 Falcarindiol, Raman spectroscopy  ,   161   
 Falcarinol, Raman spectroscopy  ,   161   
 Faraday cups, isotope ratio mass spectrometer  , 

  272  ,   274  
 hydrogen collector  ,   275   
 universal triple collector  ,   274–275    

 Fats  
 fl uorophores in meat  ,   218   
 Fourier transform mid-infrared spectroscopy  , 

  35
 cheese  ,   34  ,   40    

 Fourier transform near-infrared spectroscopy  , 
  133–136

 Fourier transform Raman spectroscopy  ,   189  , 
  190  ,   192–193   

 front-face fl uorescence spectroscopy  ,   218  , 
  219

 gas chromatography  ,   331–334   
 mid-infrared spectroscopy  ,   47   
see also    Animal fats  ;   Oils, edible  ;   Vegetable 

oils
 Fatty acid methyl esters, gas chromatography  , 

  331–332
 milk  ,   334–336    

 Fatty acids  ,   9  
 gas chromatography  ,   321  ,   331–332   
 high-performance liquid chromatography  , 

  391
 oxidation, Fourier transform Raman 

spectroscopy  ,   194   
 vegetable oils  ,   391  

 olive oil  ,   95     
 Feedstuffs authentication  

 enzyme-linked immunosorbent assay  , 
  499–501

 commerical kits  ,   501   
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 meat species indentifi cation  ,   492  ,   493    
 fat sources  ,   47–48   
 Fourier transform mid-infrared spectroscopy  , 

  47–48
 Fourier transform near-infrared microscopy  , 

  141
 ingredients of animal origin  ,   141  ,   492  ,   493   
 near-infrared spectroscopy  ,   129   
 polymerase chain reaction  ,   16  ,   455  ,   457    

 Fellgett (multiplex) advantage  ,   123   
 Fennel ( Foeniculum vulgare )

 micro-Fourier transform Raman 
spectroscopy  ,   175   

 Raman spectroscopy of essential oils  ,   162  , 
  163–164  ,   172    

 Fertilizer, synthetic/natural, isotope ratio mass 
spectrometry  ,   300   

 Ferulic acid, front-face fl uorescence 
spectroscopy  ,   231   

 Fiber-optic diffuse refl ectance near-infrared 
spectroscopy  ,   47   

 Filberton, high-performance liquid 
chromatography  ,   393   

 Filter devices  
 near-infrared spectroscopy  ,   70  ,   123   
 Raman spectroscopy  ,   150    

 Fish  
 capillary electrophoresis of protein markers  , 

  532  ,   533   
 enzyme immunoassays  ,   634   
 Fourier transform Raman spectroscopy  ,   194  , 

  196
 front-face fl uorescence spectroscopy  , 

  222–225
 freezing/storage/thawing  ,   223–224    

 nitrogen ( 15 N) isotope enrichment  ,   272 
 nuclear magnetic resonance spectroscopy  , 

  12  ,   622   
 species identifi cation  ,   533  ,   618  

 eggs  ,   464–465   
 enzyme-linked immunosorbent assay  , 

  498–499
 in mixed products  ,   423   
 polymerase chain reaction  ,   15  ,   456  ,   457  , 

  464–465
 polymerase chain reaction-single strand 

conformation polymorphism  ,   423     
 Fish meal, Fourier transform near-infrared 

microscopy  ,   141   

 Fish oil  
 near-infrared spectroscopy  ,   94   
 nuclear magnetic spectroscopy  ,   12   
 Raman spectroscopy  ,   153  ,   154    

 Flame ionization detector  ,   284  ,   329  ,   331   
 Flame photometer detector  ,   329   
 Flavanones, fruit  ,   377  

 high-performance liquid chromatography  , 
  377

 Flavins, front-face fl uorescence spectroscopy  , 
  234

 Flavones  
 high-performance liquid chromatography  , 

  626
 Raman spectroscopy  ,   160–161    

 Flavonoids  ,   375  ,   376–377  
 fl uorescence spectroscopy  ,   235   
 fruit  ,   235  ,   377  

 citrus  ,   377  ,   378   
 juice  ,   372  ,   375    

 high-performance liquid chromatography  , 
  375  ,   377  ,   626   

 honey botanical origin  ,   390–391   
 Raman spectroscopy  ,   160   
 structure  ,   376   
 thin-layer chromatography  ,   6    

 Flavonols  
 fruit  ,   377   
 high-performance liquid chromatography  , 

  626
 Flavors  

 coffee, Fourier transform mid-infrared 
spectroscopy  ,   54   

 gas chromatography  ,   7  ,   337–339   
 site-specifi c natural isotope fractionation 

nuclear magnetic spectroscopy  ,   14   
see also    Aroma compounds   

 Flavr Savr tomato  ,   16   
 Flour

 bread  ,   231  
 near-infrared spectroscopy  ,   84–85    

 Fourier transform mid-infrared spectroscopy  , 
  44

 Fourier transform near-infrared spectroscopy, 
castor bean meal detection  ,   137–138   

 front-face fl uorescence spectroscopy  ,   231   
 historical aspects  ,   3    

 Fluorescein isothiocyanate derivatives, 
capillary electrophoresis  ,   534   
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 Fluorescence  ,   202–203  
 fl uorophore concentration relationship  ,   207   
 quantum yield (quantum effi ciency)  ,   203  , 

  207
 quenching  ,   206–207  ,   237    

 Fluorescence anisotropy  ,   205   
 Fluorescence detectors  ,   7   
 Fluorescence spectroscopy  ,   201–238  

 advantages  ,   236–237   
 applications  ,   210–236  

 beer  ,   231–232   
 cereals/cereal products  ,   231   
 cheese  ,   33  ,   212–217   
 dairy products  ,   210–218   
 edible oils  ,   229–230   
 eggs/egg products  ,   225–229   
 fi sh  ,   222–225   
 fruit  ,   234–235   
 meat/meat products  ,   218–222   
 microorganisms  ,   235–236   
 milk  ,   210–212   
 sugar  ,   233–234   
 wine  ,   232–233    

 dilute solutions of food samples  ,   202  ,   210   
 disadvantages  ,   237   
 emission spectra  ,   202  ,   204  ,   205   
 excitation spectra  ,   202  ,   203  ,   205   
 factors affecting signal intensity from food 

samples  ,   206–209  
 concentration  ,   207   
 inner-cell/inner fi lter effect  ,   207   
 molecular environment  ,   207–208   
 quenching  ,   206–207  ,   237   
 scatter  ,   208–209    

 instrumentation  ,   209–210  
 light source  ,   207   
 sampling geometry  ,   210    

 mid-infrared spectroscopy correlations  , 
  212–213

 pH effects  ,   208  ,   237   
 sensitivity  ,   236   
 specifi city  ,   236   
 temperature effects  ,   208  ,   237   
 theoretical principles  ,   202–203  

 emission  ,   202   
 excitation  ,   202   
 internal conversion  ,   202   
 quantum yield (effi ciency)  ,   203  ,   207 
 Stoke’s shift  ,   204–205    

see also    2D Fluorescence spectroscopy  ; 
  Fluorescence anisotropy  ;   Front-face 
fl uorescence spectroscopy   

 Fluoro-immunoassays  ,   482   
 Fluorophores  ,   202  

 dairy products  ,   210   
 fi sh oxidative deterioration  ,   222   
 fl uorescence decay curve  ,   205   
 fl uorescence intensity  

 concentration relationship  ,   207   
 determinants  ,   206–209    

 high-performance liquid chromatography  , 
  370

 meat  ,   218   
 molecular environment effects  ,   207–208  ,   237   
 real-time polymerase chain reaction  , 

  416–417  ,   429   
 sugar  ,   233–234    

 Folin-Ciocalteu assay  ,   10   
 Food Acts, historical aspects  ,   3   
 Food and Agricultural Organization (FAO)  ,   4   
 Food inspection, historical aspects  ,   3   
 Food scandals  ,   5   
 Fool’s parsley ( Aethusa cynapium ), Raman 

spectroscopy  ,   161   
 Fourier transform infrared spectroscopy (FT-

IR)  ,   622–624  
 applications

 bacteria  ,   623   
 wine  ,   623–624    

see also    Fourier transform mid-infrared 
spectroscopy  ;   Fourier transform near-
infrared spectroscopy 

 Fourier transform mid-infrared microscopy  ,   31   
 Fourier transform mid-infrared milk analyzers  , 

  34
 Fourier transform mid-infrared spectroscopy  , 

  27–57
 applications  ,   31–57  

 bacteria  ,   54–56   
 cereal/cereal products  ,   44–45   
 cheese quality throughout ripening  ,   32–34  , 

  35
 coffee  ,   53–54   
 cotton  ,   56   
 dairy product chemical parameters 

prediction  ,   34–38   
 dairy product quality at retailed stage  , 

  38–43
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 edible oils  ,   45–48   
 feedstuff fat sources  ,   47–48   
 fruits/vegetables  ,   52–53   
 honey  ,   51–52   
 meat/meat products  ,   43–44   
 oils  ,   135   
 sugar  ,   51   
 wine  ,   48–51   
 wood  ,   56–57    

 attenuated total refl ectance (ATR) system  , 
  30–31  ,   35  ,   45  ,   47  ,   53   

 beam-splitter  ,   29  ,   30   
 evanescence wave generation  ,   30   
 instrumentation  ,   29–31  

 new developments  ,   31    
 interferogram  ,   29   
 interferometer  ,   29   
 partial least squares regression  ,   35  ,   44  ,   46   
 sample presentation  ,   29–31   
 signal-to-noise ratio  ,   28    

 Fourier transform near-infrared microscopy  
 advantages/disadvantages  ,   141   
 authentication applications  ,   140–142   
 limits of detection  ,   141   
 microscopes  ,   124  

 cameras  ,   125–126   
 multichannel detectors  ,   124–125     

 Fourier transform near-infrared spectroscopy  , 
  117–142

 advantages  ,   123  ,   133–134  
 Jacquinot  ,   123   
 multiplex/Fellgett  ,   123    

 applications
 castor bean meal  ,   137–138   
 cheese  ,   130–132  ,   140   
 dairy products  ,   92   
 distilled alcoholic beverages  ,   97  ,   139  ,   140   
 edible oils  ,   133–136   
 geographic origin assessment  ,   130–133   
 honey  ,   136–137   
 olive oil  ,   95   
 pears  ,   137   
 process type assessment  ,   138–140   
 rice wine  ,   132–133  ,   140   
 saffron  ,   133   
 strawberries  ,   138   
 tea  ,   94  ,   138–140   
 variety/species assessment  ,   133–138   
 wine  ,   96    

 instrumentation  ,   71  ,   122–126  
 multichannel  ,   123   
 multiplex  ,   123   
 sequential  ,   123    

 theoretical principle  ,   119–121    
 Fourier transform Raman spectroscopy  , 

  185–197
 applications  ,   189–197  

 carbohydrates  ,   189  ,   190  ,   191–192  , 
  194–197

 carotenoids  ,   158  ,   195   
 edible oils/fats  ,   135  ,   153  ,   193–194   
 honey  ,   194   
 milk  ,   168   
 olive oil adulteration  ,   194   
 pesticide residues  ,   176   
 plant cell wall components  , 

  156–157
 proteins  ,   189–191  ,   194–197   
 rooibos tea  ,   171–172    

 instrumentation  ,   151–152  ,   187–188  
 beam splitter  ,   188   
 excitation source  ,   187  ,   188   
 interferometer  ,   188   
 line fi lter  ,   188     

 Fraudulent practices  ,   1  ,   5   
 Free induction decay  ,   254–255   
 Free solution capillary electrophoresis (FSCE)  , 

  526  ,   527  
 applications

 cereals  ,   532   
 fruit juice  ,   535   
 lentils  ,   533   
 milk  ,   533   
 paprika  ,   533   
 plant  a -galactosides  ,   535   
 wine  ,   535–536    

 limitation  ,   527    
 Fried foods, differential scanning calorimetry  , 

  569–570
 Front-face fl uorescence spectroscopy  ,   201–202  , 

  210
 applications

 cereals/cereal products  ,   231   
 cheese  ,   131  ,   132  ,   212–217   
 edible oils  ,   229   
 eggs/egg products  ,   225–229   
 fi sh  ,   222–225   
 honey  ,   234   
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 Front-face fl uorescence spectroscopy  
(continued )

 meat/meat products  ,   218–222   
 milk  ,   210–212   
 on-line analysis  ,   211   
 wine  ,   232–233     

 Fructose  
 Fourier transform mid-infrared spectroscopy  , 

  51
 fruit juice adulteration  ,   372   
 high-performance liquid chromatography  , 

  372
 honey adulteration  ,   89  ,   174   
 near-infrared spectroscopy  ,   89   
 Raman spectroscopy  ,   174    

 Fruit  
 aroma compounds, isotope ratio mass 

spectrometry  ,   298   
 fl avonoids  ,   377   
 fl uorescence spectroscopy  ,   234–235   
 high-performance liquid chromatography  , 

  626
 infrared spectroscopy  ,   11   
 mid-infrared spectroscopy/Fourier transform 

mid-infrared spectroscopy  ,   52–53   
 near-infrared spectroscopy  ,   88–89  

 sample presentation mode  ,   73    
 Raman spectroscopy  

 maturity assessment  ,   159–160   
 pesticide residues  ,   175–176   
 surface pathogens  ,   176    

 stable carbon isotope ratio analysis  ,   249   
 standards, historical aspects  ,   4    

 Fruit hemicellulose fraction  ,   16   
 Fruit juice  

 adulteration practices  ,   5  ,   255  , 
  342–343  ,   372  ,   501  

 malic acid addition  ,   297   
 pulpwash addition  ,   344–345   
 sugars addition  ,   301–302  ,   372    

 capillary electrophoresis  ,   535   
 European Quality Control System (EQCS)  , 

  371–372
 Fourier transform mid-infrared spectroscopy  , 

  53
 gas chromatography  ,   342–345  

 sterols  ,   344   
 sugars  ,   343–344   
 synthetic aromas  ,   345    

 heat treatment indicators  ,   14   
 high-performance liquid chromatography  , 

  371–386
 amino acids  ,   8   
 carbohydrates  ,   372–373  ,   374   
 carotenoids  ,   385  ,   386   
 organic acids  ,   8–9  ,   373  ,   375   
 phenolic compounds/fl avonoids  ,   375–385    

 immunochemical tests  ,   501–502   
 infrared spectroscopy  ,   11   
 isotope ratio mass spectrometry  ,   13  

 citric acid  ,   306   
 sugars  ,   301–302    

 near-infrared spectroscopy  ,   88–89   
 nuclear magnetic resonance spectroscopy  , 

  12  ,   622   
 Raman spectroscopy  ,   170   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   13  ,   248  , 
  255–258

 stable isotope analysis  ,   13    
 Fruit products  ,   16  

 high-performance liquid chromatography  , 
  626

 infrared spectroscopy  ,   11   
 mid-infrared spectroscopy  ,   52   
 near-infrared spectroscopy  ,   88–89    

 Fruit waxes, Raman spectroscopy  ,   165–166   
 Functional foods  ,   16   

 GA21 maize, polymerase chain reaction 
detection  ,   430–431  ,   434  ,   435  ,   437  

 capillary gel electrophoresis  ,   530    
GAG56P  gene, quantitative competitive 

polymerase chain reaction  ,   440   
� -terpinene, Raman spectroscopy  ,   162   
� gliadin  gene, quantitative competitive 

polymerase chain reaction  ,   440  ,   454   
� hordein , gene real-time polymerase chain 

reaction  ,   439   
 Gas chromatograph  ,   327–328  

 detectors  ,   327  ,   329–330   
 injectors  ,   327  ,   328–329  

 automated systems  ,   329   
 on-column  ,   328  ,   332   
 port  ,   328   
 programmed temperature vaporizer  , 

  328–329
 split/splitless  ,   328    



Index 663

 oven  ,   327    
 Gas chromatography  ,   6–7  ,   321–350  

 applications  ,   331–349  
 alcoholic beverages  ,   348–349   
 aromas/fl avors  ,   7  ,   337  ,   345   
 carbohydrates  ,   343–344   
 cheese  ,   336–337   
 coffee  ,   345–348   
 dairy products  ,   334–337   
 essential oils  ,   337  ,   339   
 fatty acids  ,   331–332   
 fruit juices  ,   342–345   
 honey  ,   339–341   
 milk  ,   334–336  ,   337   
 oils/fats  ,   95  ,   331–334   
 spices  ,   337   
 sterols  ,   331  ,   333  ,   344   
 triacylglycerides  ,   9  ,   331  ,   332–333   
 volatiles  ,   334  ,   340–341    

 automated injection techniques  ,   284–285   
 columns  ,   326–327  

 capillary  ,   326  ,   327  ,   328  ,   332  ,   333   
 dimensions  ,   326  ,   328  ,   332   
 packed  ,   326    

 effi ciency  ,   323  ,   326   
 fl ow rate  ,   322  ,   327  

 control  ,   327    
 historical development  ,   321   
 hold-up time  ,   322   
 instrumentation  ,   327–331  

 multidimensional gas chromatography  , 
  330–331

 large volume injections of very dilute 
samples  ,   328   

 liquid phase  ,   321  ,   324  
 characteristics  ,   325   
 chirality  ,   325   
 partition  ,   324   
 polarity  ,   325   
 separation mechanism  ,   324–325    

 mobile phase  ,   321  ,   324  
 carrier gases  ,   324   
 compression correction factor (j)  ,   322   
 retention volume  ,   322    

 operating conditions  ,   327   
 resolution  ,   323–324  ,   326   
 retention factor (k)  ,   323  ,   327   
 retention parameters  ,   322   
 retention time  ,   322  ,   323  

 temperature effects  ,   327    
 sample preparation  ,   7   
 selectivity  ,   325   
 separation factor ( � )  ,   323  ,   324  ,   325   
 separation optimization  ,   327   
 solute migration through column  ,   

323
 stationary phase  ,   321  ,   324–325   
 theoretical principle  ,   322–327   
 volatile fractional technique coupling  ,   329    

 Gas chromatography-Fourier transform infrared 
spectroscopy (GC-FT-IR)  ,   623   

 Gas chromatography-isotope ratio mass 
spectrometry (GC-IRMS)  ,   13  ,   273  ,   276  , 
  278  ,   284–286  

 applications
 fl avors  ,   7  ,   339   
 fruit juice adulteration with sugar  ,   302   
 glycerol adulteration of wine  ,   304   
 natural/synthetic aroma molecules 

discrimination  ,   297  ,   298    
 automated injection techniques  ,   284–285   
 combustion system  ,   285   
 compound-specifi c isotope analysis  ,   284   
 fl ame ionization detector  ,   284   
 quantitative high-temperature conversion  , 

  285–286
 system confi gutation  ,   286    

13 C determinations  ,   285   
2 H determinations  ,   285–286   
15 N determinations  ,   285   
18 O determinations  ,   285–286    

 Gas chromatography-mass spectrometry  ,   6  
 applications

 coffee variety discrimination  ,   346   
 feedstuff fat sources  ,   47–48   
 honey  ,   340    

 detector  ,   330   
 gas chromatography  ,   329   
 ion source  ,   330   
 mass analyser  ,   330    

 Gas-liquid chromatography  ,   6  ,   324  
 columns  ,   326   
 stationary phase  ,   324–325    

 Gas-solid chromatography  ,   6  ,   324  
 columns  ,   326    

 Genetic algorithms  ,   612   
 Genetically modifi ed organisms  

 biological characteristics  ,   426   
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 Genetically modifi ed organisms biological 
characteristics ( continued ) 

 Bt crops  ,   427  
see also    Bt maize   

 cross-breeding (stacked genes)  ,   428   
 encoded gene inserts  ,   426  ,   427  

 Cry protein  ,   427   
 5-enolpyruvylshikimate-3-phosphate 

synthase  ,   427    
 enzyme-linked immunosorbent assay  , 

  503–508
 commercial formats  ,   505  ,   506–507   
 validation  ,   504–505    

 genetic characteristics  ,   426   
 inadvertent contamination  ,   427–428   
 labeling  ,   503  ,   504   
 lateral fl ow strip tests  ,   629   
 micellar electrokinetic chromatography-

laser-induced fl uorescence  ,   535   
 molecular detection methods  ,   426  ,   619  , 

  629–630
 polymerase chain reaction-based detection  , 

  16  ,   411  ,   412  
 applications  ,   428–433   
 capillary gel electrophoresis  ,   530   
 diet-derived DNA  ,   429   
 dip stick biosensor  ,   438–439   
 event-specifi c method  ,   427   
 limitations  ,   427–428   
 membrane based systems  ,   433–434   
 microarrays  ,   434–437  ,   629   
 nested assay  ,   420   
 peptide nucleic acid clamping inhibition  , 

  437–438
 screening  ,   427  ,   431   
 species-specifi c assays  ,   426–439   
 specifi city  ,   427–428    

 Raman spectroscopy  ,   155   
 reference materials  ,   504   
 sampling strategies  ,   504   
 Southern blotting  ,   629–630   
 transgenic cassette  ,   426–427  

 promoter  ,   426  ,   431   
 terminator  ,   426  ,   431     

 Gentian ( Gentiana  spp) essential oils, Raman 
spectroscopy  ,   162   

 Geographic origin determination  
 asparagus  ,   294   
 butter  ,   292   

 cheese  ,   92  ,   130–132  ,   292–293  
 Emmental  ,   39–43  ,   130–132  ,   217  ,   292–293    

 coffee  ,   296  ,   347–348   
 EU regulations  ,   4   
 Fourier transform mid-infrared spectroscopy  , 

  38–43  ,   50   
 Fourier transform near-infrared spectroscopy  , 

  92  ,   130–133   
 front-face fl uorescence spectroscopy  ,   212  , 

  217  ,   233   
 gas chromatography  ,   347–348   
 ginseng, Raman spectroscopy  ,   161   
 honey  ,   52   
 isotope ratio mass spectrometry  ,   13  ,   289–296  

� 18O water  as primary indicator  ,   308  ,   310   
 secondary indicators  ,   310    

 meat  ,   289–291   
 mid-infrared spectroscopy  ,   50   
 milk  ,   291–292  

 from mountain regions  ,   212    
 near-infrared spectroscopy  ,   84  ,   97   
 pears  ,   295–296   
 pistachios  ,   294–295   
 rice  ,   295   
 rice wine  ,   132–133   
 saffron  ,   133   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   259   
 stable isotope analysis  ,   13   
 wheat  ,   295   
 wine  ,   50  ,   97  ,   233  ,   259  ,   294  ,   387  

 support vector machines  ,   128–129     
 Geranial, isotope ratio mass spectrometry  ,   298   
 Gin

 gas chromatography  ,   349   
 isotope ratios  ,   258    

 Ginseng, Raman spectroscopy  ,   161   
 Glial fi brillary acidic protein  ,   628  

 enzyme-linked immunosorbent assay  ,   495    
 Gluconacetan, mid-infrared spectroscopy  ,   31   
 Glucono- � -lactone, milk coagulation process  , 

  211
 Glucose

 Fourier transform mid-infrared spectroscopy  , 
  51

 fruit juice adulteration detection  ,   372   
 high-performance liquid chromatography  , 

  372
 honey adulteration detection  ,   89  ,   174   
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 near-infrared spectroscopy  ,   89   
 Raman spectroscopy  ,   174  ,   192    

 Glucose oxidase  ,   483   
 Gluten

 polymerase chain reaction identifi cation  ,   454   
 sensitivity  ,   412    

 Gluten-free foods  ,   454   
 Glutenins, capillary electrophoresis  ,   532   
 Gluteus medius  ,   219   
 Glycerol of plant/animal origin, isotope ratio 

mass spectrometry  ,   305   
 Glyphosate tolerance  ,   427  ,   434  ,   505  ,   629  

see also    Roundup Ready soybean   
 Goat meat  

 enzyme-linked immunosorbent assay  ,   492   
 polymerase chain reaction  ,   457    

 Goats milk/cheese  
 capillary electrophoresis of protein markers  , 

  533
 enzyme-linked immunosorbent assay  ,   496  , 

  497  ,   627   
 polymerase chain reaction  ,   465  ,   466–467    

 Golay’s equation  ,   323  ,   326   
 Goose, polymerase chain reaction  ,   460   
 Grain  ,  see    Cereal products; Cereals   
 Grape

 DNA-profi ling with capillary gel 
electrophoresis-laser-induced 
fl uorescence  ,   532   

 pesticide residues, Raman spectroscopy  ,   176    
 Grape juice  

 gas chromatography  ,   344   
 phenolic compounds, high-performance 

liquid chromatography  ,   381  ,   384   
 Raman spectroscopy  ,   170    

 Grapefruit juice  
 fl avanone glycosides, high-performance 

liquid chromatography  ,   377   
 gas chromatography  ,   343–344   
 organic acids  ,   375   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   256   
 Western blotting  ,   501    

 Ground meat  
 enzyme-linked immunosorbent assay  ,   492   
 near-infrared spectroscopy  ,   11–12  ,   90  ,   92   
 nervous sytems tissue detection  ,   11–12  ,   628   
 offal adulteration, Fourier transform mid-

infrared spectroscopy  ,   43   

 Western blotting  ,   628    
 Grouper ( Epinephelus guaza )

 enzyme-linked immunosorbent assay  ,   15  , 
  499

 polymerase chain reaction  ,   462    
 Gruyére  ,   217   
 Guaiacol

 coffee variety discrimination, gas 
chromatography  ,   346   

 isotope ratio mass spectrometry  ,   296  ,   297    
 Guarana ( Paullinia cupana )

 caffeine, isotope ratio mass spectrometry  ,   299   
 Raman spectroscopy  ,   171    

 Gum arabic, enzyme-linked immunosorbent 
assay  ,   15  ,   502   

 Hake ( Merluccius ), polymerase chain reaction  , 
  462

 Halal meat  ,   15–16   
 Halibut  ,   622   
 Hambugers

 enzyme-linked immunosorbent assay for 
meat species indentifi cation  ,   492   

see also    Ground meat   
 Harpagoside, micro-Fourier transform Raman 

spectroscopy  ,   175   
 Hassall, Arthur Hill  ,   3   
 Hatch-Slack cycle  ,   12  ,   249  ,   271   
 Hazelnut oil  

 Fourier transform Raman spectroscopy  ,   194   
 front-face fl uorescence spectroscopy  ,   229   
 gas chromatography  ,   334   
 isotope ratio mass spectrometry  ,   305   
 liquid chromatography-gas chromatography  , 

  393
 Head-space techniques, spices/fl avors  ,   337   
 Heat fl ow rate  ,   544–545   
 Hemicellulases  ,   14   
 Hemicellulose, Raman spectroscopy  ,   165   
 Henry’s law  ,   324   
 Herschel, Frederick William  ,   119   
 Hesperidin  ,   377   
 Hesperitin, honey botanical origin  ,   390   
 Hexadecyltrimethyl-ammonium bromide 

(CTAB), DNA extraction from foods  , 
  413

 Hexanal  
 Fourier transform mid-infrared spectroscopy  , 

  44
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 Hexanal ( continued ) 
 front-face fl uorescence spectroscopy  ,   221   
 isotope ratio mass spectrometry  ,   298    

 Hierarchical cluster analysis  
 distance measures  ,   78   
 fl uorescence spectroscopy  ,   230   
 isotope ratio mass spectrometry  ,   293   
 near-infrared spectroscopy  ,   78   
 Raman spectroscopy  ,   163    

 High-fructose corn syrup  
 composition  ,   572   
 fruit juice adulteration  ,   343  ,   372   
 gas chromatography  ,   343  ,   344   
 high-performance liquid chromatography  ,   390   
 honey adulteration  ,   260  ,   340  ,   341  ,   390  , 

  572–573
 High-performance differential scanning 

calorimetry (HPDSC)  ,   549   
 High-performance liquid chromatography 

(HPLC)  ,   6  ,   7–10  ,   321  ,   361–396  , 
  625–626

 applications  ,   371–396  
 amino acids  ,   8   
 anthocyanins  ,   9   
 carbohydrates  ,   372–373  ,   374  ,   390   
 carotenoids  ,   10  ,   170  ,   385  ,   386   
 cocoa butter  ,   393  ,   394   
 coffee  ,   393  ,   394   
 dairy products  ,   394–396   
 fruit juice  ,   371–386   
 fruit/fruit products  ,   626   
 honey  ,   260  ,   390–391   
 milk  ,   626   
 organic acids  ,   8–9  ,   373  ,   375  ,   387   
 phenolic compounds/fl avonoids  ,   9  , 

  375–385  ,   390   
 phytosterols  ,   10   
 tocopherols  ,   10  ,   391  ,   393  ,   394   
 triacylglycerols  ,   9–10  ,   391  ,   393  ,   394   
 vegetable oils  ,   391–393   
 wines  ,   387–390    

 classifi cation of methods  ,   367   
 columns  ,   366  ,   375  

 packing materials  ,   366–367    
 detectors  ,   7–8  ,   369  ,   370  ,   373  

 thermal lens spectroscopy  ,   392    
 historical background  ,   362   
 inductively coupled plasma atomic emission 

spectrometry  ,   8   

 instrumentation  ,   365–369  
 delivery system  ,   365–366   
 miniaturization  ,   626    

 isotope ratio mass spectrometry coupling  ,   286  
 system confi guration  ,   287    

 mass spectrometry-coupled systems  ,   8  ,   369   
 mobile phase  ,   367  ,   626  

 bubbles prevention  ,   366    
 quantitative analysis  ,   371   
 sample preparation  ,   8  ,   369–371  

 derivatization  ,   370   
 extraction  ,   369–370   
 reagent chromophore groups  ,   370    

 stationary phase  ,   367  ,   626  
 siloxane-bonded materials  ,   367  ,   368    

 theoretical principle  ,   362–365    
 High-resolution magic angle spinning nuclear 

magnetic resonance  
 meat  ,   290   
 wheat  ,   295    

 High-speed countercurrent chromatography  ,   17   
 High-temperature elemental analyzer  ,   278   
 High-temperature pyrolysis  ,   281  ,   282–284  

see also    Quantitative high-temperature 
conversion   

 High-throughput immunoassays  ,   508  ,   509   
 Historical aspects  ,   2–3  

 food additives  ,   4   
 food inspection  ,   3   
 international standards  ,   4   
 preservatives  ,   3   
 regulations  ,   3    

 Honey  
 adulteration  ,   5  ,   259–260  

 sugar/sugar syrups  ,   89  ,   173  ,   303–304  , 
  340  ,   341  ,   390  ,   572    

 botanical origin  ,   51–52  ,   136–137  ,   155  ,   173  , 
  234  ,   307  ,   340  ,   390  ,   574–575   

 chemometrics  ,   12   
 differential scanning calorimetry  ,   572–576   
 enzyme-linked immunosorbent assay  ,   502   
 Fourier transform near-infrared spectroscopy  , 

  136–137
 Fourier transform Raman spectroscopy  ,   194   
 front-face fl uorescence spectroscopy  ,   234   
 gas chromatography  ,   339–341  

 carbohydrates  ,   341   
 volatiles  ,   340–341    

 geographic origin  ,   52  ,   390   
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 high-performance liquid chromatography  , 
  390–391

 amino acids  ,   8   
 phenolic compounds  ,   9  ,   390    

 infrared spectroscopy  ,   11   
 isotope ratio mass spectrometry  ,   13  , 

  303–304  ,   307   
 mid-infrared spectroscopy  ,   51–52   
 near-infrared spectroscopy  ,   89–90   
 Raman spectroscopy  ,   155  ,   173–174   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   259–260    
 Hormones detection, enzyme-linked 

immunosorbent assay  ,   15   
 Horse albumin, enzyme-linked immunosorbent 

assay  ,   492   
 Horse mackerel ( Trachurus  spp), polymerase 

chain reaction-restriction fragment 
length polymorphisms indentifi cation of 
eggs  ,   464–465   

 Horseradish peroxidase  ,   483  ,   509   
 Hydrocarbons, gas chromatography liquid 

phase  ,   325   
 Hydrogen H  ,    2  270–271  

 distribution in organic materials  ,   250   
 elemental analyzer-isotope radio mass 

spectrometry  ,   282–283   
 gas chromatography-isotope ratio mass 

spectrometry  ,   285–286   
 isotope ratio mass spectrometry  ,   13  

 multiple loop injection  ,   288    
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   13–14  ,   249  
 nuclear magnetic resonance parameters  , 

  253–254
 nuclear magnetic resonance quantitative 

determinations  ,   252–253   
 organic acids  ,   260–261   
 site-specifi c ratio determination  ,   250    

see also     � 2H values, isotope ratio mass 
spectrometry   

 Hygiene practices, international standards 
establishment  ,   4   

 Iberian pork  ,   300   
 Immune system  ,   477–479   
 Immunoassay  ,   477  ,   481–482  

 applications  ,   490–491  
 edible oilds  ,   503   

 feedstuff fat sources  ,   47  ,   48    
 novel methods  ,   508–510   
 test-kit validation  ,   509   
 types  ,   482    

 Immunoglobulins  ,   478  
 affi nity  ,   479  ,   480   
 immunoassay  ,   633   
 isotypes  ,   478   
 in milk, Raman spectroscopy  ,   168   
 selectivity  ,   480   
 structure  ,   478–479  

 constant region  ,   479   
 heavy chains  ,   479   
 light chains  ,   479   
 variable region  ,   479    

see also    Antibodies   
 Immunosensor systems  ,   509  ,   510   
 Indigo, Raman spectroscopy  ,   161   
Indigofera tinctoria   ,   161   
 Industrial revolution  ,   3   
 Infrared detectors  ,   73–74   
 Infrared spectroscopy  ,   11–12   
 Infraspinatus  ,   219   
 Inner-cell/inner fi lter effect  ,   207   
 Interactive variable selection  ,   611   
 Interferogram  ,   29   
 Interferometer

 Fourier transform mid-infrared spectroscopy  , 
  29

 Fourier transform near-infrared spectroscopy  , 
  69  ,   71  ,   123   

 Fourier transform Raman spectroscopy  ,   188    
 Interval partial least squares  ,   611   
 Irradiated foods  

 DNA comet assay  ,   502   
 enzyme-linked immunosorbent assay  , 

  502–503
Isatis tinctoria   ,   161   
 D-Isocitric acid  

 fruit juices  ,   375   
 high-performance liquid chromatography  , 

  375
 Isoelectric point  ,   529   
 Isomaltose, gas chromatography  ,   344   
 Isorhamnetin glycoside  ,   16  

 high-performance liquid chromatography  , 
  380

 Isotope fractionation  ,   12–13  ,   248–249  ,   622  
 food elaboration processes  ,   270   
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 Isotope fractionation  ( continued )
see also    Site-specifi c natural isotope 

fractionation nuclear magnetic resonance   
 Isotope ratio mass spectrometer  ,   272–273  

 energy discrimination fi lter  ,   275   
 Faraday cups  ,   272  ,   274  

 hydrogen collector  ,   275   
 universal triple collector  ,   274–275    

 ion source  ,   273  ,   279  
 ion extraction modes  ,   273–274    

 ionization  ,   273–274  
 continuous fl ow mode  ,   274  ,   275   
 dual inlet system  ,   273  ,   287    

 mass separation  ,   274   
 multiple ion collection  ,   274   
 sample conversion to gases  ,   272  ,   273    

 Isotope ratio mass spectrometry (IRMS)  ,   13  , 
  249  ,   269–312  ,   622  

 advantages/disadvantages  ,   307–308   
 applications  ,   289–307  

 adulteration detection  ,   301–306  ,   311   
 asparagus  ,   294   
 beer  ,   306–307   
 biological origin identifi cation  ,   306–307   
 butter  ,   292   
 cheese  ,   292–293   
 cinnamaldehyde  ,   307   
 CO 2  source in carbonated beverages 

characterization  ,   299   
 coffee  ,   296   
 distilled beverages  ,   306   
 edible oils  ,   305   
 farmed/wild produce discrimination  ,   300   
 fruit juice  ,   306  ,   310   
 geographic origin determination  ,   13  , 

  289–296  ,   308  ,   310   
 glycerol  ,   304   
 honey  ,   303–304  ,   307   
 meat  ,   289–291   
 milk  ,   291–292  ,   306   
 natural/synthetic aroma molecules  , 

  296–298
 natural/synthetic caffeine  ,   299   
 organic/conventional produce  ,   299–300  , 

  311
 pears  ,   295–296   
 pistachios  ,   294–295   
 protein of plant versus animal origin  ,   305   
 rice  ,   295   

 royal jelly  ,   304   
 sugars  ,   301–302  ,   303   
 wheat  ,   295   
 wine  ,   294  ,   303  ,   304    

 chemometrics  ,   308   
 continuous fl ow system  ,   277  ,   287  

 bulk stable isotope analysis  ,   278   
 compound-specifi c isotope analysis  ,   278  , 

  284
 multiple loop injection  ,   287–289   
 sample transfer  ,   278–279    

 data acquistion/processing  ,   275–276   
 defi nitions  ,   312   
 gas transfer systems  ,   277  ,   278–278   
 instrumentation  ,   272–276   
 isotopic variables used for food 

authenication  ,   308–310  
 primary indicator  ,   308  ,   310   
 secondary indicators  ,   310    

 reference gases  ,   279–280   
 sample interface  ,   276–279  

 dilution techniques  ,   279   
 open slit  ,   279   
 viscous fl ow  ,   277   
 water equilibration  ,   277–278    

 sample preparation  ,   276–277  ,   307–308   
 theoretical principle  ,   270–272   
see also    Elemental analyzer-isotope ratio 

mass spectrometry (EA-IRMS)  ;   Gas 
chromatography-isotope ratio mass 
spectrometry (GC-IRMS)  ;   Liquid 
chromatography–isotope ratio mass 
spectrometry (LC–IRMS)   

 Isotope ratios  ,   249–250  ,   269  
 international standards  ,   12  ,   270   
 site-specifi c determination by nuclear 

magnetic resonance  ,   249–251    
 Isotope relations of individual C 13  sugars 

(IRIS)  ,   302   
 Iterative predictor weighting partial least 

squares  ,   611   
ivr  gene, polymerase chain reaction detection  , 

  430

 Jablonski diagram  ,   202  ,   204   
 Jacquinot advantage  ,   123   
 Jam  ,   16  

 Fourier transform mid-infrared spectroscopy  , 
  52
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 high-performance liquid chromatography  ,   380   
 infrared spectroscopy  ,   11    

 Japanese lacquer tree ( Rhus vernicifera ), 
stellacyanin Raman spectroscopy  ,   165   

 Jiashan rice wine  ,   132   

k -nearest neighbors  
 fl uorescence spectroscopy  ,   230   
 gas chromatography  ,   348   
 near-infrared spectroscopy  ,   80  ,   90    

 Kangaroo meat  
 enzyme-linked immunosorbent assay  ,   492   
 near-infrared spectroscopy  ,   90   
 polymerase chain reaction  ,   456    

� -casein, Raman spectroscopy  ,   167   
 Ketones, gas chromatography  ,   336   
 Korean ginseng ( Panex ginseng ), Raman 

spectroscopy  ,   161   

 Labeling  ,   117  
 fi shery products  ,   498   
 genetically modifi ed organisms in food  ,   503  , 

  504
 international standards establishment  ,   4    

 Lactate/lactic acid  
 Fourier transform mid-infrared spectroscopy  

 cheese geographical origin  ,   40   
 cheese ripening process  ,   34    

 site-specifi c natural isotope fractionation 
nuclear magnetic resonance  ,   261    

 Lactic acid bacteria  
 fl uorescence spectroscopy  ,   235–236   
 Fourier transform mid-infrared spectroscopy  , 

  55    
Lactobacillus   ,   55   
Lactobacillus casei   ,   55   
Lactobacillus paracasei   ,   55   
Lactobacillus rhamnosus   ,   55   
Lactobacillus sakei   ,   236   
Lactobacillus zeae   ,   55   
Lactococcus   ,   55   
Lactococcus lactis   ,   55  ,   235   
 Lactoglobulins  

 capillary electrophoresis  ,   533   
 enzyme-linked immunosorbent assay  ,   496    

 Lactose, Fourier transform mid-infrared 
spectroscopy  ,   33   

Lagocephalus gloveri  (non-toxic puffer fi sh)  , 
  465

Lagocephalus lunaris  (toxic puffer fi sh)  ,   465   
 Lamb  ,  see    Sheep meat   
 Lambert-Beer law  ,   72   
Lamiaceae , Raman spectroscopy of essential 

oils  ,   163   
 Lard

 differential scanning calorimetry  ,   557  ,   558  , 
  559  ,   561  ,   563–565  

 chemically randomized lard  ,   561–562  , 
  563  ,   564   

 detection in fried foods  ,   569    
 Fourier transform spectroscopy  ,   135   
 vegetable oil adulteration  ,   557    

 Laser induced fl uorescence (LIF)  ,   524  ,   533  
 capillary gel electrophoresis-DNA analysis  , 

  530  ,   531    
 Lasers

 near-infrared radiation source  ,   70  
 Fourier transform near-infrared 

spectroscopy  ,   123  ,   124    
 Raman spectroscopy  ,   150  ,   151  ,   186  

 Fourier transform Raman spectroscopy  , 
  187  ,   188     

 Lateral fl ow devices  ,   628–629  
 immunoassay  ,   508    

 Latissimus dorsi  ,   219   
 Latitude, oxygen/hydrogen isotope enrichment 

effects  ,   270   
 Lavender ( Lavandula ) essential oils, Raman 

spectroscopy  ,   162  ,   163   
 Lead salts  ,   2   
 Lectin gene, polymerase chain reaction  ,   428  , 

  429  ,   431  ,   433  ,   436  
 dip stick biosensor  ,   438    

Legionella pneumophila , Raman 
microspectroscopy  ,   176   

 Legumes  
 capillary electrophoresis of protein markers  , 

  532
 DNA isolation  ,   630    

 Lemon ( Citrus limon ) essential oil, gas 
chromatography-isotope ratio mass 
spectrometry  ,   339   

 Lemon juice, organic acids  ,   375   
 Lemongrass ( Cymbopogon winterianus ) 

essential oil, gas chromatography-
isotope ratio mass spectrometry  ,   339   

 Lentil ( Lens culinaris ), capillary 
electrophoresis of protein markers  ,   533   
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 L’Etivaz  ,   217   
 Lettuce, organic/conventional, discrimination 

by isotope ratio mass spectrometry  ,   300   
Leuconostoc   ,   55   
 Light scattering  ,   186  

 fl uorescence intensity effect  ,   208–209    
 Linalool, isotope ratio mass spectrometry  ,   298   
 Linamarin, Raman microspectroscopy  ,   175   
 Linear discriminant analysis  ,   604  ,   605  

 Fourier transform mid-infrared spectroscopy  , 
  44  ,   46  ,   47  ,   52  ,   53   

 Fourier transform near-infrared spectroscopy  , 
  131  ,   135  ,   137   

 front-face fl uorescence spectroscopy  ,   229   
 gas chromatography  ,   336   
 isotope ratio mass spectrometry  ,   292  ,   293  , 

  294  ,   300  ,   308   
 near-infrared spectroscopy  ,   44  ,   78  ,   79  ,   86  , 

  89  ,   94  ,   96   
 Raman spectroscopy  ,   155   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   258   
 wine authentication techniques  ,   96    

 Linseed oil, high-performance liquid 
chromatography  ,   392   

 Linustatin, Raman microspectroscopy  ,   175   
 Lipase  ,   14   
 Lipid oxidation  

 fl uorescence spectroscopy  
 dairy products  ,   217–218   
 fi sh  ,   222–223   
 meat/meat products  ,   221–222   
 refi ned edible oils  ,   230    

 Fourier transform Raman spectroscopy  ,   194    
 Lipoxygenase  ,   14   
 Liquid chromatography  ,   6  ,   626  

 asymmetry factor  ,   364   
 capacity factor ( k )  ,   363   
 chromatogram  ,   362–363  

 peak asymmetry  ,   364    
 column dead time (hold-up time)  ,   363   
 column effi ciency  ,   363   
 mobile phase  ,   362  ,   364   
 resolution  ,   365   
 retention time  ,   363   
 separation factor ( � )  ,   363   
 stationary phase  ,   362  ,   364   
 theoretical principle  ,   362–365   

see also    High-performance liquid 
chromatography   

 Liquid chromatography with diode array and 
mass spectrometry (LC-DAD-MS)  ,   9   

 Liquid chromatography-gas chromatography  
 sterols  ,   333   
 vegetable oils  ,   392–393    

 Liquid chromatography-isotope ratio mass 
spectrometry (LC-IRMS)  ,   273  ,   278  , 
  286–287

 bulk stable isotope analysis  ,   287   
 compound-specifi c isotope analysis  ,   286   
 system confi guration  ,   287    

 Liquid-phase hybridization polymerase chain 
reaction-enzyme-linked immunosorbent 
assay  ,   630  

 genetically modifi ed organisms detection  , 
  432–433

 Logans, pesticide residues detection, Raman 
spectroscopy  ,   176   

Loliginidae   ,   461   
 Longissimus dorsi  ,   219   
 Longissimus thoracis  ,   219  ,   220   
 Loop injection systems  ,   285   
 Lupeol, gas chromatography  ,   334   
 Lutein, Raman spectroscopy  ,   159  ,   

160
 Lycopene  

 orange juice colorants  ,   385   
 Raman spectroscopy  ,   159    

 Lynalyl acetate, isotope ratio mass 
spectrometry  ,   298   

 Lysozyme  
 egg freshness evaluation  ,   227   
 Raman spectroscopy  ,   167  ,   191    

 Mackerel, front-face fl uorescence spectroscopy  , 
  223   

 McReynolds constants  ,   325   
Macrorhamphosus scolopax  eggs, polymerase 

chain reaction-restriction fragment 
length polymorphisms  ,   464   

 Mahalanobis distance  
 hierarchical cluster analysis  ,   78   
 linear discriminant analysis  ,   79   
 soft independent modeling of class analogy  , 

  79    
 Maillard reaction  
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 fi sh  ,   222   
 milk

 front-face fl uorescence spectroscopy  ,   211   
 reverse phase high-performance liquid 

chromatography  ,   394    
 sugar  ,   234    

 MaisGard, polymerase chain reaction detection  , 
  432  ,   436   

 Maize
 genetically modifi ed organisms  ,   427  

 dipstick test  ,   505   
 enzyme-linked immunosorbent assay  ,   505   
 micellar electrokinetic chromatography-

laser-induced fl uorescence  ,   535   
 PCR-capillary gel electrophoresis  ,   530   
 polymerase chain reaction  ,   

428  ,   429  ,   430  ,   431  ,   432–433  ,   434   
see also    Bt maize   

 near-infrared spectroscopy, support vector 
machines  ,   129   

see also    Corn oil  ;   Corn sugar  ;   High-fructose 
corn syrup   

 Malic acid  
 fruit  ,   373   
 fruit juices  ,   375   
 isotope ratio mass spectrometry  ,   297    

 Malidin, Raman spectroscopy  ,   160   
 Malt polyphenolics, high-performance liquid 

chromatography  ,   9   
 Maltose, Raman spectroscopy  ,   192   
 Mandarin

 essential oil, gas chromatography-isotope 
ratio mass spectrometry  ,   339   

 fl avanone glycosides  ,   377  ,   378   
 juice, orange juice adulteration  ,   385    

 Mango
 infrared spectroscopy  ,   11   
 Raman spectroscopy of epicuticular waxes  , 

  166
 Maple syrup  

 Fourier transform mid-infrared spectroscopy  , 
  51

 near-infrared spectroscopy  ,   51    
 Margarine, differential scanning calorimetry  , 

  566–568  ,   569   
 Marjoram essential oils, Raman spectroscopy  , 

  162  ,   163   
 Mass spectrometry  ,   6–7   

 Masseter  ,   219   
 Maté ( Ilex paraguariensis ), caffeine, isotope 

ratio mass spectrometry  ,   299   
 Maximizer maize, polymerase chain reaction 

detection  ,   428  ,   429  ,   430   
 Meal ready-to-eat (MER), Fourier transform 

mid-infrared spectroscopy  ,   44   
 Meat

 capillary electrophoresis of protein markers  , 
  532  ,   533   

 chemometrics  ,   12   
 collagen  ,   218   
 DNA probes for species identifi cation  ,   411   
 enzyme-linked immunosorbent assay  ,   15  , 

  491–496
 central nervous system tissue markers  ,   495   
 commercial kits  ,   493  ,   494  ,   495   
 heat-processed products  ,   492   
 species of origin  ,   491–495  ,   627  ,   634 

 feed-derived genetically modifi ed DNA 
detection  ,   429   

 front-face fl uorescence spectroscopy  , 
  218–222

 lipid oxidation  ,   221–222   
 muscle types  ,   219–221   
 texture  ,   218–221    

 isotope ratio mass spectrometry  ,   13  
 geographic origin discrimination  ,   289–291    

 mid-infrared spectroscopy/Fourier transform 
mid-infrared spectroscopy  ,   43–44  

 spoilage microorganisms  ,   56  ,   623    
 near-infrared spectroscopy  ,   90–92  

 frozen-then-thawed versus fresh meat  , 
  90–91

 sample presentation mode  ,   72   
 support vector machines  ,   129    

 nuclear magnetic spectroscopy  ,   12   
 polymerase chain reaction  ,   15  ,   455–460  

 DNA extraction  ,   413   
 DNA stability  ,   412   
 effects of cooking  ,   459    

 Raman spectroscopy  ,   166–167  
 texture assessment  ,   166   
 water-holding capacity  ,   166–167     

 Meat and bone meal (MBM)  
 enzyme-linked immunosorbent assay  ,   492  , 

  493  ,   500  
 Reveal for Ruminant test  ,   493  ,   501    
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 Meat and bone meal (MBM) ( continued ) 
 Fourier transform near-infrared microscopy  , 

  141
 near-infrared spectroscopy, support vector 

machines  ,   129   
 polymerase chain reaction  ,   455  ,   457  ,   458    

 Meat extenders, capillary electrophoresis-mass 
spectrometry  ,   533   

 Meat products  
 central nervous systems tissue detection  , 

  495  ,   628   
 chemometrics  ,   12   
 enzyme-linked immunosorbent assay  , 

  491–496
 commercial kits  ,   496   
 nervous tissue markers  ,   495   
 non-meat protein additives  ,   495–496    

 front-face fl uorescence spectroscopy  , 
  218–222

 lipid oxidation  ,   221–222    
 mid-infrared spectroscopy/Fourier transform 

mid-infrared spectroscopy  ,   43–44  
 spoilage microorganisms  ,   56    

 near-infrared spectroscopy  ,   90–92   
 Western blotting  ,   628    

 Meat tenderizers  
 Fourier transform mid-infrared spectroscopy  , 

  43–44
 proteolytic enzymes  ,   43    

 Medicinal plants  
 micro-Fourier transform Raman 

spectroscopy  ,   175   
 polymerase chain reaction  ,   16    

 Menthone, Raman spectroscopy  ,   163   
 Mercury salts  ,   2   
 Merlot  ,   49   
 Messolongi fi sh roe, polymerase chain reaction  , 

  462
 Methamethiol, coffee variety discrimination, 

gas chromatography  ,   346   
 Methionine, Raman spectroscopy  ,   156   
 Methyl cinnamate, isotope ratio mass 

spectrometry  ,   297  ,   298   
 Methyl eugenol, isotope ratio mass 

spectrometry  ,   298   
 Micellar electrokinetic chromatography 

(MEKC)  ,   527–528  
 applications

 chiral compounds  ,   533–534   

 genetically modifi ed maize  ,   535    
 sparation window  ,   528    

 Michelson interferometer  ,   29  ,   132  
 Fourier transform near-infrared spectroscopy  , 

  71  ,   123   
 Fourier transform Raman spectroscopy  ,   188    

 Microarrays  ,   629  
 immunoassay  

 formats  ,   509–510  ,   627   
 genetically modifi ed organisms detection  , 

  508
 polymerase chain reaction-based detection 

of genetically modifi ed organisms  , 
  434–437

 common probe  ,   435   
 discriminating probe  ,   435     

 Microcrystalline wax (E905b)  ,   572   
 Microfl uidic techniques, immunoassay  ,   508  , 

  510
 Microorganisms  

 fl uorescence spectroscopy  ,   235–236   
 mid-infrared spectroscopy/Fourier transform 

mid-infrared spectroscopy  ,   54–56   
 Raman spectroscopy  ,   175–176   
see also    Bacteria   

 Microsatellite marker analysis, capillary 
gel electrophoresis-laser-induced 
fl uorescence  ,   532   

 Microscopy, historical aspects  ,   3   
 Mid-infrared region  ,   28  ,   68  ,   120   
 Mid-infrared spectroscopy  ,   11  ,   27–57  ,   120  ,   623  

 advantages/disadvantages  ,   29   
 applications  ,   31–57  

 bacteria identifi cation  ,   54–56   
 cereal/cereal products  ,   44–45   
 cheese  ,   32–34  ,   131  ,   132  ,   212–213   
 coffee  ,   53–54  ,   88   
 cotton  ,   56   
 dairy product chemical parameters 

prediction  ,   34–38   
 dairy product quality at retailed stage  , 

  38–43
 edible oils  ,   45–48   
 fruits/vegetables  ,   52–53   
 honey  ,   51–52   
 meat/meat products  ,   43–44   
 sugar  ,   51   
 wine  ,   48–51   
 wood  ,   56–57    
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 beam-splitter  ,   29  ,   30   
 evanescence wave generation  ,   30   
 fl uorescence spectroscopy correlations  , 

  212–213
 instrumentation  ,   29–31  

 new developments  ,   31    
 monochromator  ,   29   
 on-line spectrometers  ,   31   
 sample presentation  ,   29–31   
 theoretical principles  ,   28–29   
see also    Fourier transform mid-infrared 

spectroscopy   
 Middle Ages  ,   2   
 Milk

 adulteration  ,   92  ,   334  
 historical aspects  ,   3    

 capillary electrophoresis of protein markers  , 
  532  ,   533   

 DNA-based methods  ,   15   
 enzyme-linked immunosorbent assay  ,   15  , 

  496–498  ,   627  
 commercial kits  ,   498    

 feed-derived genetically modifi ed DNA 
detection  ,   429   

 Fourier transform mid-infrared analyzers  ,   34  
 accuracy  ,   34–35    

 front-face fl uorescence spectroscopy  , 
  210–212

 coagulation processes  ,   211   
 Maillard browning  ,   211   
 photo-oxidation detection  ,   217   
 thermal processing  ,   211    

 gas chromatography  
 foreign fat detection  ,   334–336   
 sterols  ,   336   
 triglycerides  ,   336    

 heat treatment  ,   14  ,   211  ,   337   
 high-performance liquid chromatography  , 

  394–396  ,   626   
 homogenized  ,   210  ,   211   
 isotope ratio mass spectrometry  

 geographic origin discrimination  ,   291–292   
 raw versus reconstituted  ,   306    

 near-infrared spectroscopy  ,   92–93  
 sample presentation mode  ,   72    

 polymerase chain reaction  ,   16  ,   465–467  
 inhibitors  ,   413    

 Raman spectroscopy  ,   167–170   
 species of origin  ,   465–467  ,   496–498    

 Mint ( Mentha )  ,   163  
 essential oils  

 gas chromatography  ,   337  ,   339   
 Raman spectroscopy  ,   162–163     

 Mitochondrial genes, polymerase chain 
reaction  ,   411–412   

 Mitune, polymerase chain reaction  ,   457   
 Modeling

 chemometrics  ,   606–607   
 specifi city/sensitivity  ,   606    

 Molar absorptivity, fl uorescence relationship  , 
  207

 Monochromators  ,   209  
 mid-infrared spectroscopy  ,   29   
 near-infrared spectroscopy  ,   69  ,   70  ,   123 
 Raman spectrometery  ,   151    

 Monoclonal antibodies  ,   480–481  
 enzyme-linked immunosorbent assay  ,   489   
 hybridoma production technique  ,   481   
 lateral fl ow strip tests  ,   628    

 Mortara goose salami  ,   460   
 Moving average smoothing techniques  ,   75  ,   76   
 Mozzarella  ,   396  

 isotope ratio mass spectrometry  ,   293   
 polymerase chain reaction  ,   16  ,   465    

 mt ATPase6 , polymerase chain reaction, feed 
authentication  ,   457   

 mt Cytb , polymerase chain reaction  ,   460  
 species discrimination  ,   411  ,   412  

 bovine  ,   455–456   
 fi sh  ,   462  ,   463  ,   465     

 mt Cytb , polymerase chain reaction-single 
strand conformation polymorphism  ,   422   

Mugil cephalus   ,   462   
 Multidimensional gas chromatography  

 comprehensive two-dimensional gas 
chromatography  ,   330  ,   332  ,   339  ,   346  

 modulators  ,   330–331    
 detectors  ,   331   
 heart-cut gas chromatography  ,   330   
 instrumentation  ,   330–331    

 Multiple arbitrary amplicon profi ling  ,   633   
 Multiple linear regression, near-infrared 

spectroscopy  ,   77  ,   92   
 Multiple loop injection-isotope ratio mass 

spectrometry  ,   287–289   
 Multiplex polymerase chain reaction-membrane 

hybridization assay (MPCR-MHA)  , 
  433–434



674 Index

 Multiplicative scatter correction, near-infrared 
spectroscopy  ,   73  ,   75  ,   76  ,   137   

 Multivariate analysis  ,   585  ,   621  
 data collection  ,   586   
 process monitoring  ,   598–600   
 quality control  ,   598–600   
see also    Chemometrics   

 Multivariate calibration  ,   607–609   
 Muscle fi bers, Raman spectroscopy  ,   166   
 Muscle foods  ,   11   
 Muscle types, meat texture relationship, 

front-face fl uorescence spectroscopy  , 
  219–221

 Mussels, polymerase chain reaction  ,   462–463   
 Mycotoxins, enzyme-linked immunosorbent 

assay  ,   15   
 Myelin basic protein  ,   628   
 Myiricetin, honey botanical origin  ,   391   
 Myo-inositol, gas chromatography  

 fruit juice  ,   344   
 wine  ,   348    

 Myo-inositol/fructose ratio  ,   344   
 Myofi bers, Raman spectroscopy  ,   166   
 Myosin, Raman spectroscopy  ,   166   
Mytilus   ,   462  ,   463   

 Naringin, high-performance liquid 
chromatography  ,   377  ,   378   

 Narirutin  ,   377   
 Near-infrared imaging spectroscopy  ,   73–74  , 

  99  ,   142   
 Near-infrared region  ,   28  ,   68  ,   120   
 Near-infrared spectroscopy  ,   11  ,   28  ,   65–99  ,   120  , 

  623  ,   624–625  
 advantages  ,   82–83  ,   121   
 applications  ,   84–99  ,   624  

 authentication  ,   67–68   
 cereals/cereal products  ,   84–86   
 coffee  ,   86–88   
 diary products  ,   38  ,   92–93   
 fruit/fruit products  ,   88–89   
 honey  ,   89–90   
 maple syrup  ,   51   
 meat/meat products  ,   90–92   
 milk  ,   92–93   
 qualitative  ,   67   
 quantitative  ,   66   
 soy sauce  ,   44   
 tea  ,   93–94   

 vegetable oils  ,   94–95   
 wheat  ,   609   
 wine/distilled alcoholic beverages  ,   95–99    

 calibration model validation  ,   80–82  
 cross-validation  ,   80   
 independent (external)  ,   80   
 internal  ,   80   
 reference method analysis  ,   83–84    

 chemometrics  ,   74–82  ,   118  ,   126–130  
 spectral data pre-processing  ,   75–76    

 detectors  ,   73–74  
 multi-channel  ,   73   
 single-channel  ,   73    

 disadvantages  ,   83–84  ,   121   
 instrumentation  ,   69–74  ,   121  ,   123  

 acousto-optical tunable fi lter  ,   69  ,   70–71   
 continuous spectrum  ,   70   
 costs  ,   84   
 discrete-wavelength spectrophotometer  ,   70   
 fi lter instruments  ,   70  ,   123   
 Fourier transform interferometer  ,   69  ,   123   
 monochromators  ,   69  ,   70  ,   123   
 photodiode array  ,   69  ,   70   
 portable  ,   83    

 on-line/in-line analysis  ,   83  ,   118  ,   625   
 qualitative calibration models  ,   74  ,   77–82  

 supervised methods  ,   75  ,   78–80   
 unsupervised methods  ,   75  ,   77–78    

 quantitative calibration models  ,   74  ,   76–77   
 radiation source  ,   70   
 sample presentation  ,   71–73  

 diffuse refl ectance mode  ,   72–73   
 diffuse transmittance mode  ,   72   
 interactance mode  ,   73   
 transfl ectance mode  ,   73   
 transmittance mode  ,   72    

 signal-to-noise ratio  ,   75   
 spectral noise reduction  ,   74  ,   75–76   
 statistics

 for qualitative analysis  ,   82   
 for quantitative analysis  ,   81–82    

 theoretical principles  ,   68  ,   119–112   
 wavelength selectors  ,   70–71    

 Neohesperidin, high-performance liquid 
chromatography  ,   377   

 Neolinustatin, Raman microspectroscopy  ,   175   
 Neral, isotope ratio mass spectrometry  ,   298   
 Nernst fi lament  ,   70   
 Nervous sytems tissue detection  ,   11–12  ,   628  
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 biomarkers  ,   628   
 enzyme-linked immunosorbent assay  ,   495   
 Western blotting  ,   628    

 Nested polymerase chain reaction assays  , 
  419–420

 fully-nested  ,   419   
 genetically modifi ed organisms detection  , 

  432
 semi-nested  ,   419–420    

 Neurofi lament  ,   628   
 Neuron-specifi c enolase  ,   628  

 enzyme-linked immunosorbent assay  ,   495    
 Nicotinamide adenine dinucleotide, 

fl uorescence spectroscopy  ,   210  
 beer  ,   232   
 fi sh  ,   223  ,   224  ,   225   
 microorganisms  ,   235   
 milk  ,   211    

 Nicotine, site-specifi c natural isotope 
fractionation nuclear magnetic 
resonance  ,   261–262   

 Nile perch ( Lates niloticus ), polymerase chain 
reaction  ,   462  

 enzyme-linked immunosorbent assay  ,   499    
 Nitrogen  

 delta values  ,  see     � 15N values   
 isotope enrichment  ,   272  

see also    Isotope ratio mass spectrometry   
15 N determinations  

 elemental analyzer-isotope radio mass 
spectrometry  ,   281–282   

 gas chromatography-isotope ratio mass 
spectrometry  ,   285     

 Noni ( Morinda citrifolia ) juice  ,   6   
 Noodles, three-way principal component 

analysis  ,   601–603   
 Nopaline synthase terminator  ,   426   
 Normalization  ,   594  ,   595  

 near-infrared spectroscopy data  ,   75  ,   76    
 Nuclear magnetic resonance  ,   247–248  ,   254–255  

see also    Site-specifi c natural isotope 
fractionation nuclear magnetic resonance   

 Nuclear magnetic resonance spectrometer  , 
  253–254

 Nuclear magnetic resonance spectroscopy  ,   12  , 
  616  ,   620–622  

 advantages/disadvantages  ,   621   
 applications

 edible oils  ,   622   

 fi sh  ,   622   
 fruit juice  ,   622   
 honey  ,   260   
 wine  ,   622    

 chemometrics  ,   621   
 sample preparation  ,   620   
 theoretical principle  ,   620    

 Nutraceuticals  ,   16   

 Oats, Fourier transform mid-infrared 
spectroscopy  ,   44   

 Offal adulteration, Fourier transform mid-
infrared spectroscopy  ,   43   

 Oils, edible  
 cloud point  ,   555   
 differential scanning calorimetry  ,   554–570   
 fl uorescence spectroscopy  ,   229–230   
 Fourier transform near-infrared spectroscopy  , 

  133–136
 Fourier transform Raman spectroscopy  , 

  193–194
 saturation degree  ,   193  ,   194    

 gas chromatography  ,   331–334   
 immunosoassay  ,   503   
 infrared spectroscopy  ,   11   
 isotope ratio mass spectrometry  ,   305   
 mid-infrared spectroscopy/Fourier transform 

mid-infrared spectroscopy  ,   45–48   
 Raman spectroscopy  ,   153–156   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   248   
 slip melting point  ,   555   
 solid fat content  ,   555   
see also    Vegetable oils   

 Oligosaccharides, high-performance liquid 
chromatography  

 fruit juice  ,   373  ,   374   
 honey  ,   390    

 Olive oil  ,   9  ,   557  
 adulteration  ,   45  ,   94–95  ,   153  ,   155  ,   156  ,   194  , 

  229  ,   230  ,   334  
 detection techniques  ,   45   
 hazelnut oil  ,   9–10  ,   47  ,   135  ,   136  ,   194  ,   229  , 

  334  ,   393   
 vegetable oils  ,   135–136    

 at-line/in-line analysis  ,   134   
 classifi cation  ,   45   
 extra-virgin  ,   45  ,   46  ,   95  ,   155  ,   156  ,   229  ,   230  , 

  334  ,   392   
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 Olive oil  ( continued )
 fatty acid limits  ,   95   
 fl uorescence spectroscopy  ,   229   
 Fourier transform mid-infrared spectroscopy  , 

  45–47  ,   135   
 Fourier transform near-infrared spectroscopy  , 

  133–135
 Fourier transform Raman spectroscopy  ,   135  , 

  194
 gas chromatography  ,   95  ,   331  ,   332  ,   333  ,   334   
 high-performance liquid chromatography  , 

  10  ,   391  ,   392–393   
 infrared spectroscopy  ,   11   
 isotope ratio mass spectrometry  ,   305   
 near-infrared spectroscopy  ,   94  ,   95   
 nuclear magnetic resonance spectroscopy  , 

  622
 Raman spectroscopy  ,   153  ,   155  ,   156   
 ultraviolet-visible spectrometry  ,   10   
 virgin  ,   45  ,   47    

 Olive pomace oil  ,   229  
 fatty acid limits  ,   95   
 fl uorescence spectroscopy  ,   230   
 Fourier transform Raman spectroscopy  ,   194   
 gas chromatography  ,   334   
 Raman spectroscopy  ,   156    

Omnastrephidae   ,   461   
 Onion, organic/conventional discrimination, 

isotope ratio mass spectrometry  ,   300   
 Orange juice  

 capillary electrophoresis-mass spectrometry  , 
  535

 citric acid  ,   373   
 free solution capillary electrophoresis  ,   535   
 gas chromatography  ,   343  ,   344  

 pulpwash addition detection  ,   345    
 high-performance liquid chromatography  , 

  373
 amino acids  ,   8   
 fl avanone glycosides  ,   377   
 phenolic compounds  ,   381  ,   384    

 isotope ratio mass spectrometry  ,   301  
 organic/conventional discrimination  ,   300   
 sugars adulteration  ,   301  ,   302    

 micellar electrokinetic chromatography-
laser-induced fl uorescence  ,   534   

 near-infrared spectroscopy  ,   88   
 organic acids  ,   373  ,   375   
 Raman spectroscopy  ,   170   

 site-specifi c natural isotope fractionation 
nuclear magnetic resonance  ,   256   

 Western blotting technique  ,   501    
 Oranges, pesticide residues detection, Raman 

spectroscopy  ,   176   
 Ordinary least squares  ,   607   
 Oregano essential oils, Raman spectroscopy  , 

  163
 Organic acids  

 capillary electrophoresis  ,   535   
 Fourier transform mid-infrared spectroscopy, 

cheese ripening process  ,   33   
 high-performance liquid chromatography  , 

  8–9  ,   626  
 fruit juice  ,   373  ,   375   
 wine  ,   387    

 site-specifi c natural isotope fractionation 
nuclear magnetic resonance  ,   260–261    

 Organic/conventional produce discrimination, 
isotope ratio mass spectrometry  , 
  299–300  ,   311   

Origanum  essential oils, Raman spectroscopy  , 
  162

 Ovalbumin, Raman spectroscopy  ,   167   
 Ovomucoid  

 egg freshness  ,   227   
 Raman spectroscopy  ,   167    

 Ovotransferin, Raman spectroscopy  ,   
167

 Oxidized polyethylene wax (E914)  ,   572   
 Oxygen

 delta values  ,  see    � 18O values   
 dynamic fl uorescence quenching  ,   206–207  , 

  237
 isotope enrichment  ,   13  ,   270–271  

see also    Isotope ratio mass spectrometry   
18 O determinations  

 elemental analyzer-isotope radio mass 
spectrometry  ,   282–283   

 gas chromatography-isotope ratio mass 
spectrometry  ,   285–286   

 isotope ratio mass spectrometry multiple 
loop injection system  ,   288     

 Oysters, polymerase chain reaction inhibitors  , 
  413

 Packed gas chromatography columns  ,   326   
 Palm kernel oil  ,   557   
 Palm oil  ,   557  
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 animal fats adulteration  ,   559   
 differential scanning calorimetry  ,   559–565   
 Fourier transform Raman spectroscopy  ,   153    

 Pancreatic lipase  ,   14   
 Papaya ( Carica papaya )

 gas chromatography-mass spectrometry  ,   337   
 genetically modifi ed organism detection, 

polymerase chain reaction  ,   432    
 Paprika  

 capillary electrophoresis of protein markers  , 
  532  ,   533   

 orange juice colorants  ,   385   
 organic/conventional discrimination by 

isotope ratio mass spectrometry  ,   300    
 Para Red  ,   1   
 PARAFAC, fl uorescence spectroscopy  ,   230  ,   233   
 Paraffi n wax (E905)  ,   572   
 Parma ham, front-face fl uorescence 

spectroscopy  ,   219   
 Partial least squares regression  ,   608  

 fl uorescence spectroscopy  ,   230  ,   232   
 Fourier transform mid-infrared spectroscopy  , 

  35  ,   44  ,   46  ,   47  ,   50  ,   52  ,   54  ,   56   
 Fourier transform near-infrared spectroscopy  , 

  132  ,   134  ,   135  ,   136  ,   137   
 front-face fl uorescence spectroscopy  ,   213  , 

  217  ,   219  ,   221  ,   222   
 near-infrared spectroscopy  ,   86  ,   87  ,   88  ,   89  , 

  90  ,   95  ,   609   
 Raman spectroscopy  ,   161  ,   173  ,   174   
 variable selection  ,   611    

 Partition, gas-liquid chromatography separation 
mechanism  ,   324   

 Passionfruit  ,   6  
 juice, gas chromatography  ,   343–344    

 Pasta constituents  
 near-infrared spectroscopy  ,   85–86   
see also    Durham wheat   

 Pasteurization effi ciency evaluation  ,   14   
pat  gene, polymerase chain reaction detection  , 

  430  ,   437   
 Pattern recognition methods, near-infrared 

spectroscopy data analysis  ,   76–77   
 Peach juice  

 organic acids  ,   375   
 phenolic compounds, high-performance 

liquid chromatography  ,   380  ,   381  ,   384    
 Peanut oil  ,   557  

 Fourier transform Raman spectroscopy  ,   153   

 Fourier transform spectroscopic techniques  , 
  135

 near-infrared spectroscopy  ,   94    
 Pear juice, high-performance liquid 

chromatography  ,   373  
 arbutin  ,   380   
 isorhamnetin glycoside  ,   380   
 phenolic compounds  ,   380  ,   381  ,   384    

 Pears  
 Fourier transform near-infrared spectroscopy  , 

  137
 high-performance liquid chromatography, 

polyphenolics  ,   9 
 isotope ratio mass spectrometry  

 geographic origin discrimination  ,   295–296   
 natural/synthetic aroma components  ,   297    

 Raman spectroscopy, pesticide residues 
detection  ,   176    

 Pecorino Sardo  ,   292   
 Pectinases  ,   14   
 Pectins  

 Fourier transform Raman spectroscopy  ,   156   
 Raman spectroscopy  ,   165    

 Pediction ability, multivariate techniques  , 
  604–605

 Pee Dee Belemnite (PDB)  ,   12  ,   260   
 Pennyroyal essential oils, Raman spectroscopy  , 

  163
 Pepper essential oils, Raman spectroscopy  ,   162  , 

  165
 Peppermint oil ( Mentha piperita ), gas 

chromatography  ,   337   
 Peptide nucleic acid arrays  ,   629   
 Peptide nucleic acid clamping inhibition, 

polymerase chain reaction-based 
genetically modifi ed organisms 
detection  ,   437–438   

 Peretta cheese  ,   293   
 Peroxidase  ,   14   
 Pesticide residues  

 enzyme-linked immunosorbent assay  ,   15   
 international limits establishment  ,   4   
 Raman spectroscopy  ,   175–176    

 Phenolics  ,   9  
 Fourier transform Raman spectroscopy  ,   156   
 high-performance liquid chromatography  , 

  626
 fruit juice authenication  ,   375–385    

 honey  ,   390–391   
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 Phenolics  ( continued )
 Raman spectroscopy  ,   171   
 ultraviolet-visible spectrometry, Folin-

Ciocalteu assay  ,   10   
 wines

 fl uorescence spectroscopy  ,   232  ,   233   
 Fourier transform mid-infrared 

spectroscopy  ,   50   
 near-infrared spectroscopy  ,   96    

see also    Flavonoids   
 Phenylalanine  

 fl uorescence spectroscopy  ,   210   
 Raman spectroscopy  ,   191    

 Phloridzin  ,   16  
 high-performance liquid chromatography, 

apple juice  ,   380    
 Phosphinothricin  ,   428   
 Phosphoenolpyruvate carboxylase  ,   12   
 3-Phosphoglycerate  ,   12   
 Photo-ionization detector  ,   329   
 Photodiode array near-infrared spectroscopy  ,   69   
 Photomultiplier tube detectors  ,   151   
 Phytosterols  

 gas chromatography  ,   10  ,   333   
 high-performance liquid chromatography  , 

  9–10
 vegetable oils  ,   391     

 Pimento, isotope ratio mass spectrometry  ,   298   
 Pineapple juice  ,   381  ,   384  

 gas chromatography  ,   343–344   
 high-performance liquid chromatography  , 

  373
 organic acids  ,   375    

 Pinobankin, honey botanical origin  ,   391   
 Pinocembrin, honey botanical origin  ,   391 
 Pinot Noir  ,   49  ,   51   
 Piperine, Raman spectroscopy  ,   165   
 Pistachios, isotope ratio mass spectrometry  , 

  294–295
PKABA1  gene, real-time polymerase chain 

reaction  ,   454   
 Plant cell wall components, Raman 

spectroscopy  ,   156–157  ,   165   
 Plant taxonomic classifi cation, Raman 

spectroscopy  ,   157   
 Plasmin, Raman spectroscopy  ,   167   
 Plum juice, high-performance liquid 

chromatography  ,   380   
 Poison nut-tree ( Strychnos nux-vomica )  ,   2   

 Pokeweed ( Phytolacca americana )  ,   2   
 Polarization  ,   186   
 Polarization interferometer  ,   71   
 Pollen proteins, enzyme-linked immunosorbent 

assay  ,   502   
 Polyacetylenes, Raman spectroscopy  ,   161  ,   172   
 Polyclonal antibodies  ,   480  ,   481  

 lateral fl ow strip tests  ,   628    
 Polyethyleneglycols, gas chromatography liquid 

phase  ,   325 
 Polymerase chain reaction  ,   15  ,   411–467  ,   618  , 

  630–631
 amplicon size  ,   412  ,   413   
 applications

 dairy products  ,   465–467   
 dip stick biosensors  ,   438–439   
 feedstuff fat sources  ,   47  ,   48   
 fi sh  ,   462–465  ,   499   
 genetically modifi ed organisms detection  , 

see    Genetically modifi ed organisms   
 hybrid animal species  ,   412   
 meat products  ,   455–460   
 membrane based systems  ,   433–434   
 microarrays  ,   434–437   
 non-genetically modifi ed grains/seeds  , 

  439–440  ,   455   
 peptide nucleic acid clamping inhibition  , 

  437–438
 primers  ,   441–453   
 seafood  ,   460–462    

 capillary gel electrophoresis  ,   530–531   
 DNA extraction from foods (CTAB method)  , 

  413
 DNA stability in foods  ,   412–413   
 enzyme-linked immunosorbent assay  ,   499   
 inhibitors in foods  ,   412  ,   413   
 mitochondrial genes  ,   411–412   
 nested assays  ,   419–420  ,   432  

 fully-nested  ,   419   
 semi-nested  ,   419–420    

 satellite DNA  ,   412   
 species/strains discrimination  ,   411  ,   412  

 quantifi cation in mixture  ,   420–421   
 species-specifi c assays  ,   426–467   
 techniques  ,   413–425    

see also    Polymerase chain reaction-
restriction fragment length 
polymorphisms (PCR-RFLP)  ; 
  Polymerase chain reaction–single 
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strand conformation polymorphism 
(PCR–SSCP)  ;   Quantitative competitive 
polymerase chain reaction (QC–PCR)  ; 
  Random amplifi ed polymorphic DNA 
(RAPD)  ;   Real–time polymerase chain 
reaction

 Polymerase chain reaction-restriction fragment 
length polymorphisms (PCR-RFLP)  , 
  412

 applications
 bovine species identifi cation  ,   455–456   
 fi sh  ,   462–465   
 meat  ,   458   
 seafood  ,   461   
 spelt fl our  ,   454     

 Polymerase chain reaction-single strand 
conformation polymorphism (PCR-
SSCP)  ,   422–423  

 sensitivity  ,   422  ,   423   
 tuna fi sh authenication  ,   465    

 Polyphenol oxidases  ,   14   
 Polyphenolics  ,   16  

 fl uorescence spectroscopy  ,   232   
 free solution capillary electrophoresis  , 

  535–536
 high-performance liquid chromatography  ,   9  , 

  387  ,   626   
 wine  ,   387  ,   535–536    

 Polysaccharides, Raman spectroscopy  ,   157  ,   192   
 Poppy alkaloids, Raman spectroscopy  ,   165   
 Poppyseed oil, gas chromatography  ,   334   
 Pork  

 capillary electrophoresis of protein markers  , 
  533

 DNA-based methods  ,   15   
 enzyme-linked immunosorbent assay  ,   492  

 heat-processed products  ,   492    
 farmed/wild discrimination, isotope ratio 

mass spectrometry  ,   300   
 Fourier transform mid-infrared spectroscopy  , 

  43
 Fourier transform Raman spectroscopy  ,   194   
 front-face fl uorescence spectroscopy  ,   219  , 

  221   
 near-infrared spectroscopy  ,   90   
 Raman spectroscopy  ,   166    

 Porphyrins, front-face fl uorescence 
spectroscopy  ,   226   

 Poultry  

 enzyme-linked immunosorbent assay  ,   492   
 isotope ratio mass spectrometry  ,   290   
 polymerase chain reaction  ,   459–460    

 Prawns, irradiated foods detection  ,   503   
 Preservatives, historical aspects  ,   3   
 Principal component analysis  ,   589–592  

 data display  
 applications to data sets  ,   592–598   
 Eigenvectors  ,   591   
 interpretation  ,   592   
 loadings  ,   591  ,   592  ,   594  ,   596   
 normalization/autoscaling  ,   594  ,   595   
 scores  ,   591  ,   592  ,   594  ,   596    

 fl uorescence spectroscopy  ,   227  ,   228  ,   230  ,   235   
 Fourier transform mid-infrared spectroscopy  , 

  33  ,   34  ,   41  ,   43  ,   49  ,   50  ,   51  ,   52   
 Fourier transform near-infrared spectroscopy  , 

  92  ,   131  ,   132  ,   135  ,   137  ,   138  ,   140   
 front-face fl uorescence spectroscopy  , 

  210–211  ,   212  ,   214  ,   216–217  ,   219  ,   220  , 
  225  ,   231  ,   233   

 gas chromatography  ,   341  ,   348   
 isotope ratio mass spectrometry  ,   292  ,   293  , 

  305  ,   308   
 near-infrared spectroscopy  ,   75  ,   94  ,   95  ,   96  ,   97   
 process monitoring  ,   598–600   
 quality control  ,   598–600   
 Raman spectroscopy  ,   155  ,   161  ,   166  ,   171   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   258   
 three-way  ,   601–603  

 Tucker3 model  ,   601    
 wine authentication techniques  ,   96    

 Principal component regression  ,   607–608  
 Fourier transform mid-infrared spectroscopy  , 

  51
 Fourier transform near-infrared spectroscopy  , 

  133  ,   136   
 near-infrared spectroscopy  ,   77–78  ,   97   
 Raman spectroscopy  ,   173    

 Probabalistic neural networks, Fourier transform 
near-infrared spectroscopy  ,   137 

 Process monitoring  ,   598–600  ,   611–612   
 Procyanidins  

 fruit  ,   377   
 high-performance liquid chromatography  , 

  626
 Programmed temperature vaporizer  ,   328–329   
 Prolamines, capillary electrophoresis  ,   532   
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 Promoters, genetically modifi ed organism 
transgenic cassettes  ,   426  ,   431   

 Protected Designation of Origin (PDO)  ,   4  ,   5  , 
  38–39  ,   67  ,   293  ,   387  ,   606  

 authenticity assessment techniques  ,   39–40   
 EU regulations  ,   4    

 Protected Geographical Indication (PGI)  ,   4  ,   5  , 
  67

 Proteins
 capillary electrophoresis  ,   532–533   
 carbon isotope ( 13 C) enrichment  ,   271   
 Fourier transform mid-infrared milk 

analyzers  ,   35   
 Fourier transform Raman spectroscopy  , 

  188–191  ,   194–197   
 isotope ratio mass spectrometry, plant versus 

animal origin  ,   305   
 Raman spectroscopy  

 meat  ,   167   
 milk  ,   167  ,   168–169   
 plants  ,   156–156   
 secondary structure prediction  ,   167    

 ultraviolet-visible spectrometry  ,   10    
 Proteolysis  

 cheese ripening, Fourier transform mid-
infrared spectroscopy  ,   32  ,   33–34   

 meat tenderizers  ,   43    
 Prunus aroma, isotope ratio mass spectrometry  , 

  298
Pseudomonas

 fl uorescence spectroscopy  ,   236   
 Raman microspectroscopy  ,   176    

 Puffer fi sh, polymerase chain reaction-based 
species indentifi cation  ,   465   

 Pulegone, Raman spectroscopy  ,   162  ,   163   
 Pulsed discharge ionization detectors  ,   329 
 Pumpkin

 polyphenolics, high-performance liquid 
chromatography  ,   9   

 seed oil gas chromatography  ,   333    
 Purge and trap  ,   285  ,   329   

 Q1Amp Blood Kit (Qiagen)  ,   457  ,   458–459   
 Quality assessment  

 Fourier transform mid-infrared spectroscopy  , 
  31–32

 dairy products at retailed stage  ,   38–43    
 near-infrared spectroscopy  ,   84    

 Quality control  ,   598–600  ,   612   

 Quantitative competitive polymerase chain 
reaction (QC-PCR)  ,   420–421  ,   618  , 
  631–632

 applications
 genetically modifi ed organisms detection  , 

  530–531
 meat  ,   458   
 spelt fl our  ,   440    

 internal standard  ,   420–421    
 Quantitative high-temperature conversion  ,   281  , 

  282–284
 gas chromatography-isotope ratio mass 

spectrometry  ,   285–286   
 system confi guration  ,   283    

 Quantitative real-time polymerase chain 
reaction  ,   417–418   

 Quantum yield (quantum effi ciency)  ,   203   
 Quartz-halogen lamps  ,   70   
 Quenching  ,   206–207  ,   237  

 dynamic (collisional)  ,   206–207   
 resonance energy transfer  ,   207   
 static  ,   206    

 Quercetin, Raman spectroscopy  ,   161   
 Quince juice, high-performance liquid 

chromatography  ,   380  ,   381  ,   384   

 Radioimmunoassays  ,   482   
 Raman, C.V.  ,   149  ,   186   
 Raman microspectroscopy  ,   152  

 applications  ,   174–175  
 microorganisms  ,   176     

 Raman scatter  ,   28  ,   149–150  ,   186  ,   209   
 Raman spectroscopy  ,   28  ,   120  ,   149–177  ,   623  

 applications  ,   153–176  
 alcoholic beverages  ,   170–171   
 animal fats  ,   166–167   
 carbohydrates  ,   156–156   
 carotenoids  ,   158–160  ,   170  ,   172   
 cocoa  ,   171   
 coffee  ,   171   
 essential oils  ,   161–165   
 fl avones  ,   160–161   
 fl avonoids  ,   160   
 fruit/vegetable juices  ,   170   
 herbal beverages  ,   171–172   
 honey  ,   173–174   
 meat  ,   166–167   
 microorganisms  ,   175–176   
 milk  ,   167–170   
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 pesticide residues  ,   175–176   
 plant cell wall constituents  ,   165   
 plant substances  ,   165–166   
 polyacetylenes  ,   161  ,   172   
 proteins  ,   156–156   
 tea  ,   171   
 vegetable oils/fats  ,   46  ,   153–156    

 dispersive systems  ,   151–152   
 instrumentation  ,   150–153  

 detectors  ,   151   
 excitation source  ,   150   
 holographic grating  ,   151   
 interference fi lters  ,   150   
 monochromator  ,   151    

 intensity  ,   186–187   
 quantitative analysis  ,   187   
 theoretical principle  ,   149–150  ,   186  

 band intensities  ,   186–187    
see also    Fourier transform Raman 

spectroscopy  ;   Raman 
microspectroscopy  ;   Surface-enhanced 
Raman scattering (SERS)   

 Raman spectrum  ,   149–150  ,   186   
 Random amplifi ed polymorphic DNA  , 

  413–414  ,   633  
 capillary gel electrophoresis-laser-induced 

fl uorescence  ,   532   
 meat analysis  ,   456    

 Rapeseed, genetically modifi ed organism 
detection  ,   155   

 Rapeseed oil  ,   557  
 fl uorescence spectroscopy  ,   230   
 gas chromatography  ,   333   
 Raman spectroscopy  ,   153  ,   155  

 Drakkar line  ,   155   
 t-mix cultivar  ,   155     

 Raspberry  
 anthocyanins  ,   380  ,   385   
 aroma compounds, isotope ratio mass 

spectrometry  ,   298   
 phenolic compounds  ,   381    

 Rat muscle tissue, enzyme-linked 
immunosorbent assay  ,   492   

 Ratio of standard error of performance to 
standard deviation  ,   81  ,   82   

 Rayleigh (elastic) scattering  ,   149  ,   150  
 fl uorescence intensity effect  ,   208–209   
 near-infrared spectroscopy of granular 

samples  ,   72   

 second-order  ,   209    
 Real-time polymerase chain reaction  ,   414–419  , 

  618  ,   632  
 advantages  ,   415–416   
 applications

 genetically modifi ed organisms detection  , 
  426  ,   428   

 plant storage proteins  ,   439    
 dual-labeled probes  ,   416–417   
 multiplex assays  ,   416–417  ,   430   
 quantitative  ,   417–418   
 reaction volume  ,   416   
 sequence variation analysis  ,   416   
 SYBR Green fl uorescent reporter  ,   416  , 

  418–419  ,   430    
 Recombinant antibodies  ,   481   
 Red snapper  

 enzyme-linked immunosorbent assay  ,   499   
 polymerase chain reaction-restriction 

fragment length polymorphisms  ,   464    
 Redcurrant anthocyanins  ,   380   
 Refractive index, wine dilution indicator  ,   48   
 Rennet-induced milk coagulation  ,   211   
 Resonance Raman effect  ,   150   
 Restriction endonucleases  ,   422  ,   423   
 Restriction fragment length polymorphisms 

(RFLP)  ,   412  ,   422  
 capillary gel electrophoresis-laser-induced 

fl uorescence  ,   531   
 genetically modifi ed organisms 

identifi cation  ,   426   
see also    Polymerase chain reaction-

restriction fragment length 
polymorphisms (PCR-RFLP)   

 Reveal CP  ,   4  ,   629   
 Reveal Cry9C  ,   629   
 Reveal for Ruminant test  ,   493  ,   501   
 Reversed-phase high-performance liquid 

chromatography  ,   7  
 polyphenolics  ,   9   
 sample preparation  ,   8   
 tocopherols  ,   10   
 triglycerides  ,   9    

 Ribofl avin, fl uorescence spectroscopy  ,   210  
 beer  ,   232   
 cereal products  ,   231   
 cheese  ,   213  ,   214  ,   215  ,   217  ,   218    

 Ribulose-1,5-bisphosphate carboxylase 
(rubisco)  ,   12   
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 Rice
 Fourier transform Raman spectroscopy  ,   197   
gos9  gene real-time polymerase chain 

reaction  ,   439   
 isotope ratio mass spectrometry  ,   295   
 near-infrared spectroscopy  ,   86   
 stable carbon isotope ratio analysis  ,   249    

 Rice spirits, isotope ratio mass spectrometry  , 
  306

 Rice wine  ,   97  ,   99  
 Fourier transform near-infrared spectroscopy  

 geographic origin assessment  ,   132–133   
 marked age/vintage year  ,   140    

 Raman spectroscopy  ,   170   
 stable carbon isotope ratio analysis  ,   249    

 Rice-bran wax  ,   572   
 Ricin  ,   137   
 RIDASCREEN Risk Material test  ,   495   
 Riesling  ,   97   
 Robusta ( Coffea canephora )  ,   53  ,   54  ,   86  ,   87  , 

  88  ,   171  
 gas chromatography  ,   345   
 high-performance liquid chromatography  , 

  393
 Rooibos tea ( Aspalanthus linearis ), Raman 

spectroscopy  ,   171   
 Root mean square error in calibration 

(RMSEC)  ,   608   
 Root mean square error of cross-validation 

(RMSECV)
 fl uorescence spectroscopy  ,   232   
 mid-infrared spectroscopy  ,   47    

 Root mean square error of prediction 
(RMSEP)  ,   608  ,   611  

 Fourier transform near-infrared spectroscopy  , 
  136

 front-face fl uorescence spectroscopy  ,   219  , 
  223   

 near-infrared spectroscopy  ,   609    
 Rosemary ( Rosmarinus ) essential oils  

 gas chromatography  ,   339   
 Raman spectroscopy  ,   162    

 Roundup Ready soybean  ,   16  
 Certifi ed Reference Material  ,   504   
 polymerase chain reaction detection  ,   428  , 

  429  ,   430  ,   431  ,   432–433  ,   434  ,   435–436  , 
  437

 Royal jelly, isotope ratio mass spectrometry  ,   304   
 Rum

 Fourier transform mid-infrared spectroscopy  , 
  49

 Fourier transform near-infrared spectroscopy  , 
  139

 isotope ratios  ,   258    
 Rye  

 fl our, front-face fl uorescence spectroscopy  , 
  231

 identifi cation in gluten-free foods  ,   454    

 Sabinene, Raman spectroscopy  ,   165   
 Saffl ower oil  

 Fourier transform spectroscopy  ,   135   
 gas chromatography  ,   332    

 Saffron ( Crocus sativus )
 Fourier transform near-infrared spectroscopy  , 

  133
 gas chromatography  ,   337    

 Safranal, gas chromatography  ,   337   
 Sage essential oils, Raman spectroscopy  ,   163   
 Salmon

 enzyme-linked immunosorbent assay  ,   499   
 farmed/wild discrimination, isotope ratio 

mass spectrometry  ,   300   
 Fourier transform Raman spectroscopy  ,   194   
 front-face fl uorescence spectroscopy  ,   222  , 

  223   
 polymerase chain reaction species 

indentifi cation  ,   463    
Salmonella typhimurium , Raman 

microspectroscopy  ,   176   
Salvia  essential oils, Raman spectroscopy  ,   162   
 Sambunigrin, Raman microspectroscopy  ,   175   
 Sardines

 enzyme immunoassay  ,   634   
 front-face fl uorescence spectroscopy  ,   223–224    

 Satellite fragment length polymorphism 
(SFLP)  ,   412   

Satureja  essential oils, Raman spectroscopy  , 
  162

 Sausage
 enzyme-linked immunosorbent assay, 

nervous system tissue marker detection  , 
  495

 front-face fl uorescence spectroscopy  ,   219  , 
  221   

 historical aspects  ,   3   
 polymerase chain reaction  ,   412    

 Sauvignon  ,   49  ,   51   
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 Scyllo-inositol, gas chromatography  ,   348   
 Seafood

 carbon isotope ( 13 C) enrichment  ,   271   
 polymerase chain reaction  ,   15  ,   460–462   
see also    Fish   

 Semimembranosus  ,   219   
 Separation factor ( � )  ,   363   
 Sesame seed  

 allergic reactions  ,   454   
 oil

 gas chromatography  ,   334   
 high-performance liquid chromatography  , 

  392
 polymerase chain reaction  ,   454    

 Shaoxing rice wine  ,   132   
 Shark, differential scanning calorimetry  , 

  576–578
 Sheep cheese, polymerase chain reaction  ,   465  , 

  466–467
 Sheep meat  

 enzyme-linked immunosorbent assay  ,   492  , 
  493

 isotope ratio mass spectrometry  ,   290   
 near-infrared spectroscopy  ,   90  ,   92   
 polymerase chain reaction  ,   457  ,   458  ,   459    

 Sheep milk  
 capillary electrophoresis of protein markers  , 

  533
 enzyme-linked immunosorbent assay  ,   496  , 

  497  ,   627    
 Sheep tallow, differential scanning calorimetry  , 

  561
 Shellac, differential scanning calorimetry  ,   572   
 Sheward charts  ,   599   
 Shikimic acid, high-performance liquid 

chromatography  ,   387   
 Shimming  ,   254   
 Shiraz  ,   49   
 Short interspersed elements (SINEs)  ,   458   
 Shrimp

 allergy  ,   461   
 polymerase chain reaction  ,   461–462    

Sideritis  essential oils, Raman spectroscopy  , 
  162

 Sika deer meat, polymerase chain reaction-
restriction fragment length 
polymorphisms  ,   458   

 Silica electrophoresis capillaries  ,   523–524  ,   526  
 protein adsorption  ,   532  ,   533    

 Silica gel adsorbent  ,   367   
 Silicones, gas chromatography  

 columns  ,   335   
 liquid phase  ,   325  ,   332    

 Siloxane-bonded phases for high-performance 
liquid chromatography  ,   367  ,   368   

 Site-specifi c natural isotope fractionation 
nuclear magnetic resonance (SNIF-
NMR)  ,   13–14  ,   247–263  ,   271  ,   616  ,   622  

 acquisition time  ,   254   
 applications

 distilled alcoholic beverages  ,   248   
 edible oils  ,   248   
 essential oils  ,   248   
 farmed/wild salmon discrimination  ,   300   
 fruit juice  ,   248  ,   255–258   
 honey  ,   259–260   
 nicotine  ,   261–262   
 organic acids  ,   260–261   
 vinegars  ,   259   
 wine  ,   248  ,   258–259  ,   294    

 broadband decoupling  ,   254   
 calculations  ,   256  ,   258   
 chemometric techniques  ,   618   
 decoupling offset O  ,   2  ,   254   
 instrumentation  ,   253   
 isotope parameters determination  ,   253–255   
 isotope probes  ,   252–253   
 nuclear magnetic resonance spectroscopy  , 

  253
 quadrature detection  ,   254   
 sample preparation  ,   253   
 sample treatment  ,   256   
 shimming  ,   254   
 site-specifi c ratios determination  ,   249–251  

2 H-nuclear magnetic resonance  ,   252–253     
 Smoothing techniques  ,   75  ,   76   
 Soft independent modeling of class analogy 

(SIMCA)  ,   606  
 Fourier transform near-infrared spectroscopy  , 

  94  ,   96  ,   97  ,   138  ,   139  ,   140   
 near-infrared spectroscopy  ,   78–79  ,   85  ,   90  , 

  91  ,   95    
 Solid phase microextraction-gas 

chromatography  ,   285  ,   329   
 Solid phase microextraction-gas 

chromatography-mass spectrometry  
 coffee  ,   346  ,   348   
 grape variety discrimination  ,   348   
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 Solid phase microextraction-gas 
chromatography-mass spectrometry 
(continued)

 honey botanical origin  ,   340   
 synthetic aromas in fruit juices  ,   345    

 Sorbitol, high-performance liquid 
chromatography  ,   372  ,   373   

 Sorghum ( Sorghum bicolor ), Raman 
microspectroscopic detection of 
cyanogenic glucosides  ,   175   

 Southern blotting  ,   629–630   
 Soy milk, enzyme-linked immunosorbent assay  , 

  497
 Soy sauce  

 Fourier transform mid-infrared spectroscopy  , 
  44

 near-infrared spectroscopy  ,   44    
 Soybean oil  ,   557  

 fl uorescence spectroscopy  ,   229  ,   230   
 Fourier transform Raman spectroscopy  ,   153   
 Fourier transform spectroscopy  ,   135   
 high-performance liquid chromatography  , 

  391
 near-infrared spectroscopy  ,   94   
 Raman spectroscopy  ,   156    

 Soybeans  
 enzyme-linked immunosorbent assay  

 meat product additives  ,   495–496   
 milk adulteration  ,   497    

 genetically modifi ed organisms  
 immunoassay dipstick tests  ,   505   
 polymerase chain reaction  ,   428  ,   429  ,   430  , 

  431  ,   432–433  ,   434  ,   435–436  ,   437   
see also    Roundup Ready soybean   

 high-performance liquid chromatography  ,   626    
 Spearmint ( Mentha spicata ), gas 

chromatography  ,   339   
 Species/strains discrimination  ,   296  

 capillary electrophoresis of protein markers  , 
  532–533

 DNA-based methods  ,   15   
 enzyme-linked immunosorbent assay  ,   634  

 cheese  ,   497   
 commercial kits  ,   493  ,   494  ,   495   
 fi sh  ,   498–499   
 meat  ,   491–495   
 milk  ,   496    

 Fourier transform near-infrared spectroscopy  , 
  133–138

 isotope ratio mass spectrometry  ,   306–307   
 polymerase chain reaction  ,   411  ,   412  

 hybrid animal species  ,   412   
 mitochondrial cytochrome b gene ( Cytb )  , 

  411
 quantifi cation in mixtures  ,   420–421   
 satellite fragment length polymorphism  , 

  412
 short interspersed elements  ,   458   
 species-specifi c assays  ,   426–467   
 techniques  ,   413–425    

 Raman spectroscopy  ,   161  
 essential oils  ,   162     

 Specifi c natural isotope profi le-isotope ratio 
mass spectrometry (SNIP-IRMS)  ,   302   

 Spectrofl uorometer  ,   209   
 Spectroscopic techniques  ,   10–12  ,   14   
 Spelt fl our, quantitative competitive polymerase 

chain reaction  ,   440  ,   454   
 Spices

 gas chromatography  ,   337–339   
 historical aspects  ,   2    

 Spike lavender ( Lavandula spika ) essential oils, 
Raman spectroscopy  ,   162   

 Spiny dogfi sh (Schillerlocken), differential 
scanning calorimetry  ,   577   

 Squalane, gas chromatography liquid phase  , 
  325

 Squid, polymerase chain reaction  ,   461   
 Stable carbon isotope ratio analysis (SCIRA)  , 

  249
 applications

 fruit juice  ,   372   
 honey  ,   260     

 Stable isotope analysis  ,   12–14  ,   269   
 Standard error of cross-validation (SECV)  

 mid-infrared spectroscopy  ,   44   
 near-infrared spectroscopy  ,   81  ,   82  ,   87  ,   95    

 Standard error of laboratory (SEL), near-
infrared spectroscopy  ,   82   

 Standard error of prediction (SEP)  
 mid-infrared spectroscopy  ,   35   
 near-infrared spectroscopy  ,   81–82  ,   92    

 Standard normal variate transform  ,   73  ,   75  ,   76   
 Standards for foods, historical aspects  ,   4   
 Starches

 Fourier transform mid-infrared spectroscopy  , 
  44–45

 Fourier transform Raman spectroscopy  ,   196   
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 near-infrared spectroscopy, support vector 
machines  ,   129–130    

 Stellacyanin, Raman spectroscopy  ,   165   
 Sterilization effi ciency evaluation  ,   14   
 Sterols

 gas chromatography  ,   331  ,   333  
 fruit juices  ,   344   
 milk  ,   336    

 high-performance liquid chromatography, 
vegetable oils  ,   391  ,   392    

 Stigmastanol, gas chromatography  ,   344   
 Stoke’s shift  ,   204–205   
 Strawberry  

 anthocyanins  ,   380  ,   385   
 jam, Fourier transform mid-infrared 

spectroscopy  ,   52   
 phenolic compounds  ,   381  

 high-performance liquid chromatography  , 
  9    

 variety discrimination from leaves, Fourier 
transform near-infrared spectroscopy  , 
  138

Streptococcus   ,   55   
Streptococcus salivarius   ,   55   
Streptococcus thermophilus   ,   55   
 Sucrose

 Fourier transform mid-infrared spectroscopy  , 
  51

 fruit juice adulteration  ,   372   
 high-performance liquid chromatography  ,   372   
 honey adulteration  ,   174  ,   260   
 Raman spectroscopy  ,   174  ,   192    

 Sudan I  ,   1   
 Sugar cane  

 stable carbon isotope ratio analysis  ,   249   
see also    Cane sugar   

 Sugars
 fl uorescence spectroscopy  ,   233–234   
 fruit juice adulteration  ,   301–302  ,   343–344  , 

  372–373
 gas chromatography  ,   341  ,   343–344   
 high-performance liquid chromatography  , 

  372–373  ,   390   
 historical aspects  ,   2   
 honey  

 adulteration  ,   303–304  ,   341   
 authentication  ,   390    

 isotope ratio mass spectrometry  ,   301–302  , 
  303–304

 mid-infrared spectroscopy/Fourier transform 
mid-infrared spectroscopy  ,   51   

 Raman spectroscopy  ,   192   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   13  ,   256  ,   258   
 wine adulteration  ,   303    

 Sulfur
 delta values  ,  see     � 34S values   
 elemental analyzer-isotope radio mass 

spectrometry  ,   281–282   
 isotope enrichment  ,   272    

 Sunfl ower,  hel  gene real-time polymerase chain 
reaction  ,   439–440 

 Sunfl ower oil  ,   557  
 fl uorescence spectroscopy  ,   229  ,   230   
 gas chromatography  ,   332  ,   333  ,   334   
 near-infrared spectroscopy  ,   94  ,   95   
 Raman spectroscopy  ,   153  ,   155    

 Supervised methods  ,   75  ,   78–80  ,   604   
 Support vector machines  ,   45  

 advantages  ,   130   
 Fourier transform near-infrared microscopy  , 

  141
 Fourier transform near-infrared spectroscopy  , 

  94  ,   138  ,   139   
 kernel functions  ,   128  ,   130   
 spectroscopic data  ,   128–130    

 Surface-enhanced Raman scattering (SERS)  , 
  150  ,   152–153  

 chemical enhancement  ,   152   
 electromagnetic enhancement  ,   153    

 Swine
 albumin, enzyme-linked immunosorbent 

assay  ,   492   
 meat

 polymerase chain reaction-based 
identifi cation  ,   456  ,   457  ,   458  ,   459   

see also    Pork    
 SYBR Green  ,   416  ,   418–419  ,   430   
 Synaptophysin  ,   628   

 Tallow fat  
 Fourier transform mid-infrared spectroscopy  , 

  47
 Fourier transform Raman spectroscopy  ,   153   
 gas chromatography  ,   331  

 butter adulteration  ,   336    
 near-infrared spectroscopy  ,   94   
see also    Beef tallow  ;   Sheep tallow   
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 Tangerine juice, orange juice adulteration  ,   385   
 Tartaric acid  

 fruit  ,   373   
 isotope ratio mass spectrometry  ,   299    

 Taurine cattle identifi cation  ,   456   
 Tea ( Camellia sinensis )

 caffeine, isotope ratio mass spectrometry  , 
  299

 Fourier transform near-infrared spectroscopy  , 
  138–140

 historical aspects  ,   2   
 near-infrared spectroscopy  ,   93–94   
 nuclear magnetic spectroscopy  ,   12   
 Raman spectroscopy  ,   171    

 Temperature, oxygen/hydrogen isotope 
enrichment effects  ,   270   

 Temperature-modulated differential scanning 
calorimetry (TMDSC)  ,   549  

 honey analysis  ,   575    
 Tequila  ,   306  

 gas chromatography  ,   349    
 Terminators, genetically modifi ed organism 

transgenic cassettes  ,   426  ,   431   
 Terpenes, gas chromatography  

 cheese authentication  ,   336   
 synthetic fruit aromas  ,   345    

 Terpenoids, Raman spectroscopy  ,   162  ,   163   
 Tetrachloro-6-carboxyfl uorescein  ,   429   
 Tetrodotoxin  ,   465   
 Theobromine, Raman spectroscopy  ,   171   
 Theophylline, Raman spectroscopy  ,   171   
 Thermal analysis techniques  ,   543  

see also    Differential scanning calorimetry   
 Thermal conductivity detector  ,   329   
 Thermal desorption, gas chromatography  ,   329  , 

  330
 isotope ratio mass spectrometry  ,   285   
 spices/fl avors analysis  ,   337    

 Thin-layer chromatography  ,   6   
 Thiobarbituric acid reactive substances, front-

face fl uorescence spectroscopy  ,   221  ,   222   
Thymbra  essential oils, Raman spectroscopy  , 

  162
 Thyme essential oils, Raman spectroscopy  ,   162  , 

  163
 Thymol  

 Raman spectroscopy  ,   162   
 solid phase microextraction-gas 

chromatography-mass spectrometry  ,   340    

 Time-of-fl ight-mass detectors  ,   330  ,   331  ,   341  , 
  346

 Tobacco, isotope ratios  ,   261   
 Tobacco mosaic virus  ,   428   
 Tocopherols  

 fl uorescence spectroscopy, edible oils  ,   230   
 gas chromatography  ,   334   
 high-performance liquid chromatography  , 

  9–10
 cocoa butter  ,   393   
 coffee  ,   393   
 vegetable oils  ,   391    

 Raman spectroscopy  ,   156    
 Tokaj aszú wines  ,   387–388   
 Tomato juice  

 organic acids  ,   375   
 Raman spectroscopy  ,   170    

 Tomatoes  
 genetically modifi ed organism detection, 

polymerase chain reaction  ,   431   
 isotope ratio mass spectrometry  ,   13  

 organic/conventional discrimination  ,   300     
 Toxic oil syndrome  ,   2   
 TRACE  ,   119   
 Traditional Specialty Guaranteed (TSG)  ,   4  ,   5   
trans -fatty acids  

 cereals, Fourier transform mid-infrared 
spectroscopy  ,   44   

 hydrogenated vegetable oil, Raman 
spectroscopy  ,   156    

 Transmissible spongiform encephalopathy  ,   129  , 
  141  ,   455  ,   495   

 Transmittance spectrum  ,   28   
 Triacylglycerol  

 differential scanning calorimetry  ,   558  , 
  559–562

 gas chromatography  ,   331  ,   332–333   
 high-performance liquid chromatography  

 cocoa butter  ,   393   
 coffee  ,   393   
 vegetable oils  ,   391     

 Tricetin, honey botanical origin  ,   
391

 Triethyl citrate, site-specifi c natural isotope 
fractionation nuclear magnetic 
resonance  ,   260   

 Triglycerides  
 gas chromatography  ,   9  

 milk analysis  ,   336    
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 high-performance liquid chromatography  , 
  9–10

 vegetable oils  ,   391    
 steroespecifi c analysis  ,   14    

 Tripalmitin, differential scanning calorimetry  , 
  555

 Triterpenic alcohols, gas chromatography  ,   334   
 Tropomyosin, enzyme-linked immunosorbent 

assay  ,   493   
 Troponin, enzyme-linked immunosorbent assay  , 

  492  ,   500  ,   501   
 Trout  

 enzyme-linked immunosorbent assay  ,   499   
 polymerase chain reaction  ,   463    

 Tryptophan  
 fl uorescence spectroscopy  ,   204  ,   210  

 microorganisms  ,   235   
 milk  ,   211  ,   212   
 sugar  ,   233    

 front-face fl uorescence spectroscopy  
 cereal products  ,   231   
 cheese  ,   212  ,   213  ,   214   
 fi sh  ,   223  ,   224   
 meat  ,   221    

 Raman spectroscopy  ,   191    
  Tuna 

 enzyme immunoassays  ,   634   
 polymerase chain reaction  ,   465    

 Tungsten-halogen lamps  ,   70  ,   132   
 Turkey  

 capillary electrophoresis of protein markers  , 
  533

 Fourier transform mid-infrared spectroscopy  , 
  43

 front-face fl uorescence spectroscopy  ,   221   
 near-infrared spectroscopy  ,   90   
 polymerase chain reaction  ,   460   
 Raman spectroscopy  ,   166    

 TYPIC project  ,   50–51   
 Tyrosine  

 fl uorescence spectroscopy  ,   210  
 sugar  ,   233    

 isotope ratio mass spectrometry, plant versus 
animal origin  ,   305   

 Raman spectroscopy  ,   191    

 Ultra-performance liquid chromatography 
(UPLC)  ,   362   

 Ultraviolet-visible detectors  ,   7   

 Ultraviolet-visible spectroscopy  ,   10–11  , 
  201–238

 wine analysis  ,   49    
 UNEQ  ,   606   
 Uninformative variable elimination  ,   611   
 Unsaponifi able matter  ,   9   
 Unsupervised methods  ,   75  ,   77–78  ,   604   
 Urease  ,   509   

 Van Deemter equation  ,   323  ,   326  ,   327  ,   363   
 Vanilla  

 gas chromatography-isotope ratio mass 
spectrometry  ,   339   

 natural/semi-synthetic, isotope ratio mass 
spectrometry  ,   296–297    

 Vanillin  ,   14   
 Vegetable juice, Raman spectroscopy  ,   170   
 Vegetable oils  

 adulteration with diesel/biodiesel  ,   136   
 differential scanning calorimetry  ,   557–565   
 fl uorescence spectroscopy  ,   230   
 Fourier transform mid-infrared spectroscopy  , 

  45–46
 gas chromatography  ,   331–332  

 animal fats detection  ,   333    
 high-performance liquid chromatography  , 

  391–393
 near-infrared spectroscopy  ,   94–95   
 nuclear magnetic spectroscopy  ,   12   
 Raman spectroscopy  ,   153–156   
see also    Oils, edible   

 Vegetables  
 fl uorescence spectroscopy  ,   234–235   
 historical aspects  ,   4   
 organic/conventional discrimination, isotope 

ratio mass spectrometry  ,   300   
 stable carbon isotope ratio analysis  ,   249 

 Veterinary drug residues, international limits 
establishment  ,   4   

 Viagra  ,   142   
 Vibrational spectroscopic techniques  ,   28  ,   118   
 Vienna Standard Mean Ocean Water (V-

SMOW)  ,   13  ,   270   
 Vinegar  

 adulteration  ,   259   
 gas chromatography  ,   349   
 micellar electrokinetic chromatography-

laser-induced fl uorescence  ,   535   
 near-infrared spectroscopy  ,   99   
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 Vinegar ( continued ) 
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   259    
 Vitamin A  

 fl uorescence spectroscopy  ,   205  ,   210  
 eggs  ,   227  ,   228  ,   229   
 milk  ,   212    

 front-face fl uorescence spectroscopy  ,   218  
 cheese  ,   212  ,   213  ,   214  ,   215  ,   217     

 Vitamin B6, fl uorescence spectroscopy  ,   232   
 Vitamin B12, fl uorescence spectroscopy  ,   232   
 Vitamin D, front-face fl uorescence 

spectroscopy  ,   218   
 Vitamin E  

 fl uorescence spectroscopy  ,   230   
see also    Tocopherols   

 Vitamin K, front-face fl uorescence 
spectroscopy  ,   218   

 Vodka  
 Fourier transform near-infrared spectroscopy  , 

  139
 gas chromatography  ,   349   
 Raman spectroscopy  ,   170    

 Volatiles, gas chromatography  ,   6  ,   329  ,   334  
 cheese authentication  ,   336–337   
 coffee  ,   347  

 variety discrimination  ,   345–346    
 distilled alcoholic beverages  ,   349   
 honey  ,   340–341    

 Walnut oil, fl uorescence spectroscopy  ,   230   
 Warner-Braatzler peak values  ,   219   
 Wavelet interface to linear modeling analysis 

(WILMA)  ,   86   
 Wavelet-based calibration algorithms, near-

infrared spectroscopy  ,   85  ,   86   
 Wax esters, differential scanning calorimetry  , 

  570  ,   572   
 Waxes, edible  

 differential scanning calorimetry  ,   570  ,   572   
 Raman spectroscopy  ,   165–166    

Weissella   ,   55   
 Western blotting  ,   628  

 fruit juices  ,   501    
 Wheat

 arabinoxylans, Raman spectroscopy  ,   157   
 bread  ,   84–85  ,   86   
 capillary electrophoresis of protein markers  , 

  532

 cultivar classifi cation  ,   84–85  ,   231   
 durham  ,  see    Durham wheat   
 Fourier transform mid-infrared spectroscopy  , 

  44
 front-face fl uorescence spectroscopy  ,   231   
 identifi cation in gluten-free foods  ,   454   
 isotope ratio mass spectrometry  

 geographic origin discrimination  ,   295   
 organic/conventional discrimination  ,   300    

 near-infrared spectroscopy  ,   84–85  ,   609   
 polymerase chain reaction  ,   454  

acc1  acetylCoA carboxylase gene  ,   439   
 archaeobiological remains  ,   440     

 Wheat-germ oil, high-performance liquid 
chromatography  ,   392   

 Whiskey  
 Fourier transform mid-infrared spectroscopy  , 

  49
 Fourier transform near-infrared spectroscopy  , 

  139
 gas chromatography  ,   349   
 isotope ratios  ,   258   
 principal component analysis  ,   592–598   
 Raman spectroscopy  ,   170  ,   171   
 stable carbon isotope ratio analysis  ,   249   
 ultraviolet-visible spectrometry  ,   10    

 Whiting, front-face fl uorescence spectroscopy  , 
  223   

 Wine  
 adulteration  ,   2  ,   248  ,   258  ,   303  ,   387  

 glycerol  ,   348–349   
 historical aspects  ,   2    

 anthocyanins  ,   232   
 authentication  ,   96–97   
 botryotized  ,   304  ,   387–388   
 cultivar discrimination  ,   49  

 DNA-profi ling, capillary gel 
electrophoresis-laser-induced 
fl uorescence  ,   532    

 fl uorescence spectroscopy  ,   232–233   
 Fourier transform infrared spectroscopy  , 

  623–624
 Fourier transform near-infrared spectroscopy  , 

  96  ,   97  ,   99  ,   139   
 gas chromatography  ,   348–349   
 geographical origin  ,   50  ,   233  ,   259  ,   294  ,   387  

 support vector machines  ,   128–129    
 high-performance liquid chromatography  ,   8  , 

  387–390
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 isotope ratio mass spectrometry  ,   13  ,   294  , 
  303  ,   304   

 mid-infrared spectroscopy/Fourier transform 
mid-infrared spectroscopy  ,   48–51  

 year of production  ,   50    
 near-infrared spectroscopy  ,   95–99   
 nuclear magnetic resonance spectroscopy  , 

  622
 phenolics  ,   232  ,   233  

 free solution capillary electrophoresis  , 
  535–536

 rice  ,  see    Rice wine   
 site-specifi c natural isotope fractionation 

nuclear magnetic resonance  ,   13  ,   248  , 
  258–259

 stable carbon isotope ratio analysis  ,   249   
 tartaric acid acidifying agent  ,   299   
 transportation-related changes  ,   49   
 TYPIC project  ,   50–51    

 Wine berry ( Vitis vinifera ), Raman 
spectroscopy  ,   160   

 Wood, mid-infrared spectroscopy/Fourier 
transform mid-infrared spectroscopy  , 
  56–57

 charcoal  ,   57    
 Worcestershire Sauce  ,   1   
 World Health Organization (WHO)  ,   4   
 World War II  ,   4   
 Wreck fi sh ( Polyprion americanus )

 enzyme-linked immunosorbent assay  ,   499   
 polymerase chain reaction  ,   462    

 Xanthophylls, Raman spectroscopy  ,   159   

 Yak meat, polymerase chain reaction  ,   456  ,   457   
Yarrowia lipolytica   ,   55   

zein  gene, polymerase chain reaction  ,   428  ,   429  , 
  431  ,   434  ,   436  ,   437   

Ziziphora  essential oils, Raman spectroscopy  , 
  162

 Zweiget  ,   49       


