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Abstract: Integrated investigations on the infrared spectroscopic characteristics of
metabolites and on applications of infrared spectroscopy to foodstuff production, food
processing and tasting are described. As the important metabolites, saccharides, which
play very important roles in various functions are located in the central position of the
metabolic pathways, were selected, and the spectral features the saccharides and related
materials are discussed. Additionally, the applications of such a spectral analysis to the
monitoring of the enzyme reaction and the sugar metabolic processes, which are the main
materials in food processing, are described. Furthermore, the studies on the spectroscopic
measurements during the cultivation of agricultural products as foodstuffs and in the
tasting as the final quality evaluation of foods are represented. These results suggest that
infrared spectroscopy could be very effective for evaluating foodstuff production and the
tasting of the processed foods and that the applied topics should provide fundamental

information about the spectral behavior of the metabolites and bioproducts.
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INTRODUCTION

People are becoming more health-conscious, therefore, it is necessary to produce
sustainable and high quality foodstuffs and processed foods. Recently, food safety and
guaranteed of food brands have become more serious subjects of foodstuff production
and the marketing of processed foods. Quality management (such as following the ISO
9000 family), food safety management (such as following the ISO 22000 family) and
environmental management (such as following the ISO 14000 family) during cultivation
and the processing of the foodstuffs are important in order to consistently produce high
quality products for the marketing. Combination of Good Agricultural Practices (GAP)
and Good Manufacturing Practice (GMP) are becoming the new factors in all
comprehensive management plans in the agricultural fields and food industries. For such
a purpose, food traceability systems are actively being developed using advanced
information and communication technology (ICT). However, in many cases, there is a
lack of evidence of the food qualities based on the sensing data.

Therefore, the quality evaluation and control of foods and agricultural products
based on the actual sensing data are required in order to consistently manufacture high

quality products. For food safety, quality sensing from the foodstuff production to the
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tasting of foods is needed and should be simple, non-destructive, simultaneous, rapid,
qualitative and quantitative. In addition, the usefulness of the measured data for software
evaluations is also required. The optical and spectroscopic methods could theoretically
satisfy their requirements. Furthermore, most of the recent remarkable non-destructive
measurements of food and agricultural products are based on optical and spectroscopic
techniques. Especially, the appearance sensing of them using visible rays (1) and the
internal component measurements by infrared (IR) spectroscopy (2) are popular and
widely utilized. The former is divided into the shape and color measurements, and the
three-dimensional shape analysis and full-color analysis are common techniques. The
latter is roughly divided into near and mid-infrared (NIR and MIR) spectroscopic
applications. The NIR applications are very extensive in agricultural and food processing
research areas (2-8) along with the chemometric techniques such as Partial Least-Squares
(PLS) and Principal Component Regression (PCR) methods. On the other hand, there are
many theories on the fundamental vibration modes of various functional groups for MIR
spectroscopy and linear regression analysis at a specified wavenumber would be effective
and useful in many cases. However, the strong absorption of the MIR rays by the water
inside foods is a problem. The spectroscopic method using a Fourier transform infrared
(FT-IR) spectrometer equipped with an attenuated total reflection (ATR) (9, 10) accessory
(FT-IR/ATR) has substantial potential as a quantitative tool for such measurements (11,
12).

The quality of foods and agricultural products is influenced by not only the

molecular structure of the components, but also the interactions between the molecule
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and its environment. This review focuses on the applications of IR spectroscopy for
quality evaluations and control through the foodstuff production to the tasting of the
processed foods based on the fundamental subjects which are mainly our studies, since
the IR spectrum could be reflected by such factors and most of the component have very
active in the IR region.

First, this review describes the spectral features of metabolites, especially
monosaccharides and disaccharides, such as glucose and sucrose, which play very
important roles in various functions and are located in the central part of the metabolic
pathways. Also, the saccharides are very important components that influence the quality
of the agricultural products and the food tastes. Moreover, the studies on the
spectroscopic measurements during the food processing and cultivation of agricultural
products as foodstuffs are explained. Control and evaluation of the quality of agricultural
products are very important in order to make stable and suitable cultivation management
practices, and the monitoring of the enzyme reaction and the sugar metabolic processes as
the point materials in the food processing. Furthermore, the tasting as the final quality

evaluation of foods using IR spectroscopy is described.

INFRARED SPECTROSCOPIC CHARACTERISTICS OF METABOLITES

Saccharides in Aqueous Solution

Saccharides, based on the degree of polymerization, can be classified as

monosaccharides, disaccharides, oligosaccharides, and polysaccharides. Each of the four
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classes of saccharides plays an important role in biological products. For example, the
polysaccharides are stored fuels (starch) and structural materials (cellulose), and the
oligosaccharides have various functions in biological activities. The monosaccharides and
disaccharides, such as glucose and sucrose, occupy a central position in the sugar
metabolic bioprocess. Among these saccharides, the monosaccharides and disaccharides
are important biomolecules (13). In addition, water is a major constituent of the
bioproducts and foods; and it is important to determine the interaction patterns between
the saccharide molecules and water. This is especially important for the saccharides-water
interaction, when the disaccharide, trehalose, substitutes for water and maintains the life
of organisms exposed to an arid environment (14). The interaction between the
saccharides and water is closely related to their constituent monosaccharides, types of
glycosidic bonds, and degree of polymerization (15, 16).

The MIR spectra of monosaccharides in aqueous solutions (0.30 M) are shown
in Figure 1 (17), which was obtained by subtracting the spectra of the solvents multiplied
by a factor calculated using the density of the solvents and molar concentration of the
solutions. Therefore, the absorption of saccharides and interactions between them and the
solvents were observed in the spectra as shown in Figure 1. Different spectral patterns
were found in the fingerprint region from 1200 to 950 cm™ for each of the
monosaccharides in the aqueous solutions, indicating that the interaction between the
monosaccharides and solvents depends on the structure of the saccharides and on the type
of solvents.

The fingerprint region represents the characteristics of the C-C, C-H, C-O and
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O-H vibration motions of the saccharides. As a result, many peaks were observed in the
region and overlapped each other in a complex manner. Among the carbohydrates,
glucose in the aqueous solution has been extensively studied by the infrared
spectroscopic method (18-23). Especially, the absorption band at 1150 cm™ has been
identified as a characteristic of the pyranose sugars (18) while the band at 1100 cm™ has
been assigned to the combined vibration modes including C-C, C-O and C-OH (19). The
band at 1080 cm™ is typical of the bending vibration mode of C-1-H (18, 19). The band at
1030 cm™ corresponds to the C-4-OH vibration (20). Furthermore, for fructose in the
aqueous solution, there is a C-1-OH vibration mode at 1060 cm™ (22). We also observed
the above-mentioned absorption bands in the spectra of mannose, galactose and talose in
the aqueous solutions. However, in the same and diluted concentrations, the
monosaccharides structure consisting of a pyranose or franose ring and the C-OH
orientation affected the absorption intensity rather than the wavenumber shift.

The MIR spectra of the disaccharides in the aqueous solutions (0.15 M) are
shown in Figure 2 (17). The spectra were extracted using the same method as that of the
monosaccharides spectra. Various spectral patterns were found in the fingerprint region
for each disaccharide. In the spectra of trehalose and maltose, the absorption band at 1030
cm™ corresponds to the C-4-OH vibration of the glucose residue (21). The band in the
glucose spectrum such as 1080 cm™, assigned to the bending vibration mode of C-1-H,
was observed in the spectra of the disaccharides in the aqueous solutions. The absorption
bands were also observed in the spectra of the other ones that consist of two glucoses in

the aqueous solutions. Furthermore, for sucrose in an aqueous solution, there is a C-1-OH
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vibration of the fructose residue at 1060 cm™ (21). The above-mentioned absorption
bands were also observed in the spectra of the others consisting of glucose and fructose.
The glycosidic linkage position and the constituent monosaccharides had effects on the
absorption intensity rather than on the wavenumber shift. The characteristic spectral
pattern in this region and sharp peaks at 995 cm™, assigned to the vibration mode of the
glycosidic linkage (21), were observed for trehalose and sucrose containing the same type
of glycosidic bond in the aqueous solution. This indicates that, regardless of their
constituent monosaccharides, the same type of glycosidic bonds, as trehalose, have
similar effects on the disaccharides-water interactions. Based on the above discussions,
Kanou et al. indicated the significant influences of the glycosidic linkage position and the
constituent monosaccharides on the infrared spectral characteristics of the disaccharides

in the aqueous solutions that could be determined using the FT-IR/ATR method (17).

Saccharides in Aqueous Solutions with Alkaline Metal Salts

For the hydration of electrolytes, such as Na and K, their importance in a
biological medium is as well known as that of the saccharides. The Na" and K" ions are
involved in the membrane potential change and, very likely, their distribution. The rate of
their transfer across the receptor membrane is essential to the chemoreception in
biological products (13). Additionally, since water is the major constituent of the
bioproducts, the interaction between the saccharide molecules, salts and water is one of
the most important factors for the organisms. This subsection focuses on both the

chlorides of alkaline metals including Na and K as salts and glucose which plays a very
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important role in the organisms.

The MIR spectra of water and a 2.0 M glucose solution with various
concentrations of NaCl are shown in Figure 3 (24). The OH stretching vibration region
from 3800 to 2800 cm™ and the OH bending vibration region from 1850 to 1350 cm™
showed that the spectral pattern continuously changed when the concentration of NaCl
increased, similar to the spectra of the aqueous solutions of NaCl,. Additionally, the
spectral pattern changed in the fingerprint region from 1200 to 950 cm™ for glucose.
These spectral features were also found in the spectra of 2.0 M glucose solutions
containing LiCl, KCI, RbCl, and CsCl. As mentioned above, in the OH stretching
vibration region from 3800 to 2800 cm™, we clearly observed the influence of chlorides
on the water and solution for each chloride. However, in this region, the OH stretching
vibration of both the glucose molecules and the hydrogen bonding between the glucose,
NaCl and water overlapped. Therefore, we focused our attention on the fingerprint region
(1200 to 950 cm™) of glucose.

Figure 4 indicates the subtracted spectra of glucose in the NaCl aqueous
solutions (24). Since we used the factors of water and NaCl, the absorbance of the
glucose includes the interaction between the glucose, NaCl and water. The varying
spectral pattern was found in the region from 1200 to 950 cm™ for each NaCl
concentration. It was found that the glucose, NaCl-water interaction depended on the
concentration of NaCl, because the glucose concentration was fixed 2.0 M. To correlate
those interactions with the concentrations, we subtracted the spectrum of glucose in the

aqueous solution without NaCl from the spectra of those with NaCl as shown in Figure 5.
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Therefore, these spectra exhibited the influence of solvents consist of NaCl and water on
glucose. Figure 5 shows that the spectral pattern continuously changed and that the
absorbance of the functional groups increased with the increase in the NaCl
concentrations (24). These results indicated that the influence of solvents on the
functional groups of the glucose molecules increased with those of the NaCl
concentrations. In the fingerprint region, there are many peaks due to the C-C, C-H, C-O
and O-H vibration motions of the saccharides, which complicatedly overlap each other
(Figures 4 and 5). From comparison between Figures 4 and 5, it was found that the
influence of the NaCl concentration on each functional group of glucose for the
above-mentioned absorption bands shifted to lower wavenumbers. These spectral features
were also observed in the spectra of the 2.0 M glucose solutions with LiCl, KCI, RbCl,

and CsCl.

Ionic Dissociative Metabolites

As the pH value varies everywhere in a biological system, the ionic dissociative
conditions of the metabolic components should be noticed. The application of
spectroscopy, especially in the infrared region, to such measurements is desirable as a
high potential implementation. Incidentally, the spectroscopic method using an
FT-IR/ATR method provides substantial potential as a quantitative tool based on the
molecular structure and on the interactions between the molecule and its environment.

The pH-dependency of the MIR spectra in an aqueous solution of the organic

dissociative materials in the metabolic pathway, such as saccharide phosphates (G6P,
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F6P), adenosine and its phosphates (ATP, ADP AMP), was studied (25). The series of
molar absorbance spectra for these reagents were obtained in the pH range from about 2
to 11 for the FT-IR/ATR method using a horizontal diamond internal reflection element
(IRE).

The ATR spectrum of the ionic dissociative material in the aqueous solutions
significantly changes with pH. In Figure 6 (25), the molar absorbance spectra of the G6P
aqueous solution at different pHs are presented. The phosphoric group contained in G6P
gives the sharp peak at 980 cm™. A similar pH dependency of the results shown in Figure
6 was observed for the other ionic dissociative metabolites (25, 26). The above spectral
behavior was analyzed as follows.

The pH-dependency of the ATR absorbance spectrum for an ionic dissociative
material XH, in an aqueous solution could be explained by the equilibrium shift among

the ionic dissociation components (ionic species).

XH, <2 5 XH, | +H" <22 5 XH2, +2H  « 2o oo P 5X™ 4 nH ™" (1)

Henceforth, the spectrum of each ionic species was assumed to be not affected by the
hydrogen ion concentration and satisfies the spectral additivity for the ionic species. The
spectrum from which the pure water spectrum was subtracted can then be decomposed by

the assumed spectra of the ionic species, as follows:

Abs(v,pH) =Y ¢, (pH) Abs,(v)  (2)

i=0
where, v denotes the wavenumber, Abs(v, pH) is the subtracted spectrum per unit molar

of the reagent. c;(pH) is the fraction of the reagent's total concentration for the i-th ionic

-10 -
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species with the charge -i, and 4bs(v) is the molar absorbance spectra of the i-th
components. According to the dissociation equilibrium theory, the fraction for the i-th
component ¢; (pH) can be expressed as a function of pH with the parameters of the

dissociation constants pK,.

iy = XHLT 1
Cy (p ) - C - 1+1 0pH7pKl + 1Op[—[7p](l 1 OpH—pK2 bt loprpK] w1 OprpKn
¢ (pH) = [XH,,] 107P%
AP e T 0P 0P R 0P o 0P g (3)
-~ [XHiz] B 10PH-PKi1 oPH-PK,
& P = = 0 107 0T 1 10T 1

Here, C denotes the total concentration of the reagent in the aqueous solution. The
dissociation constants pK; of the reagents were found in the literature (27, 28).

By performing the multiple linear regression analysis using the model formula in
Equations (2) and (3), the molar absorbance spectra of ionic species for G6P, as well as
the corresponding monosaccharide, glucose, were obtained as shown in Figure 7 (25).
Two ionic species for G6P were obtained in the measured pH range, G6P™ and G6P*. By
comparing the ionic species of G6P with glucose, we observed that the characteristic
absorption of glucose in the fingerprint region was inherited by the ionic species of G6P,
especially the -1 charged ion; G6P". On the contrary, the sharp peaks at 1080 cm™ and
990 cm™ observed in the orthophosphoric acid (25) are apparently identified in the
absorbance spectrum of the -2 charged ion; G6P*",

Using the molar absorbance spectra of the ionic species of the dissociative

materials obtained in this procedure, the molar absorbance spectra of the dissociative

S 11 -
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materials in aqueous solution at any pH could be reconstructed. In Figure 8 (25), the
synthesized spectra for G6P at pH 5.78 and 7.10 are compared with the observed spectra
when prepared at these pH values. The agreement of these spectra was fairly good. This
suggests that it will be possible to construct a quantification system for the concentrations

of the organic dissociative materials at varying pH.

APPLICATION TO AGRICULTURAL FIELDS

Measurement of Multiple Modes of Nitrogen

Valuable information on plant nutrition needs to address not only the nutrient
contents, but also their balance in the plant organs over the entire period of plant and
harvest product development. A quantitative monitoring should be carried out by a simple
to use, non-destructive, simultaneous, and rapid method. In addition, the measured data
need to be retrieved for future simulations using various modeling software programs.
Application of X-ray fluorescence (XRF) for the chemical element measurement and
MIR spectroscopy for the organic component measurement shows a high potential for
process implementation in the entire supply chain (29-32). Incidentally, for developing
portable spectrometers, both spectroscopic methods provide substantial potential as
quantitative tools in the field to analyze the plant vigor. This subsection describes the
development process of a simultaneous and quantitative method for evaluating the
elements and the plant vigor using MIR spectroscopy (33). The MIR information on the

nitrogen in different modes was studied in the tomato leaf for obtaining on-site data of the

-12-
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nutritional status of the plant.

Figure 9 shows the MIR spectra of the fresh tomato leaf and the leaf models
impregnated with some variations in the concentrations of proteinic and nitrate mixed
nitrogen solutions (33). The spectra of the leaf models had the spectral features very
similar to the fresh tomato leaf. Weak peaks are observed at around 1350 cm™ where the
absorption band of the NO stretching mode of the nitric functional groups could exist.
Furthermore, absorption peaks of the amino functional groups at 1650 and 1550 cm’
could not be easily recognized, since the very high peak due to the OH bending of water
was observed around this band.

The MIR spectra of the leaf models after the spectral subtraction of the leaf
model impregnated by water provided the MIR spectroscopic information about the
components under question. At 1350 cm’, the order of the absorbance versus that of the
nitric acid concentration of the leaf model were measurable (Figure 10 (33)). As a result,
the nitrate nitrogen content in the leaf model could be determined by the MIR
spectroscopic method. Furthermore, the simultaneous determination of the nitrate and
proteinic nitrogen would be possible using the ratio of the nitrate nitrogen content to the
proteinic one.

These results show the significant potential of obtaining the nutrient information
on the nitrogen in the adapted calibration models by applying the spectroscopic method.
Additionally, the spectral information could also be associated with the other information
related to the plant vigor (34), especially with the image information obtained by a digital

camera (35-38) in an easy and cheap way.

- 13-
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Measurements of Pesticide Residues and Classification

The consumer’s concern for food safety has caused the strongest need for a rapid
and accurate measurement method of pesticide residues in foods, such as the agriculture
products that are eaten raw. However, the conventional methods, such as chromatography,
are not feasible, because these methods take several hours or, in some cases, several days
to measure the pesticide residues. Infrared spectroscopy has been used for the rapid,
non-destructive and easy measurements of pesticide residues on agricultural products and
the classification for a safe food source supply. Kurt ef al. developed the FT-IR/ATR method

to detect three kinds of bactericides (39). Figure 11 shows the spectra of lettuce with or without

daconil, oxine-copper and topsin-M (40). Significant differences in the spectral features are observed.
Furthermore, Ishizawa et al. suggested that the FT-IR/ATR method could have the potential to be a
rapid and accurate system for the measurement of the pesticide residues (40-42). Also, his group

proposed the Fourier transform infrared diffuse reflectance spectroscopy (FT-IR-DRS)

measurement system to achieve this aim by using pattern recognition (43, 44).

APPLICATION TO FOOD PROCESS

Biggs reported the MIR spectroscopic quantification of milk fat, protein, and
lactose in milk in 1967 (45), and this was the first scientific report about food analysis
using the MIR spectroscopic method. Since then, there have been many approaches for
food analysis using the IR spectroscopic methods (for example; 46-48). In this subsection,

the applications of such spectral analyses to the monitoring of the enzyme reaction and

- 14 -
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the sugar metabolic processes, which are the central materials in food process, are

represented.

Quantification System of Ionic Dissociative Materials

In cells, every enzyme reaction proceeds in conjunction with and in parallel to
some of the other enzyme reactions. In addition, the kinetic parameters in vivo may be
different from those in vitro. Furthermore, each metabolite could choose the most suitable
molecular structure for its physical, chemical and biological environments, such as pH.
Some experimental approaches to determine these factors were reported (for example;
49). For such experiments, it is very important that not only the metabolite content
components, but also their molecular structures in the metabolic reaction system are
non-destructively and simultaneously monitored in real time. Moreover, as the pH value
varies everywhere in the biological system, the ionic dissociative conditions of the
metabolites should be determined in these analyses. In this and the following sections, the
simultaneous quantification method of the concentrations of ionic dissociative materials
and pH value and the continuous and non-destructive monitoring of the enzyme reaction
process associated with the ionic dissociative metabolites are described. The enzyme
reaction from G6P to fructose 6-phosphate (F6P) with D-glucose-6-phosphate
ketol-isomerase (PGI) was studied (50-52). This enzyme reaction occurs at the beginning
of the glycolytic pathway, which would administer the overall metabolism, and might be
appreciated as one of the most important biological reaction in experimental and

computational metabolic engineering.

-15-
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Every wavenumber corresponding to the negative peak of the second derivative
spectra of all the ionic components was assembled. Among the assembled peaks of the
second derivative spectra, we selected ones corresponding to the peaks of the absorbance
spectra. Additionally, the wavenumbers corresponding to lower determination coefficients
for the MLR analysis in the above spectral extraction (25) were removed. We then
selected the 24 wavenumbers corresponding to the peaks of the absorbance spectra from
1186 to 926 cm™ in which the metabolite spectra would not be affected by the enzyme.

Again, the MLR analysis about the relationship between the second derivation
values at each selected wavenumber and the concentration of the dissociation component

in the G6P-F6P-Tris mixture solutions was performed for verification (53).
d*Abs(v,) = > C,d*4bs.,(v,)
ki

where, v, denotes the selected wavenumber. For the seven samples prepared for the
verification, the concentrations of the dissociation components Cy; were calculated. We
evaluated the pH value of the G6P-F6P-Tris mixture solution using the relation of the
dissociation equilibrium for the calculated concentration of the dissociation components
of the Tris that could control the pH value as the buffer. With the calculated pH value and
Cx; values, we quantified the G6P, F6P and Tris concentrations using the dissociation
equilibrium relation.

A comparison of the calculated values with the actual pH value and G6P, F6P
and Tris concentrations is shown in Figure 12 (50). The very good agreement between the
actual and the estimated values were observed in all cases. Their correlation coefficients

are all higher than 0.997, and we determined a sufficient accuracy

- 16 -
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In this quantification system, the concentrations of the dissociation components
of the Tris buffer were used to calculate the pH of the sample. In other words, the
dissociative reagent itself acted as a kind of pH indicator. Especially, materials used for
buffer typically shift the ionic dissociation equilibrium around its buffering range. Since
the reaction mixture for the enzyme assay usually contains a buffer, it is an advantage of
our quantification system that the buffering materials itself can be utilized for the pH
indicator. Moreover, the infrared spectrum of each dissociation component of the
dissociative material calculated by the quantification system includes much information
about the molecular structure of biochemical substance in the metabolic systems. This
information will be significant for the analysis of the enzymatic dynamics during the

intracellular reactions.

Monitoring of Enzyme Reaction Associating with Ionic Dissociative Metabolites

The simultaneous quantification method of 1onic dissociative material
concentrations and pH values in the mixed solutions was applied to continuously and
non-destructively monitor the enzyme reaction process from G6P to F6P with PGI in a
constructed reactor equipped with an FT-IR system.

The time changes in the second derivative spectra of the reactant components
during the enzyme reaction are partly indicated in Figure 13 (52). The spectral changes
during the enzyme reaction process were very slight, and moderate spectral movements
were observed. This suggests that the G6P as the substrate would be spectroscopically

quite similar to the FOP as the product in this pH region. Such a spectral similarity would
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be common to the enzyme reaction in the metabolic pathways and cycles.

We applied the developed quantification method to the time behavior of the MIR
spectral information of the reactant (Figure 13) obtained by the reactor system. Figure 14
shows the time courses of the quantified metabolite concentrations and pH value during
the enzyme reaction (52). The pK wvalues used in the quantification process were
evaluated at 313 K (27, 28). This evaluation method of the pK values provided almost the
same accuracy for the MIR spectroscopic determination of the metabolite concentrations
and pH value at 313 K (data not shown) as that at 298 K presented in Figure 12.

As shown in Figures 14(a) and (b), the G6P and F6P concentrations successively
decreased and increased with the reaction time, respectively. Both of them finally reached
a plateau stage where they were very roughly around 15 mM. In addition, the fluctuations
in the time courses of the quantified concentrations of G6P, F6P and Tris were observed,
though the calculated pH value was stable throughout the enzyme reaction (Figure 14(c))
and the sample temperature was stable at 312.9 to 313.5 K (data not shown). Since the
agitation was not carried out during the enzyme reaction in this study, the stagnation of
the reactant on the IRE of the ATR accessory might cause fluctuations in the
quantification results. This is the principle problem, but it would be ease to alleviate the
fluctuation by mechanically improving the agitation conditions.

The G6P and F6P concentrations were also calculated by applying a simple
Michaelis-Menten type model with the acceptive kinetic parameters to the reaction
conditions. The calculated results are also displayed in Figures 14(a) and (b). No

significant difference was observed between the time behaviors of the concentrations
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calculated by the MIR spectroscopic quantification method and evaluated by the simple
calculation. Additionally, the Tris concentration determined by the MIR spectroscopic
method was roughly constant throughout the enzyme reaction, and the values were almost
the same as the actual one (Figure 14(c)). Moreover, the evaluated pH value in the
quantification agreed with the one measured by a pH meter (Figure 14(c)). These results
could suggest the acceptability of the developed method for the actual metabolic
reactions. Consequently, it could be possible to monitor the actual bioprocess in real-time
on-/in-line by attaching the IRE crystal equipped with the optical fiber and the simple

spectrometer.

Metabolite Content Determination in Plant Cell Culture Medium

Fermented bioproducts are widely utilized in various fields, such as the food
and agricultural industries. During the fermentation process, the monitoring and the
judgments of the fermentation state are very important for the successful production.
Alcohol and lactic acid fermentation play very important roles in food processing.
Saccharides, such as glucose, fructose and sucrose, are the key carbon sources, and
continuous monitoring using the infrared spectroscopic information is desirable (54, 55).
In this and the next subsection, example studies of the plant cell cultivation (56-61) and
the lactic acid fermentation monitoring are described, respectively (62).

Suspending cells in the liquid medium could sense the medium information and
the states of the other cells and uptake the nutrition components from the outside. The

components of such a medium in which the cells are involved in the biochemical process
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are always changing.

This subsection describes the potential of the spectroscopic method by
comparison with a high-performance liquid chromatography (HPLC) method and
applying the developed method to the simultaneous measurement of the ethanol content
with the sugar ones in the liquid culture media with suspended rice (Oryza sativa L.,
Japonica, cv. Nipponbare: R2S) and tabaccum (Nicotiana tabacum cv. Bright Yellow
No.2: TBY-2) cells, respectively.

Figure 15 shows the ATR spectra of sucrose, glucose, fructose and ethanol in the
R2S media, which were obtained after the spectral subtraction of water, in the fingerprint
region from 1300 to 900 cm™ (59). For the sugars, there were many peaks, such as the
CO and C-OH stretching modes, which complicatedly overlap each other (11, 12, 18),
especially in the region from 1150 to 950 cm™. In addition, ethanol had a significant
sharp peak around 1045 cm™, which did not overlap the sugar peaks mentioned above.
Thus, each sugar and ethanol in the medium with its spectral pattern can be identified in
this region. The peaks around 1055, 1036, 1065 and 1045 cm™ mainly characterize the
sucrose, glucose, fructose and ethanol spectra, respectively (59).

Focusing on the above wavenumbers, we made calibration curves between the
absorbance and the metabolite concentrations in the media and the following straight line
fit all the curves.

AW)=a,v)C, +b,(v) (5
where A/ v) and C; are, respectively, the absorbance and the concentration of the

metabolite (7) at the wavenumber (V). The slope, a ( v), of the straight line relates to the
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types of metabolites and the value of b,(v) may theoretically show the absorbance of the
medium without the metabolite.

For the calibration curves of the metabolites in the R2S medium, an excellent
linearity was observed for each metabolite at each wavenumber. Also, the correlation
coefficient for ethanol at 1045 cm™ where the ethanol spectrum has the sharpest and most
stainable peak as shown in Figure 15, is 0.999. In addition, those for sugars at that
wavenumber are all higher than 0.999. Moreover, the b(v) values at the four
wavenumbers for all the metabolites are equal to the experimental values of the
absorbance of the medium without the metabolite. These results indicate that the b values
can be used only as a function of the wavenumber.

Since the above results experimentally suggest that the FT-IR/ATR method may
have a potential for the metabolite content determination in the R2S medium, the MIR
spectroscopic metabolite content determination in the R2S medium was performed using

the Bouguer-Beer's law based on the assumption of the spectral additivity as follows (56,

59):

A01)=3a,(")C, +b(v) (6)

Equation (6) is rewritten as a matrix expression.

Aygss Aoeross Daeoss Dpnoss Yromgoss | Coe bygss
Aygss | caoss Dgicaoss Gpuioss Leon oss Coe : bygss (7)
Ages Aoeros Cgeross Ypunoss Yromioss | C fru biges
Ass) \Gactnss Qgeioss Dputoss Domions \Coon ) Dioss

where the left subscripts suc, glc, fru and EtOH, respectively, mean sucrose, glucose,

fructose and ethanol. The right subscripts indicate the wavenumbers. Moreover, Equation
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(7) has the other expression (Equation (8)).

-1

Ce Aueioss Dyeross Dputoss Deomoss | | Aioss = Dioss (8)
Cglc | Foucaoss Qgieposs Apugoss  Aeon o3 Aygzs = by
C_m, Qoeross Ggetoss Dpgoss Lromoss | | Aioss —Dioss
Cron Aeioss Dyerors Dpuioss Deomioss ) \ Aigas —Dios

In the comparison of the metabolite contents in the R2S medium determined by
the above MIR spectroscopic or HPLC method, which is one of the present standard
methods, with the actual ones, an excellent agreement between the actual and estimated
metabolite contents for both analytical methods is obtained. Their correlation coefficients
are all higher than 0.99. This may suggest that the FT-IR/ATR spectroscopy is applicable
for the content determination of not only the sugars, but also ethanol (the metabolic
product) as an accurate method. In addition, it takes ten or twenty minutes for the HPLC
measurement while the ATR spectrum was obtained within one minute. Furthermore, the
MIR spectrum provides the information about all components having an infrared activity,
though the HPLC data provide only information for each component after the
pre-treatment for the HPLC measurement. Hence, the MIR spectroscopy has a higher
performance than the other analytical methods for monitoring the cultivation process
from the viewpoint of the kinetic metabolic analysis.

Figure 16 is a comparison of the quantification results of the metabolites in the
R2S medium during the rice cell cultivation using the MIR spectroscopic method with
those using the HPLC method (59). Very good agreements for the sugar and ethanol
contents between both were observed and the validity of the application of the simple and
rapid MIR spectroscopic methods to the simultaneous determination of the nutrient and

productive content during the rice cell cultivation were experimentally confirmed. Hence
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these results indicate that the sugar consumption and ethanol production behavior during
cultivation could be continuously observed using the spectra in the R2S culture medium
for the rice cell cultivation by the FT-IR/ATR method.

In addition, for the MS medium with suspended TBY-2 cells, which produce
little ethanol during cultivation, the sugar content determined by the MIR spectroscopic
method based on the ethanol existence in the medium indicated a better accuracy than
that determined by the previous method neglecting the absorption by ethanol in the
medium (56). Therefore, the spectroscopic method described in this paper could be
developed as a technique to analyze the overall kinetic metabolism of the suspension
plant cells because the FT-IR/ATR method has the potential to theoretically determine

most of the metabolites including the ionic dissociative materials (25, 50).

Yogurt Fermentation

The lactic acid fermentation was performed under the different conditions of the
media and the starter concentration in order to examine the FT-IR/ATR method for the
medium component measurements. Yogurts were made from the mixture of the medium
(reconstituted skimmed milk) and yogurt starter. The Skim milk powder consisted of
4.48% moisture, 0.72% fat, 34.46% protein, 7.77% mineral and 52.77% lactose, and the
starter contained Streptococcus thermophilus and Lactobacillus burgaricus strains. The
media with the suspended sample strains were soaked in a thermostated water bath at 310
K for 6 h.

Figure 17 shows an example of the spectral evolution of the yogurt-fermentation
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sample between 1200 and 800 cm™ (62), where the spectrum characterizes the sugars.
These spectra were characterized by the peaks at 1075 and 1041 cm™ resulting from the
ether CO vibration and C-OH vibration of the lactose, respectively (11). Since the peak at
1075 cm™ was the most stable, the absorbance of this peak was used in this study. A
two-point baseline correction with the absorbances of 1184 and 960 cm™ was done to the
absorbance of the peak at 1075 cm™. Based on the results shown in Figure 17, the acidity
change during the fermentation was examined. The linear relationships between the
corrected absorbance at 1075 cm™ were obtained for all the medium concentrations, and
all correlation coefficients were greater than 0.998. The slopes of the line were all -0.036,
which meant that the efficiency of the lactose metabolism to lactic acid was constant
throughout the fermentation process.

Additionally, the peaks from the protein dynamically changed with the
fermentation time as shown in Figure 18 (62), which represented the structure behavior of
proteins in the medium due to the pH change based on the lactic acid production during
fermentation. This suggested that the FT-IR/ATR method could be applicable not only to
evaluate the lactic acidity based on the lactose content in the fermentation medium, but

also to monitor the change in the protein structure.

DEVELOPMENT OF TASTING ROBOT

This subsection describes an artificial sense of taste and the world's first “tasting

robot” (63-65), which was developed by collaboration of NEC System Technologies, Ltd.,
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and Mie University under the support by The New Energy and Industrial Technology
Development Organization (NEDO) for the Robot Project: Prototype Robot Exhibition at
EXPO 2005 AICHI, JAPAN (66).

Lendl et al. proposed the “optical-tongue” concept based on the spectroscopic
information of foods (67). We have developed an optical-tongue with an IR sensor. It is
attached to a personal robot, PaPeRo (68). The optical-tongue is the integration of the IR

spectroscopic technologies with pattern recognition technologies.

Concept of Tasting Robot

The robot could be expected to have at least three major potential when it has a
sense of taste. The first potential is to qualitatively and quantitatively analyze the major
components in a food sample such as sugar and fat. Because a human doesn't have this
ability, the robot with this ability can provide useful advice to a human in various
situations. The second potential is to express the similar taste feelings of a food sample to
a human's. Humans have various words and phrases to express their feelings of taste; “I
am sure you will like this wine and it matches well with Sushi”. A robot with this ability
can become a critique of food and a human can enjoy a discussion about food or drink
with the robot. The last potential is to identify the names of food products. It requires a
human with special skills and training. If the robot has the ability, a human can have
his/her own sommelier and obtain useful and interesting advice. In addition, if the name
of a food product is spectroscopically identified, its main components and average

contents are then estimated by referring to the literature.
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There are two approaches to provide information about the sense of taste by
analyzing the food and its components. One is the use of transducers of a sensor
composed of lipids immobilized with polyvinyl chloride. The sensor has the concept of
"global selectivity" which is the ability to classify enormous amounts of chemical
substances into basic taste groups such as saltiness, sourness, bitterness, umami and
sweetness (69). This approach is effective to realize the second and third abilities defined
in the previous subsection. The size of the sensor is now similar to a desktop PC.

The other one is the use of the spectroscopic fingerprint information of foods;
i.e., an optical-tongue technique (11, 12, 17, 64, 69-73). It has the advantage of requiring
a very short measurement time. This approach is then effective to realize the first and
third ability defined in the previous subsection. In addition, the size of the sensors is
getting smaller. Furthermore, the hand-held sensors are already commercialized, and it is
now possible to attach a sensor to a personal robot.

The tasting robot has an architecture consisting of three modules (Natural
language dialog module, Taste analysis module with an IR sensor and its controller, the
Advice generation module) as shown in Figure 19 (63, 64). We also decided to use a
commercial robot software development tool, RoboStudio (74). It provides the natural
language dialog module. By using RoboStudio, a human designer just defines a set of
scenarios which describes a sequence of conversation dialogs between a human and a
robot.

We assumed that the tasting robot will be placed in a dining kitchen or on a

dining table and taste foods and drinks. Therefore, its size must be similar to a thermos
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bottle. PaPeRo is also a small partner robot. It is about 0.5 m tall with speech recognition
and generation functions. Because it satisfies our requirements, we decided to use

PaPeRo by attaching an arm with an IR sensor as shown in Figure 20 (63, 64).

Spectroscopic Fingerprints of Foods

It is known that each food has different IR spectral characteristics; i.e., the
spectroscopic fingerprints. For example, the differences in the spectral pattern among the
varieties and of the intensities of the peaks characterizing each type are observed. We
could then understand the quantitative spectroscopic fingerprint information of foods.
Therefore, there are two independent methods for analyzing a food spectrum as indicated
in Figure 21 (63, 64). Both of them are stored in the taste analysis module shown in
Figure 19.

The spectroscopic quantification was performed by studying the concentration
dependencies of the spectra of the main components such as the sugar, acid and fat in a
food sample (an example is shown in Figure 22 (65, 71)) and by making the calibration
curves. The quantification method was quite acceptable for a comparatively simple
foodstuff, but it was difficult to complete the perfect calibration curves for the chemically
and structurally complicated foods.

On the other hand, the pattern recognition techniques were introduced to identify
food names. The IR spectroscopic fingerprint information of various food samples were
accumulated and stored with their food names in a pattern database. If a food sample is

given, its spectrum pattern is compared with the stored spectrum patterns and the
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distances are calculated. A food name with the closest distance is assumed to be identical
to the food sample.

The basic algorithm of the food identification analysis consists of two steps.
Step-1 selects a set of wavenumbers which are effective for calculating the distances
between the spectra of a sample food and the stored one. Because a spectrum pattern
covers a wide range of wavenumbers (wavelength), the calculated distances at all points
over the wavenumbers is very time-consuming and ineffective. Step 2 uses a canonical
correlation analysis (66) where its input variables are the absorbance ratio at selected

wavenumbers of a spectrum, and its output variable is the food name.

Challenge to Develop Sommelier Robot in the Future

One of the most difficult foods we evaluated was wine. The spectral differences
among the tested wines were strikingly smaller than those among the other types of foods.
In order for the robot to be able to achieve the ability to differentiate wine, we made
several improvements as follows.
(a) Improvements were made to the resolution using an ATR accessory.
(b) Discrimination is conducted by focusing on the automatic extracted point.
(c) The robot is now equipped with the ability to ask questions in order to determine a
customer's wine preferences like a human sommelier. In this subsection, the focus is on
the spectroscopic analysis upon extraction of the wine fingerprints for the identification
(65, 73).

Figure 23 represents the absorbance spectra of red and white wines (65, 73),
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water and ethanol aqueous solutions. The spectral patterns of the wines show the
qualitative and quantitative agreements with those of the ethanol aqueous solution,
especially in the wavenumber ranges of 3100 to 2800 cm™ and of 1500 to 900 cm™. The
influence of the ethanol, which is the major component of the wine, on the spectral
information is too significant to identify a brand of wine based on the absorbance. The
spectral extraction of the wine components except for ethanol and water was then
examined.

By studying the spectral characteristics of the correlation coefficients between
the second derivatives of the ethanol in the aqueous solution and the concentrations and
the vibrational modes of the peaks characterizing them, the multiple linear regression
analysis model for the ethanol content determination using the second derivative values at

1981, 1419, and 1085 cm” was constructed. The ethanol contents estimated for the

alcoholic drinks consistently agreed with those obtained by a high-performance liquid
chromatography method. The ethanol spectrum in the wine, which was calculated on the
basis of the estimated ethanol content in consideration of the interactions between the
ethanol and water, was subtracted from the wine spectrum. Moreover, by subtracting the
water spectrum from the above one, the spectral information of the wine components
other than ethanol and water could be experimentally and simulatively extracted. The
absorption bands characterizing the wine components other than ethanol and water are
then clearly observed and the fingerprint information is able to be confirmed. Based on
the above improvements, the robot could identify several tens of wine brands (Figure 24

(65, 73)).
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The above method is an important step in the developments of the quality and
taste of wines based on the IR spectroscopic fingerprint, and the robot development was
selected by the TIME magazine as one of the Best Inventions of 2006 (75) and in the
2008 Guinness Book as the first wine-bot (76). However, in order to develop it for
various fields, there is a time when the improvement becomes necessary in the future. We

will continue to develop it in these fields.

CONCLUDING REMARKS

Recent developments in FT-IR and accessories have provided many kinds of
sampling techniques and new analyzing methods. These are very important for acquiring
the IR spectral information of wet bioproducts with complicated molecular and
geometrical structures and to better understand of them. This review mainly focuses on
the spectral features of saccharides, which play very important roles in various functions,
and occupy the center parts of the metabolic pathways. Additionally, the applications of
such a spectral analysis to the monitoring of the enzyme reaction and the sugar metabolic
processes, which are the main materials in food processing are described in this
manuscript. Furthermore, the studies of the spectroscopic measurements during the
cultivation of agricultural products as foodstuffs and in the tasting as the final quality
evaluation of foods are represented. These results suggest that infrared spectroscopy
could be very effective from the foodstuff production to the tasting of the processed foods

and that the applied topics should provide the fundamental information about the spectral
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behavior of the metabolites and the bioproducts. For the complicated materials in
agriculture and food processing, we need to understand the spectral features not only for
the peak analysis, but also about the influences of the geometric structures (77-84).

As for the recent progress in IR imaging, which is related to the food and
agricultural fields (85-91), the microscopic and macro imaging and remote sensing are
being actively studied. However, for more progress in the IR imaging, the spectral
understandings are consequently quite required and important studies. Moreover, the
relationship between the infrared and terahertz spectra (92-96) might be one of the
challenging topics related to this review (97). Therefore, the fundamental and canonical
spectroscopic methods described in this paper could be in conjunction with the imaging
techniques in various scales and terahertz spectroscopy and have the potential to be a new
research field in food and agricultural engineering because of the affinities of the spectra

for software use.
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Captions of Figures

Firure 1. MIR spectra of monosaccharides in aqueous solutions (0.30 M).
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Firure 2. MIR spectra of disaccharides consisting of two glucoses in aqueous

solutions (0.15 M).
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Firure 3. MIR spectra of water and 2.0 M glucose solution with NaCl (NaCl

concentration; 0.0 to 4.0 M).

water b

glucose solution containing NaCl
NaCl concentration

[en I «» I an [ NS N W W W
NOOWO-_2NWhO
L]

Absorbance A [-]
o
(o]

=

4000 3500 3000 2500 2000 1500 1000

Wavenumber [cm'1]

Figure 3

-47 -



Applications of Infrared Spectroscopy to Biochemical, Food and Agricultural Process

Firure 4. Influence of NaCl concentration on MIR spectra of 2.0 M glucose in

aqueous solution with NaCl (NaCl concentration; 0.0 to 4.0 M).
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Firure 5. MIR spectral difference between spectrum of glucose in aqueous

solution with NaCl (0.0 M) and spectra of those with NaCl (0.1 to 4.0 M).
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Firure 6. pH-dependency of molar absorbance spectra of G6P.
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Firure 7. Extracted molar absorbance spectra of ionic species of G6P and

corresponding monosaccharide (glucose).
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Firure 8. Comparison of the synthesized spectra for G6P at pH 5.78 and 7.10 with

the observed spectra.
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Firure 9. MIR spectra of fresh tomato leaf and the leaf models.
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Firure 10. Relationship between absorbance at 1350 cm™ of MIR spectra of leaf

model components and nitric acid concentration of nitrogen mixture solution impregnated

into leaf model.
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Firure 11. ATR spectra of lettuce leaves of calibrated set: (a) sample in which
pesticides residues were detected, (b) sample in which pesticides residues were not

detected.
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Firure 12. Comparison of the calculated value and actual value: (a) pH value, (b)

Tris concentration, (c) G6P concentration, (d) F6P concentration.
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Firure 13. Time changes in reactant spectra.
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Firure 14. Time courses of metabolite concentration and pH value during enzyme
reaction: (a) G6P concentration, (b) F6P concentration, (c) Tris concentration and pH

value.
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Firure 15. ATR spectra of glucose, fructose, sucrose and ethanol in R2S medium.
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Firure 16. Comparison of sugar and ethanol contents in R2S culture medium

during rice cell cultivation evaluated by FT-IR/ATR method with those by HPLC method.
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Time behavior of ATR spectra of lactose in yogurt fermentation medium.

Firure 17.
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Firure 18. Time behavior of ATR spectra of protein in yogurt fermentation medium.
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Firure 19.
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Firure 20.

Figure 20

The architecture of the tasting robot.
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Firure 21. Scheme of analytical process of spectral information.
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Firure 22. Influences of citric acid concentration on orange juice spectrum

characteristics.
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Firure 23. Absorbance spectra of wines.
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Firure 24. Spectral characteristics of wine components other than ethanol and

water.
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