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Summary 


The desire to develop non-invasive rapid measurements of essential quality 
 parameters in foods is the motivation of this thesis. Due to the speed and non-
 invasive properties of spectroscopic techniques, they have potential as on-line or at-
 line methods and can be employed in the food industry in order to control the quality 
 of the end product and to continuously monitor the production. In this thesis, the 
 possibilities and limitations of the application of spectroscopy and chemometrics in 
 rapid control of food quality are discussed and demonstrated by the examples in the 
 eight included publications. Different aspects of food quality are covered, but the 
 focus is mainly on the development of multivariate calibrations for predictions of 
 rather complex attributes such as the water-holding capacity of meat, ethical quality 
 of the slaughtering procedure, protein content of single wheat kernels and 
 contamination of fish oil by toxic environmental substances.  


Fourier transform infrared (FT-IR) and Raman spectroscopy proved to be of 
 potential utility for process line measurements of meat quality (water-holding 
 capacity). Preliminary studies revealed a high correlation (r = 0.89) between water-
 holding capacity and FT-IR spectra with prediction errors of 0.85-1.4 % drip loss 
 using Partial Least Squares Regressions. A further development of vibrational 
 spectroscopic methods can be of valuable use in the slaughtering industry, aiming at 
 a better utilization of the raw material through early classification of the meat. 


Visual and near infrared (VIS/NIR) spectroscopy was evaluated for the ability to 
 assess the depth of CO2 stunning of slaughter pigs. Near infrared transmittance 
 (NIT) was applied for the assessment of the quality of single wheat kernels. The 
 combination of fluorescence measurements of fish oil and multi-way chemometrics 
 demonstrated the potential for screening of environmental contamination in complex 
 food samples. Significant prediction models were established with correlation 
 coefficients in the range from r = 0.69 to r = 0.97 for dioxin. Further development of 
 the fluorescence measurements of dioxin in fish oil will, for the fish industry, be a 
 valuable tool for monitoring the quality of their oil products, especially when the EU 
 introduces a limit of 6 ng/kg dioxin later this year.  


In order to improve calibrations and model interpretation, methods of spectral pre-
transformations, including the recently developed Extended Invented Signal 



(7)Correction, and variable region selection were used during the data analysis 
 throughout this study.  


The uncertainty of reference analyses and their influence on the subsequent 
multivariate spectroscopic calibration are discussed throughout the thesis. A general 
challenge during the development of multivariate calibrations in this study was the 
accuracy of the reference parameters of interest. It is emphasized that it is of utmost 
importance to incorporate knowledge of the chemical and biological nature of the 
samples and of the qualifications of the applied spectroscopic and reference methods 
during the validation of multivariate calibrations.  
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Resumé 


Motivationen for denne afhandling har været et ønske om at udvikle hurtige og ikke-
 invasive målinger til vigtige kvalitetsparametre i levnedsmidler. På grund af deres 
 hurtighed og ikke-invasive egenskaber er spektroskopiske teknikker potentielle som 
 on-line eller at-line metoder og kan anvendes i levnedsmiddelindustrien til 
 kvalitetskontrol af slutprodukter og løbende overvågning af produktionen. 


Forskellige aspekter af levnedsmiddelkvalitet bliver behandlet i denne afhandling, 
 men fokus er hovedsageligt lagt på udviklingen af multivariate kalibreringer til 
 prædiktion af ret komplekse egenskaber som vandbindingsevne af kød, etisk kvalitet 
 under slagteproceduren, proteinindhold af enkelte hvedekerner og forurening med 
 giftige miljøstoffer i fiskeolie.  


Fourier transform infrarød (FT-IR) og Raman spektroskopi har vist sig at være af 
 potentiel interesse for proceslinie-målinger af kødkvalitet (vandbindingsevne). 


Foreløbige undersøgelser har vist en høj korrelation (r = 0,89) mellem 
 vandbindingsevnen og FT-IR spektre med prædiktionsfejl på 0,85-1,4 % dryptab 
 ved anvendelse af Partial Least Squares Regression. Yderligere undersøgelser af 
 vibrationsspektroskopiske metoder er af stor værdi for slagteri-industrien for at opnå 
 en bedre udnyttelse af råvarerne gennem tidlig klassifikation af kødet. Visuel og nær 
 infrarød (VIS/NIR) spektroskopi er blevet evalueret med hensyn til bestemmelse af 
 graden af CO2-bedøvelse af slagtesvin. Nær infrarød transmission (NIT) blev 
 anvendt til bestemmelse af kvaliteten af enkelte hvedekerner. Kombinationen af 
 fluorescens-målinger på fiskeolie og multivejs kemometri viste sig at have 
 potentiale til screening af miljø-forurening af komplekse levnedsmiddelprøver. 


Signifikante prædiktionsmodeller viste korrelationskoefficienter til dioxin i området 
 r = 0,69 til r = 0,97. For fiskeindustrien vil yderligere udvikling af fluorescens-
 målinger af dioxin i fiskeolie blive et værdifuldt redskab til at overvåge kvaliteten af 
 deres olieprodukter, især når EU introducerer en grænse på 6 ng/kg dioxin i løbet 
 året. 


Med henblik på at forbedre kalibreringer og model-fortolkning blev metoder til 
 spektral forbehandling, inklusive den nyligt udviklede Extended Invented Signal 
 Correction,  og variabeludvælgelse anvendt ved dataanalysen i dette studie.  


Usikkerheden af referenceanalyser og indflydelsen på de efterfølgende multivariate 
spektroskopiske kalibreringer bliver diskuteret igennem hele afhandlingen. En 



(9)meget generel udfordring under udviklingen af multivariate kalibreringer i dette 
studie var nøjagtigheden af de pågældende referenceparametre. Det bliver 
understreget, at det er yderst vigtigt at indføje viden om prøvernes kemiske og 
biologiske natur og om begrænsningerne for de anvendte spektroskopiske og 
referencemetoder under valideringen af multivariate kalibreringer.  
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1. Introduction 


This thesis is motivated by the desire to develop non-invasive rapid measurements 
 of essential quality parameters in foods. Such measurements can be employed in the 
 food industry in order to control the quality of the end product and to continuously 
 monitor the production. The methods and results in this study can be of practical use 
 for the food industry as sampling techniques and spectroscopic instruments improve 
 and become cheaper in the future, and the techniques will be more readily available, 
 allowing simpler and less expensive on-line applications. The current trends in 
 monitoring of food quality are to move the measurements of quality from the 
 laboratories to the process lines, such as the Autofom (SFK Technology, Herlev, 
 Denmark), which is a fully automatic grading system for pork quality using 
 ultrasound, the application of on-line near infrared spectroscopy in the production of 
 sugar (Danisco Sugar, Copenhagen, Denmark) or on-line control of ammonia 
 concentration in pectin amidation liquid by near infrared spectroscopy (CP Kelco, 
 Lille Skensved, Denmark). Such on-line quality controls are made possible due to 
 the continuous development of spectroscopic on-line methods. The spectroscopic 
 methods are fast, non-invasive and highly reproducible, which makes them 
 excellently suited for the on-line challenge. Moreover the output from the 
 spectroscopic methods provides multivariate physical and chemical fingerprinting, 
 which contains a wealth of information concerning the object of measurement, and 
 yields the possibility of simultaneous assessment of several quality parameters.  


The aim of this thesis is to discuss the possibilities and limitations for the 
application of spectroscopy and chemometrics in rapid control of food quality, 
demonstrated by the examples in the eight included publications. It was the aim to 
investigate why and how the methods work in order to obtain new or support known 
understanding of the food processes. The direct applications of the methods as 
screening methods are investigated, as well as the interpretation and understanding 
of the attained information from the measurements of the food samples. In Chapter 2 
rapid remote spectroscopic methods are presented. Chapter 3 and Paper II discuss 
the uncertainty of reference analyses and their influence on subsequent multivariate 
spectroscopic calibration. Chemometric pre-transformation of spectral data is 
discussed in Chapter 4 and Paper V. In Chapter 5 and Papers III, IV, VI, VII and 
VIII applications of spectroscopic measurements for investigation of food quality 



(16)are presented. Chapter 6 completes the thesis with conclusions and perspectives. The 
 papers in full length are found at the end of the thesis. 


Quality of food covers many aspects, such as functional, technological, sensory, 
 nutritional, toxicological, regulatory and ethical aspects. Functional and 
 technological quality is related to the processing and storing of the food and is 
 traditionally measured by physical and chemical methods, while sensory quality is 
 the eating quality as experienced by the consumer. Contamination, environmental or 
 bacterial, of foods or raw materials for food production affect the toxicological 
 quality. A need for ethical quality exists in meat production, where handling of live 
 animals is critical. Different aspects of food quality are treated in this thesis: the 
 functional, technological and sensory quality of porcine meat regarding water-
 holding capacity (Paper II, III and IV), the technological and nutritional quality as 
 well as the protein content of wheat kernels (Paper V and VII), the toxicological and 
 regulatory quality of dioxin contaminated fish oil (Paper VIII), and the ethical 
 quality concerning the stunning of slaughter pigs (Paper VI). 


The major part of this thesis originates from the project ‘Early post mortem 
measurement of WHC (water-holding capacity) and drip loss in fresh pork’. The 
project was a collaboration between the Food Technology Section of the Department 
of Dairy and Food Science at KVL, the Danish Meat Research Institute (SF) and the 
Danish Institute of Agricultural Sciences (DJF). The objective of the project was to 
obtain knowledge of the meat quality of pig carcasses from physico-chemical 
measurements carried out early in the slaughter process, i.e. within one hour after 
sticking. Hence, it would be a remarkable breakthrough if it was possible to predict 
the meat quality as measured by the water-holding capacity, and thereby be able to 
classify according to meat quality before the carcasses reach the cooler rooms. The 
strategy for meeting the objective entailed the screening of model carcasses with 
different ‘engineered’ meat qualities by a number of predominantly spectroscopic 
techniques. On basis of this screening, techniques showing potential for estimating 
meat quality were selected to undergo further development and testing for the 
Danish pig slaughter industry. 
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1.1. Chemometrics in food production 


Exploratory multivariate data analysis is applied for investigation of the spectral 
 data measured during this study. The aim of the exploratory approach is to describe 
 the complex multivariate information in the data in simple graphic displays without 
 interference of a priori knowledge and let the evaluation based on plots and graphs 
 generate the hypotheses for further interpretation. The tool for exploratory 
 multivariate data analysis is chemometrics, which provides practical problem 
 solving by efficient utilization of experimental data. For complex samples such as 
 food material, data from spectroscopic instruments are typically so complicated that 
 direct interpretation is impossible; peaks overlap to the extent that none are 
 recognizable. That is why chemometric methods need to be applied for the data to 
 be analysed effectively. In addition, chemometrics makes it possible to obtain real-
 time information from data, which is a clear advantage for the development of on-
 line methods. The fast, precise and non-destructive spectroscopic methods in 
 combination with chemometrics are suitable for process analysis and optimization 
 leading to improved productivity, efficiency and product quality. 


The end quality of food reflects both the quality of the raw ingredients and the 
 actions of the processing unit operations. Food quality is traditionally measured by 
 chemical, physical and sensory methods. Some of these methods are quite time-
 consuming and all the methods are destructive. Today, it is possible to replace most 
 of these inconvenient methods by instrumental, rapid and non-destructive techniques 
 like near infrared (NIR), Fourier transform infrared (FT-IR) or fluorescence 
 spectroscopy. However, optimum utilization of these techniques requires 
 chemometric data analysis. Multivariate methods such as PCA and PLSR have 
 demonstrated their superior performance when analysing spectroscopic information 
 in quality control measurements. Today, chemometrics is applied in many aspects of 
 the food and feed production, for instance, in the production of cereals, dairy 
 products, meat, fruit, vegetables, oils and alcoholic beverages. 



1.2. Complex food data 


Multivariate spectroscopic measurements of complex materials like foods are 
sampled directly from the multivariate and complex world, for example, from a food 
production chain like a slaughter line or a fish oil factory. The samples applied for 



(18)analysis are not constructed in any way, i.e. by mixing a few known components in 
 a controlled laboratory system, and will rarely behave as ideal systems. Usually the 
 samples are not even exposed to any kind of pre-treatment such as separation or 
 dissolution of the constituents. Working with complex food data requires a great 
 deal of emphasis on the nature of the samples and experience with the instrumental 
 and reference methods. In order to decide whether developed models involving 
 complex food data are of any use, it is crucial to apply both chemometric validation 
 of models (described in Chapter 2.3.3.) as well as chemical and biological validation 
 of the methods.  



1.3. Chemical and biological validation 


In chemometric models carried out on complex food data, chemometric validation is 
 not sufficient for getting an absolute picture of the modelling performance. 


Chemical and biological validation is necessary in order to estimate if a 
 chemometric model based on spectroscopic data is suitable for the practical purpose 
 it was designed for, for example as a quality control tool in the food industry. 


Chemical and biological validation includes evaluation of the calibration samples 
 concerning, for instance, important sample characteristics, process conditions and 
 sampling methods. The applied analytical methods, both spectroscopic 
 measurements and reference measurements, must be evaluated with respect to, for 
 instance, detection limits, instrumental noise and influence from the surroundings. 


Traditional measurements of the quality of foods are often related to significant 
 errors due to lack of homogeneity of complex food materials and to the many steps 
 of analyses often used in the methods of reference analysis.  


It is normally considered progress to replace an uncertain and time-consuming 
 chemical method with a more precise and faster spectroscopic method. However, the 


‘new’ spectroscopic method relies on the ‘old’ reference method through the 
calibration step. Hence, an estimation of the uncertainty of the chemical reference 
methods can be of great value in order to judge whether the ‘new’ method is suited 
as a practical replacement for the ‘old’ method. In other words, a comparison of the 
modelling error found by chemometric validation with the uncertainty estimate of 
the reference method can provide an approach to the ‘true’ error of measurement.  
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2. Rapid remote spectroscopic measurements of  food quality 


Spectroscopic techniques are very suitable for the analysis of food characteristics 
 and chemical components. They are considered as sensitive, remote, multivariate 
 sensors and they are non-destructive, rapid, environmentally friendly and non-
 invasive, which makes the methods suitable for on-line or at-line process control. In 
 the last two decades, rapid spectroscopic measurements have advanced in quality 
 control in many areas of food production as outlined in Paper I. Spectroscopic 
 methods for measurements of food quality include ultraviolet and visual absorption, 
 fluorescence emission, near infrared and mid infrared absorption, Raman scattering, 
 nuclear magnetic resonance, microwave absorption and (ultra)-sound transmission. 


The spectroscopic methods based on different regions of the electromagnetic 
 spectrum and different physical principles have different sensing capabilities. The 
 methods, however, share the ability to provide rapid multivariate information on the 
 sample being monitored, which in turn makes it possible to simultaneously 
 determine several quality parameters. In this chapter Fourier transform infrared (FT-
 IR), Raman, near infrared (NIR and NIT) and fluorescence spectroscopy are 
 described. 



2.1. Vibrational spectroscopy 


Molecules can vibrate only at specific frequencies that correspond to specific energy 
 levels. The energy of most molecular vibrations corresponds to that of the mid 
 infrared region of the electromagnetic spectrum, which is between 4000 cm-1 and 
 400 cm-1. Infrared (IR) and Raman spectroscopy are complementary techniques and 
 have different levels of sensitivity to different types of vibrations, also called 


‘selection rules’; thus, different molecules in different environments are measured 
 more accurately with the more appropriate technique. Infrared light is absorbed 
 when the oscillating dipole moment (due to a molecular vibration) interacts with the 
 oscillating infrared beam. In the Raman effect a corresponding interaction occurs 
 between the light and the polarizability of the molecule.  


A complex molecule has a large number of vibrational modes (3N-6, where N is the 
number of atoms). Some of these molecular vibrations can be associated to 



(20)vibrations of individual bonds or functional groups, while others are more 
 delocalized and must be considered as vibrations of the whole molecule. The 
 localized vibrations can be stretching, bending, rocking, twisting, or wagging. When 
 the molecule is irradiated with infrared light, the vibrating bond will only absorb 
 energy if the frequencies of the light and the vibration are the same. 


A group frequency is a vibrational frequency (usually wavenumber) that is 
 characteristic for a particular chemical functional group. Some group frequencies 
 fall within a restricted range, regardless of the compound in which the group is 
 found, while other group frequencies are highly affected by the matrix, which the 
 group is a part of. Functional groups of special interest in infrared spectroscopy are 
 primarily C=O, O-H, N-H and C-H, mostly originating from the side groups of 
 molecules, while the interesting groups in Raman, for example, are C-C, C=C, C≡N 
 and aromatic groups, mostly originating from the skeleton of molecules. 


2.1.1. Infrared spectroscopy 


Infrared (IR) spectroscopic instruments are designed to measure the intensity of 
 molecular vibrations as a function of wavelength or wavenumber. IR has been a 
 common qualitative technique for the identification and verification of chemical 
 compounds. The first infrared instruments were dispersive in which radiation is 
 separated spatially into its component wavenumbers by a dispersive element such as 
 a prism or a diffraction grating. But since the early 1970’s, Fourier transform 
 infrared (FT-IR) spectroscopy has been available (Griffiths and de Haseth, 1986). 


FT-IR technology has substantial potential as a quantitative quality control tool for 
 the food industry, because the technique is robust, convenient, rapid and 
 automatable, and in conjunction with attenuated total reflectance (ATR) technology, 
 provides easy sample handling for ‘difficult samples’ such as food.  


FT-IR spectroscopy is based on Michelson interferometry. A diagram of an 
interferometer is shown in Figure 2-1. A Michelson interferometer uses a 
beamsplitter to divide the radiation from the source into two parts, one reflected to a 
fixed mirror and one to a moving mirror. The two beams undergo constructive and 
destructive interference as they recombine at the beamsplitter due to the varying 
path difference between the two mirrors. The recorded interference pattern is called 
an interferogram. 



(21)Figure 2-1. Diagram of an interferometer 


An interferogram is recorded by measuring the detector signal as a function of the 
 position of the moving mirror during the movement, and is thus a summation of all 
 cosine functions produced by the various wavelengths. It is possible to calculate the 
 contribution of each wavelength from this interferogram by a Fourier transformation 
 from the time domain to the frequency domain. In this way all frequencies are 
 measured simultaneously. This is a considerable advantage compared to the 
 dispersive technique, where the frequencies are measured successively by rotating 
 the grating. Due to the ability of the FT-IR to measure more data points at the same 
 time, it is possible to improve the signal-to-noise ratio by averaging many spectra. 


Moreover, all the light reaches the detector in the FT-IR instrument, in contrast to a 
 dispersive instrument where energy is lost by the use of slits. Another advantage of 
 the FT-IR technique is that wavenumber calibration is very accurate and robust due 
 to the laser control of the mirror position. All these advantages make FT-IR very 
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(22)potential as a fast on-line solution for the food industry. One general disadvantage of 
 IR spectroscopy is that IR radiation cannot be transmitted through glass or quartz 
 due to absorption, which restricts the use of optical fibres and thereby on-line 
 installation. Another disadvantage of IR spectrometers is that water absorbs heavily 
 and can hide spectral information of interest, and thus limits the use of IR for foods 
 with high water content.  


The most common principle for measurement of a sample by FT-IR is transmittance 
 measurements using different sample cells dependent on the physical state and 
 chemical properties of the sample material. The measurement of transmittance 
 usually involves very small amounts of sample material (mg) and requires that the 
 sample is measured as a liquid or is pressed into a pellet, often with KBr (potassium 
 bromide). Successful FT-IR applications in food systems depend largely on the use 
 of ATR (attenuated total reflectance) technology, as it provides a simple and 
 reproducible means of handling products by being applicable to liquids, solutions, 
 viscous materials and flexible solids. Figure 2-2 shows the principle of ATR.  


Figure 2-2. The principle of the attenuated total reflection technique showing the penetration 
 of the radiation beam into the sample material pressed closely to the crystal 


To obtain a spectrum by using the ATR technique, the sample is brought into optical 
 contact with a crystal. With a properly chosen radiation angle, the beam will strike 
 the flat surfaces at less than the critical angle leading to ‘total’ internal reflection. In 
 reality, the radiation beam penetrates slightly beyond the surface of the crystal 
 during each reflection, and with sample material pressed closely to the crystal the 
 beam will travel a small distance through the sample at each reflection, thus 
 providing transmission spectra of the outer layers of the sample. The depth of 
 penetration into the sample is a function of the refractive index of the crystal and 
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(23)sample, the launch angle and the wavelength. Because the depth of penetration also 
 varies with wavelength, ATR/FT-IR spectra exhibit baseline curvature, especially at 
 the lower frequencies. The main advantage of ATR is very easy sampling. Some of 
 the disadvantages are that the spectra are sensitive to the applied pressure, and the 
 spectral intensity depends on contact between crystal and material.  


Among the characteristic absorption bands associated with the macrocomponents of 
 foods which contribute to the IR spectrum are the carbonyl ester and CH signals 
 associated with fat, the carbonyl and amide signals for protein, the hydroxyl bands 
 for carbohydrate and the HOH bending absorption of water. Table 2-1 and Figure 
 2-3 display the characteristic absorption bands of a food product. 


Table 2-1. The spectral bands observed in the FT-IR and Raman spectra of porcine meat 
 30-40 min after slaughter (Paper IV) 


4000     3000     2000      1500      1000  Vibration  IR  Raman  Meat component 
 OH str.  X  Water 
 NH str.  X  X  Protein 
 CH str.  X  X  Fat 


C=O X X  Fat 


HOH bend 
 Amide I 


X 
 X  X 


Water 
 Protein 
 C=C str. cis  X  Fat 


Amide II  X  X  Protein 
 C-O str. X X  Fat 
 C-O str.  X  X  Fat 
 CH bend  X  Protein 
 Amide III  X  X  Protein 
 C-O str.  X  Glycogen 
 C-O-C str.  X  Glycogen 
 aromatic ring  X  Protein 


α-helix   X  Protein 



(24)Figure 2-3. FT-IR spectrum (4000-750 cm-1) of porcine meat (Paper IV) 


FT-IR has been used in several studies of different foods or food ingredients; e.g., 
 milk (van de Voort et al., 1992; Nathier-Dufour et al., 1995; Hansen, 1998), sugars 
 (Dupuy et al., 1993a,b; Mirouze et al., 1993; Bellon-Maurel et al., 1995a,b; 


Kameoka et al., 1998a,b), pectins (Engelsen and Nørgaard, 1996), corn starch 
 (Dolmatova et al., 1998), meat (Murcia et al., 1994; Dion et al., 1994; Rannou and 
 Downey, 1997; Al-Jowder et al., 1997, 1999; McElhinney et al., 1999; Iizuka and 
 Aishima, 1999, 2000), edible oils (Ismail et al., 1993; van de Voort et al., 1993, 
 1994, 1995; Liescheski, 1996; Dahlberg et al., 1997; Engelsen, 1997; Ripoche and 
 Guillard, 2001) and fruit products (Bellon, 1993; Defernez and Wilson, 1995; 


Defernez et al., 1995, 1997; Ferreira et al., 2001). FT-IR with photoacoustic 
 sampling has recently been applied to low-moisture food products (Irudayaraj et al., 
 2000, 2001) and to meat (Yang and Irudayaraj, 2001). There have even been a few 
 on-line applications used on sugar solutions and fruit concentrate (Kemsley et al., 
 1992, 1993) and on olive oil by silver halide fibre probes (Küpper et al., 2001), 
 which showed a great potential for FT-IR as a quality control technique for the food 
 industry. One of the problems with FT-IR as an on-line method is the lack of 
 suitable probes. IR probes are usually made by a toxic halogenide (Wilson and 
 Tapp, 1999; Chatzi et al., 1997; Lowry et al., 1993, 1994), which is not permitted in 
 food production. 
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(25)2.1.2. Raman spectroscopy 


Raman scattering is based on the weak, inelastic scattered side bands which arise 
 when illuminating a sample with a strong monochromatic light, a laser. Like mid-
 infrared, Raman scatter measures the fundamental molecular vibrations, however, 
 with different selection rules. The Raman effect was discovered in 1928 and 
 described as follows: When radiation passes through a transparent medium, the 
 species present scatter a fraction of the beam in all directions. The wavelength of a 
 small fraction of the radiation scattered by certain molecules differs from that of the 
 incident beam and the shifts in wavelength depend upon the chemical structure of 
 the molecules responsible for the scattering (Raman and Krishnan, 1928). The 
 phenomenon results from the same type of vibrational changes that are associated 
 with infrared absorption. Thus, the difference in wavelength between the incident 
 and scattered radiation corresponds to absorbed wavelengths in the mid infrared 
 region.  


Raman spectra are obtained by irradiating a sample with a powerful laser source of 
visible (e.g. 532 nm, 633 nm or 785 nm) or near infrared (e.g. 1064 nm) 
monochromatic radiation. Most of the scattered light consists of the parent line, the 
Rayleigh line. Much weaker lines, which constitute the Raman spectrum, occur at 
lower and higher energies and are due to scatter of light coupled with vibrational 
excitation or decay, respectively. The difference in frequency between the Rayleigh 
line and the Raman line is the frequency of the corresponding vibration. At the very 
most, the intensities of Raman lines are 0.001% of the intensity of the light source 
(Skoog and Leary, 1992). As a consequence, their detection and measurement are 
difficult, as the Rayleigh line has to be efficiently filtered from the weak Raman 
bands. An important advantage of Raman spectra over infrared spectra lies in the 
fact that water does not cause interference. In addition, glass or quartz cells or 
optical fibres can be employed, which makes Raman spectroscopy an attractive 
alternative to the difficult on-line implementation of mid infrared sensors (Dao and 
Jouan, 1993; Keller et al., 1993; Schrader, 1996). A disadvantage of Raman 
spectroscopy is the interference by fluorescence of the sample or of impurities in the 
sample. This problem is largely overcome by the use of a near infrared (λ = 
1064 nm) laser source (Keller et al., 1993), which will rarely excite fluorescence. 



(26)The near infrared laser, though, provides weaker Raman bands, as the Raman 
 efficiencies depend on the wavelength of the source by  14


λ . 


Raman is a very powerful technique for food analysis purposes which has been used 
 for studying edible oils (Góral and Zichy, 1990; Sadeghi-Jorabchi et al., 1991; 


Engelsen, 1997; Davies et al., 2000; Baeten et al., 2001), studying changes of food 
 components (Góral and Zichy, 1990; Ozaki et al., 1992; Belton, 1993; Fontecha et 
 al., 1993; Li-Chan, 1996; Engelsen and Nørgaard, 1996; Bouraoui et al., 1997; 


Ogawa et al., 1999), analysing dietary fibre in cereal foods (Archibald et al., 
 1998a,b), identification and quantification of foodborne bacteria (Harhay and 
 Siragusa, 1999), studying muscle fibres (Pezolet et al., 1978a,b, 1980) and 
 predicting meat quality (Paper III). Raman spectroscopy has also been tested in 
 connection to warmed-over flavour in porcine meat (Brøndum et al., 2000a), but 
 without success. The rather few applications of Raman spectroscopy as an on-line 
 method in food production may be owing to tradition or to the fact that the technique 
 is considered quite advanced. 


2.1.3. Near infrared spectroscopy 


Over the last decade, near infrared (NIR) spectroscopy has been successfully 
 implemented as a fast at-line and on-line quality control method in many areas of 
 the food industry. The vibrational overtone and combination bands appearing in the 
 near infrared spectral region contain an abundance of chemical information 
 comparable to the mid infrared (IR) region, as seen in Figure 2-4. NIR spectroscopy 
 is defined as the spectral area from 780 nm to 2500 nm and primarily involves C-H, 
 O-H and N-H overtones and combinations of the fundamental vibrational transitions 
 in the IR region. Usually, the first overtones are reduced by a factor of 10, and the 
 second overtones are reduced by a factor of 100.  


It is common to divide the NIR area in two parts. Light in the range 1200 nm to 
2500 nm is absorbed heavily by water and is therefore used for reflection 
measurements, while the range 780 nm to 1200 nm is also suitable for transmission 
measurements (NIT), since the water absorption is significantly less. NIR 
spectroscopy is basically an indirect method, and the spectra are essentially non-
specific; hence, different constituents have broad overlapping peaks. For this reason 



(27)NIR measurements have to be calibrated against samples of known chemical 
 composition, and the success of the NIR method is therefore closely linked to the 
 use of multivariate regression methods. 


Figure 2-4. The principle of near infrared spectroscopy is demonstrated with a spectrum of 
 ethanol. The motif from the fundamental stretching vibrations in the mid-infrared region 
 (right) is repeated in the near infrared spectrum (first, second and third overtones) and 
 overlaid with combinatorial information (combination tones) (Paper I) 


NIR spectroscopy is particularly well-suited for quantification of fats, proteins, 
 carbohydrates and moisture (Osborne et al., 1993). In meat, NIR has also been 
 tested for measuring sensory and functional properties such as warmed-over flavour 
 (Brøndum et al., 2000a), meat tenderness (Mitsumoto et al., 1991; Hildrum et al., 
 1994; Byrne et al., 1998; Rødbotten et al., 2000; Park et al., 2001) or water-holding 
 capacity (Swatland and Barbut, 1995; Brøndum et al., 2000b; Forrest et al., 2000). 


Near infrared sensors have the additional advantage that instrumentation is relatively 
 simple and that the radiation may be transmitted through quartz, making the use of 
 optical fibres feasible. 
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(28)
2.2. Fluorescence spectroscopy  


In fluorescence spectroscopy, transitions between excited electronic states and the 
 electronic ground state are measured. Excitation is brought about by absorption of 
 photons in the UV and visible area (about 200-600 nm), which have energies 
 sufficient to promote electronic transitions. Some of the excitation energy is 
 instantly lost due to thermal vibrations (typically after 10-12 s). The return of an 
 electron in an excited molecule from the excited to ground state (after 10-5 to 10-8 s) 
 involves the release of a photon of radiation, which can be emitted as fluorescence. 


Since the light emitted has lower energy than the absorbed, the emission wavelength 
 is longer than that of the excitation light.  


Any fluorescent molecule is characterized by the excitation spectrum and the 
 emission spectrum. The maximum excitation-emission wavelength pair is the main 
 feature used to describe a fluorophore. Measuring several emission spectra at 
 different excitation wavelengths creates a landscape, as seen in Figure 2-5.  


Figure 2-5. Fluorescence excitation-emission landscape measured on fish oil (Paper VIII) 


The landscape structure has the advantage that analytes or interferences peaking in 
 different areas are to a large extend discovered by visual inspection. With the use of 
 chemometrics, it has become possible to extract relevant chemical information 
 hidden in the spectral data. The data structure involving the excitation wavelength 
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(29)and the emission wavelength allows for trilinear data analytical methods, giving the 
 possibility of unique resolution of the underlying components, as discussed in 
 sections 2.3.4. and 5.2.1. 


One of the most attractive features of the fluorescence method is its inherent 
 sensitivity. Typical detection limits are in the parts-per-billion range. That is 100-
 1000 times more sensitive than absorption spectroscopy. In addition, fluorescence is 
 often measured against a dark background, as most substances do not fluoresce. 


Fluorescent compounds are sensitive to their environment, for example, temperature 
 and pH. Increasing temperature leads to increased molecular movement and 
 collisions, resulting in less fluorescence due to quenching (see below). Moreover, 
 both the wavelength and the emission intensity can be affected by pH, since ionized 
 and nonionized forms of a fluorophore lead to different excited states (Skoog and 
 Leary, 1992). Radiation lower than 250 nm is sufficiently energetic to cause 
 deactivation of the excited states by predissociation or dissociation (Skoog and 
 Leary, 1992). As an example, UV radiation of 200 nm corresponds to about 
 600 kJ/mol which is more than the dissociation energy for C-H bonds of 414 kJ/mol. 


Interactions between a fluorophore and other substances can cause quenching, which 
 leads to the reduction of fluorescence. Collisional quenching occurs when an 
 excited-state fluorophore is deactivated upon contact with another molecule in the 
 system. Examples of collisional quenchers include oxygen, halogens and amines 
 (Lakowicz, 1999). Other types of quenching are, for example, formation of 
 nonfluorescent complexes of fluorophores with quenchers or attenuation of the 
 incident light by the fluorophore itself or other absorbing species (Lakowicz, 1999). 


Quenching may happen in complex food systems usually consisting of many 
 different substances with the possibility of interaction with a fluorophore.  


Fluorescence methods are relatively rapid, giving rise to fast collection of large 
 amounts of information. Quartz cells or optical fibres can be employed, which 
 makes fluorescence spectroscopy suitable for on-line implementation. Robust 
 fluorescence sensors based on fibre optics already exist, but their on-line 
 implementation in food processes has not yet been exploited.  


The most intense and the most useful fluorescence is found in compounds 
containing aromatic functional groups, but compounds containing aliphatic and 
alicyclic carbonyl structures may also exhibit fluorescence. Fluorescence 



(30)spectroscopy is widely used as an analytical technique in many fields of science 
 including chemistry, biology, biochemistry, medicine, environmental science and 
 food science (Munck, 1989a; Strasburg and Ludescher, 1995; Rettig et al., 1999). 


Fluorescence spectroscopy has been applied for several purposes in food science, 
 including control of nutritional quality (Birlouez-Aragon et al., 1998, 2001), 
 investigation of colour impurities of sugar (Baunsgaard et al., 2000), determination 
 of the level of lipid oxidation in meat and fish (Aubourg, 1999; Wold and Mielnik, 
 2000; Wold and Kvaal, 2000), investigations of fish and fish extracts (Andersen et 
 al., 2002; Andersen and Wold, 2002), quantification of intramuscular fat (Wold et 
 al., 1999a), quantification of connective tissue (Swatland et al., 1993; Swatland, 
 1997; Swatland and Findlay, 1997; Wold et al., 1999b), replacing expensive 
 digestibility tests for assessing the quality of fish meal (Dahl et al., 2000), 
 determination of deterioration of frying oils (Engelsen, 1997) and detection of plant 
 tissue components (pericarp, aleurone and endosperm) in wheat by using fluorescent 
 indicator substances for monitoring the separation in milling (Munck, 1989b; 


Pedersen and Martens, 1989). 



2.3. Chemometric methods 


The spectroscopic methods used in this thesis, FT-IR, Raman, NIR or fluorescence, 
 produce covariant multivariate data containing hundreds or thousands of variables 
 for each sample. A chemometric approach allows qualitative and quantitative 
 information to be obtained from these complex spectral data. Chemometric methods 
 are mathematical and statistical methods which decomposes complex multivariate 
 data into simple and easier interpretable structures that can improve the 
 understanding of chemical and biological information. The bilinear chemometric 
 methods, Principal Component Analysis (PCA) and Partial Least Squares 
 Regression (PLSR) are used for multivariate data overview and multivariate 
 calibrations. The spectroscopic methods provide a data vector (x) (FT-IR, Raman 
 and NIR) or a data matrix (X) (fluorescence) for each sample.  


2.3.1. Exploratory data analysis 


In order to explore the multivariate data the most fundamental chemometric 
algorithm PCA (Pearson, 1901; Wold et al., 1987) was applied. PCA is a 



(31)mathematical procedure applied to spectral data to generate new latent variables 
 which are orthogonal and thus uncorrelated to each other. The purpose of PCA is to 
 express the main information contained in the initial variables in a lower number of 
 variables, the so-called principal components (latent variables), which describe the 
 main variations in the data. In PCA the data are projected from the original 
 coordinate system into the new system of principal components, as depicted in 
 Figure 2-6.  


Figure 2-6. Data points (x) in the original coordinate system (xyz) (A) and projected on to 
 the two principal components (PC-1 and PC-2) (B) 


Each component (each new variable) is a linear combination of the original 
 measurements. In the figure, the principal component lies along the direction of 
 maximum variance in the data set. This projection of data is continued by 
 composing additional, orthogonal principal components, until all latent structures of 
 the data are described. In this way PCA provides an approximation of the data 
 matrix (e.g., near infrared spectra of a number of samples) in terms of the product of 
 two low-dimensional matrices T (scores) and P’ (loadings). These two matrices 
 capture the systematic variation of the data matrix 


X = TP’ + E 


and leave the unsystematic variation in the residual matrix (E). Plots of the columns 
 of T (score plots), (Figure 2-7A), provide a picture of the sample concentrations of 
 the principal components, while plots of the rows of P’ (loading plots) depict the 
 variable contribution to the principal components, (Figure 2-7B).  
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