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ABSTRACT

The formation processes of humic-like substances have been simulated by heating glycine
and ribose mixed solution (0.1 mol I'") at 80 °C through the Maillard reaction. Ultraviolet-
visible (UV-vis), 3D excitation emission spectroscopy and size exclusion liquid
chromatography succeeded in quantitatively tracing increases of the products during the
heating of glycine and ribose mixed solution (0.1 mol I'"). 2D correlation spectroscopic
analyses suggested that a band area around 280 nm (UV2s0) and 254 nm absorbance
(UV2s54) can be used as measures of the formation of furfural-like intermediates and
humic-like products, respectively. They were monitored by in-situ UV-vis spectroscopy
with the original heatable liquid cell at 60-80 °C. Kinetic analyses of the obtained data
gave activation energies of 91.4-96.6 kJ mol™!. These non-destructive measurements by
in situ spectroscopic method did not require any additional procedures including drying
or extracting the solution and they can be effectively used for direct tracing of the reaction

progress and/or decomposition.

INTRODUCTION

In Earth’s surface environments, geochemical reactions generally take place in the
presence of water. Kinetic behavior of such aquatic geochemical reactions has been
generally studied by batch experiments analyzing solution and solid products by

extracting them from reaction containers. However, detailed changes of chemical species
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without their modification from the original aqueous states could not be monitored by
these batch methods. Therefore, in situ spectroscopic observation is expected to provide
direct non-destructive monitoring of changes in aqueous species with a fine time
resolution. In this study, simulated formation processes of humic-like substances by the
Maillard reaction were monitored by in situ Ultraviolet-visible (UV-vis) spectroscopy,
Three-Dimensional Excitation Emission Matrix (3D-EEM) spectroscopy and size
exclusion liquid chromatography. The validity of UV-vis tracing was evaluated by
generalized two-dimensional correlation spectroscopic analyses.

“Humic substances (HS)” is a general term of high-molecular-weight, yellow to black
colored organic matter in soils and sediments.! UV-vis spectroscopy is one of the simplest
measurements for HS because of their color. Although UV-vis absorption spectra of HS
are often featureless,” UV-vis spectroscopy has been conducted for evaluation of their
quantity and property.®>” In particular, absorbance at 254 nm has been often used as a
measure of dissolved organic matter (DOM) and natural organic matter (NOM). 3 On
the other hand, 3D-EEM and size exclusion liquid chromatography have been also used
for monitoring HS in natural water; Nagao et al. '° used high-performance size exclusion
chromatography for characterization of HS in natural water showing some fluorescence
peaks in the range of 250-500 nm of excitation wavelength (Ex.) and 300-600 nm of
emission wavelength (Em.). Since it is recently pointed out that destructive procedures
such as alkaline extraction or drying for HS analyses may limit precise examination of
HS,!! these non-destructive spectroscopic measurements are expected to provide precise
properties of HS.

On the other hand, the Maillard reaction is suggested to be one of possible processes
forming HS.'? It is a continuous reaction between an amino group in amino acid and a
carbonyl group in saccharides producing polymerized brown organic compounds,
melanoidins.!? It has been studied for long years by various researchers especially in food
chemistry because it is an important reaction changing not only colors but also flavors
and nutrients of foods.!* Since the Maillard reaction is a color changing reaction, UV-vis
spectroscopy has been often employed for measuring the reaction progress.'>!” However,
most of the Maillard reaction researches have been studied at relatively high temperatures
simulating food cooking conditions and there are very little information on time scales of
the Maillard reaction in geological environments,* except for some limited studies on
reactions between amino acids and kerogens (high molecular weight insoluble organic
matter) and analyses on dried products®!+!2,

Although UV-vis spectroscopy has been used in both the HS and the Maillard reaction

researches, the problem is how UV-vis spectra correspond to the Maillard reaction
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products including HS-like materials. In order to examine correlation among
spectroscopic data, generalized two-dimensional correlation spectroscopy (2D-COS) has
been used. It is a mathematical method to visualize correlation between bands in two
series of spectra changing in response to a perturbation, for example time, temperature
and composition. The two series of spectra can have the same or different spectral
variables.?? Since the first proposal in 1986,% the use of 2D-COS in spectroscopy has
been increasing.?* Recently in the HS researches, 2D-COS has been introduced for
examining the relationships among spectroscopic data concerning HS.?>%¢ In this study,
generalized 2D-COS was conducted on spectroscopic data obtained by the following non-
destructive direct measurements without any additional procedures including drying or
extracting the solution: UV-vis spectroscopy, Three-Dimensional Excitation Emission
Matrix (3D-EEM) spectroscopy and size exclusion liquid chromatography.

We first confirmed the progress of the Maillard reaction in the batch heating
experiments of 0.1 mol 1! glycine + ribose solutions at 80 °C. In order to examine
properties and molecular sizes of the products, the product solutions were analyzed by
(1) UV-vis spectroscopy, (2) Three-Dimensional Excitation Emission Matrix (3D-EEM)
spectroscopy and (3) size exclusion liquid chromatography. Glycine and ribose are
selected here as representative and simple amino and carbonyl bearing compounds.
Glycine is the simplest amino acid and ribose is a simple sugar compound, which is used
in nucleotides forming RNA and DNA.

Second, generalized 2D-COS were used to examine specific UV absorbances at 280
and 254 nm and their correlations to some of the above spectroscopic data.

Third, in order to evaluate precise kinetic data for the progress of the Maillard reaction
by using 280 nm and 254 nm absorbances, in situ UV-Vis spectroscopy with an original
heatable liquid cell was conducted on 0.1 mol I'! glycine + ribose mixture solutions heated
at 60, 65, 70, 75 and 80 °C for 0-144 hours, for accelerating the reaction.

MATERIALS AND METHODS
Preparation of batch solutions

0.2 mol I'! glycine and ribose solutions were prepared respectively by dissolving them
in pure water (MilliQ: Resistance > 18.2 MQ cm). These two solutions were mixed to
obtain 0.1 mol I'! glycine plus 0.1 mol I"! ribose solution. This glycine + ribose mixture
solution was subdivided into 16 polypropylene micro-tubes containing 1.5 ml of 0.1 mol
I'! glycine + ribose solutions. One of them was kept at room temperature (heated for 0
hour) and the others were heated at 80 °C in an electric oven for about 6, 12, 18, 24, 30,
36, 42, 48, 54, 60, 72, 96, 120, 144, 168 hours in order to accelerate the reaction. After
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heating at 80 °C for each period, the solution bottles were taken out from the oven and
stored in a refrigerator (6 °C). 0.1 ml of these batch solutions were diluted 100 times by
pure water (MilliQ) in order to prevent spectral saturation and fluorescence quenching for
the following measurements; (1) ultraviolet-visible (UV-vis) spectroscopy, (2) Three-
Dimensional Excitation Emission Matrix (3D-EEM) spectroscopy, and (3) size exclusion
liquid chromatography. In order to obtain UV-vis spectra of larger molecular weight
components in the 168 hour heated products, another 0.1 mol 1! glycine + ribose mixture
solution heated at 80 °C for 168 hours was prepared. It was put into a dialysis tube
(MWCO: 3500 Da, in pure water buffer) for 24 hours and dialyzed to obtain fractions
over 3500 Da.

Analyses of the batch solutions

(1) Ultraviolet-visible (UV-Vis) spectra were measured in a quartz cell (optical pass
length: 10 mm) by an UV-Vis spectrometer (V-570, Jasco). Pure water was measured as
a background spectrum, and then the diluted sample solutions were measured. UV-Vis
spectra were measured at a scanning speed of 400 nm min™! with a resolution of 1.0 nm
in the 190-1100 nm spectral range.

(2) Three-Dimensional Excitation Emission Matrix (3D-EEM) spectra were measured
in a fluorescence quartz cell (optical pass length: 2mm, width: 10 mm) by a three-
dimensional fluorescence spectrometer (F-7000, HITACH). Excitation wavelength (Ex.)
was 250-500 nm (excitation slit: 5 nm) and emission wavelength (Em.) was 300-600 nm
(emission slit: 5 nm). Scanning speed was 2400 nm min' at 5 nm intervals and
photomultiplier voltage was 400 V. All of the spectra were corrected based on rhodamine
B spectrum.

(3) Size exclusion liquid chromatography was conducted by using a High
Performance Size Exclusion Liquid Chromatography (HPLC-SEC) unit (EXTREMA,
Jasco) and a SEC column (YMC-Pack Diol 120, YMC, 35 °C). 50 mM sodium
acetate/acetic acid solution (pH = 7) was used as a common eluent. The injection volume
was 100 pl, the flow rate was 1 ml min!, and the analysis time was 30 min for each
sample. The SEC column and experimental condition were the same as Moriizumi and
Matsunaga®’. Positions of void volume (Vo: retention time 5.5 minutes), total effective
column volume (Ve: retention time 12.2 minutes) and retention time of molecular weight
standards (ovalbumin: 42 kDa; myoglobin: 17 kDa) in their report are marked in the
obtained chromatograms for reference. Because these protein standards and the Maillard
reaction products are considered to have different molecular shapes and electrical

properties, it should be noted that these values cannot be directly compared.
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Chromatograms were recorded with a UV detector (UV-4070, Jasco) at 280 nm without
baseline correction and a fluorescence detector (FP-4025, Jasco) at Ex. 345 nm/Em. 430
nm. Obtained data were analyzed by a commercial software (Chromato-Pro, Runtime

Instruments).

In situ UV-Vis spectroscopic observation

In order to monitor the progress of the Maillard reaction, in situ UV-Vis spectroscopy
with an original heatable liquid cell (Fig. 1) was conducted at 60-80 °C.?® PTFE spacers
of 0.1 mm thick were made from commercial PTFE sheets (AS ONE, 7-358-02) by
piercing them with punches of 12 mm (outside diameter) and 8 mm (inside diameter). 0.2
M glycine and 0.2 M ribose solutions were prepared by dissolving them in pure water
(MilliQ). These solutions and pure water were mixed to obtain 0.1 mol I'! glycine + ribose
mixture solutions. About 3 pl of the solution was injected in the sample chamber of the
liquid cell (Fig. 1).

0.1 mol I'! glycine + ribose mixture solutions were heated at 80, 75, 70, 65 and 60 °C
for 144 hours (6 days) in an UV-Vis spectrometer (V-530, Jasco). In order to examine
reproducibility, 80 °C measurement was conducted three times. The heatable liquid cell
was mounted on the sample position of the UV-Vis spectrometer and the reference
position was left blank. UV-Vis spectra were measured every 5 minutes at a scanning

speed of 400 nm min™! with a resolution of 1.0 nm in the 200-1100 nm spectral range.

Generalized Two-dimensional Correlation Spectroscopy (2D-COS)

Principles of 2D-COS are described in detail in a reference by Noda and Ozaki®?. Here,
only an outline of the principle is shown.

For constructing generalized 2D-COS, dynamic spectra are first calculated by
subtracting the parent spectra from the reference spectrum (time-average spectrum in the
present case). Second, the dynamic spectra measured in time domain are transformed in
those in frequency domain by Fourier transform. Another series of dynamic spectra from
the reference spectrum (time-average spectrum in the present case) is calculated in the
same way. These two series of dynamic spectra were converted to 2D-COS spectra by
using a synthesized correlation function. The 2D-COS spectra consist of real and
imaginary components derived from the Fourier transform, and the real and imaginary
components respectively give synchronous and asynchronous correlation intensity. In a
synchronous spectrum, positive (or negative) peaks imply that the pairs of the spectral
variable change corresponding to the perturbation in the same (or opposite) direction. In

an asynchronous spectrum, if positive (negative) peaks appear at the same position as
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synchronous correlation peaks, that implies changes at the spectral variable on the
horizontal axis occurring earlier (later) than those on the vertical axis.

In this study, generalized 2D-COS was conducted on UV-vis spectra, emission spectra
at a certain excitation wavelength in 3D-EEM spectra and SEC chromatograms for the
batch solutions. The spectra were generated by using a free software available at
https://sites.google.com/site/shigemorita’home/2dshige (last accessed date; March 27,
2017), 2DShige (Shigeaki Morita, Kwansei-Gakuin University, 2004-2005).

RESULTS
Results of batch measurements

Representative UV-Vis spectra for 0.1 mol 1! glycine + ribose mixture solutions
heated at 80 °C for 0, 24, 48, 72, 96, 120, 144 and 168 hours (diluted 100 times) are shown
in Fig. 2(a). A band around 280 nm increased with time. Moreover, absorbance at shorter
wavelength increased more for longer heating durations. Fig. 2(b) shows a spectrum for
the solution heated for 168 hours and that after dialysis (> 3500 Da). Absorption in the
UV region generally decreased after dialysis, in particular around 280 nm. However in
the visible region, broad and featureless absorption remained.

Representative 3D-EEM spectra for 0.1 mol 1" glycine + ribose mixture solutions
heated at 80 °C for 0, 96 and 168 hours (diluted 100 times) are shown in Fig. 3(a), (b) and
(c), respectively. Fluorescence maxima at Ex. 345 nm/ Em. 430 nm can be recognized for
spectra at 96 and 168 hours (Fig. 3(b), (¢)).

Representative size exclusion liquid chromatograms by 280 nm absorbance on the
product solutions show, from left to right, large (5.7 minutes), medium (10, 11 minutes)
and small (18.8 minutes) molecular weight components based on markers (ovalbumin:
42 kDa; myoglobin: 17 kDa) (Fig. 4(a)). It should be noted that this chromatogram can
include not only the peak around 280 nm but also a tail of broad absorption in the
ultraviolet range because the detection was without baseline correction. On the other hand,
representative chromatograms by fluorescence intensity at Ex. 345 nm/Em. 430 nm show
peaks around retention time of 10 to 17 minutes (Fig. 4(b)), corresponding to medium

molecular weights observed by 280 nm absorbance chromatograms (Fig. 4(a)).

Results of in situ measurements
Reaction progress of the Maillard reaction was monitored by in situ UV-Vis
spectroscopy with the original heatable liquid cell (Fig. 1) at 60-80 °C. Representative

UV-vis spectra for 0.1 mol 1! glycine + ribose mixture solutions heated at 80 °C for 0-
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144 hours are shown in a supplemental figure (Fig. s1). A band around 280 nm increased
with time, in the same way as the batch experiments.

It should be noted that the batch measurements were done on 10 mm cell for 100 times
diluted solutions, while the in situ measurements were on about 0.1 mm thickness with
initial solutions. Therefore, absorbance values by the both methods can be expected to be
in the same order. However, 280 nm absorbance on the 144 hours spectrum in the in situ
measurements at 80 °C are about 2.5 times larger than those in the batch experiments.
These differences are considered to be due to thicker solution thicknesses than the spacer
of the in situ cell and the different references (blank for in situ vs. pure water for batch).
The solution escape from the same in situ cell have been found to be minor by our in situ
IR spectroscopy showing the stable absorbance of water around 5200 and 7000 cm™.?®
Unfortunately, absorption by water at 960 nm in the near-IR range is too weak to be
monitored for the water loss. It should be also noted that glycine only and ribose only

solutions showed almost no absorption increases in the UV-Vis range at 80 °C.

DISCUSSION
Generalized 2D Correlation Spectroscopic Analyses and their Interpretations

Generalized 2D synchronous and asynchronous spectra were generated from UV-vis
spectra, emission spectra at a certain excitation wavelength in 3D-EEM spectra and SEC
chromatograms for the batch solutions by using 2DShige.

Generalized 2D synchronous correlation UV-vis spectra for the product solutions of
0.1 mol I"" glycine + ribose mixture solutions heated at 80 °C for 0-168 hours (batch
solutions) show generally strong positive correlations around 200 and 280 nm (red
portions in Fig. 5(a)). Asynchronous correlation spectra indicate sequential order of
spectral changes: absorption around 320 nm firstly increased and 200, 280 and >350 nm
absorption followed in this order (from reddish to bluish regions in Fig. 5(b)).

Fig. 5(c) and (d) shows generalized 2D (c) synchronous and (d) asynchronous
correlation spectra (horizontal axis: UV-vis spectra, vertical axis: emission spectra excited
at 345 nm), respectively. The fluorescence maxima around 430 nm have strong
correlations to absorbance around 200 and 280 nm (Fig. 5(c)). This correlation extends to
500 nm in the visible region. In asynchronous correlation spectra, the fluorescence
maxima around 430 nm increased at the same time as absorptions around 250 nm and 400
nm (white regions in Fig. 5(d)). Although changes in the emission spectra excited at 345
nm are assumed to have correlation with UV absorbance changes at 345 nm, Fig. 5(c)
showed the relatively weak correlation among them. This is possibly because the

fluorescent components less contributed to UV-vis spectra than other UV absorbing
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components. In fact, the fluorescent components having chromatographic peaks around
retention time of 10 to 17 minutes (Fig. 4(b)) showed much weaker absorption at 280 nm
than the components at retention time of 18.8 minutes (Fig. 4(a)) contributing mainly to
changes in the 280 nm absorption band.

UV-vis absorbances around 280 nm on the horizontal axis were determined as spectra
above the baseline (245-315 nm) (Fig. 2(a)). Generalized 2D (e) synchronous and (f)
asynchronous correlation spectra (horizontal axis: spectra around 280 nm above the
baseline (245-315 nm), vertical axis: chromatograms by 280 nm absorbance) are shown
in Fig. 5(e) and (f). The chromatograms around retention time of 5.7, 10, 11 and 18.8
minutes (As.7, A1o, A11and Ais.s) show synchronous correlations around 260-300 nm (Fig.
5(e)). A0 and A1 increased earlier than UV-vis spectral changes and As7 and Aiss
increased later (blue and red regions in Fig. 5(f), respectively). The spectra around 280
nm above the baseline show strong and simultaneous correlations with Aiss (red region
in Fig. 5(e) and white region in Fig. 5(f), respectively).

Generalized 2D synchronous correlation spectra (horizontal axis: UV-vis spectra,
vertical axis: chromatograms by fluorescence intensity at Ex. 345 nm/Em. 430 nm)
indicate that the components with 10-17 minutes retention time show strong correlation
with 200-300 nm absorbance (red regions in Fig. 5(g)). Asynchronous correlation spectra
indicate earlier increases than UV-vis spectral changes of the components with retention
times at 10 and 11 minutes (blue regions in Fig. 5(h)). The components with longer

retention time (12-17 minutes) show later changes (red regions in Fig. 5(h)).

Implications from UV-vis and 3D-EEM Spectroscopy and Size Exclusion Liquid
Chromatography

UV-vis and 3D-EEM spectroscopy and size exclusion liquid chromatography
succeeded in quantitatively tracing increases of the products. These measurements did not
require any additional procedures including drying or extracting the solution. In the
following, implications of these spectral changes including their 2D correlation
spectroscopic analyses are discussed.

UV-vis spectra (Fig. 2(a)) and chromatograms by 280 nm (Fig. 4(a)) suggested the
formation with time of small components with 280 nm absorption. These are considered
to include furfural, which has an absorption peak around 280 nm.* The disappearance of
peak at 280 nm in the spectrum of the dialyzed solution (> 3500 Da) (Fig. 2(b)) can be
understood by the small size of furfural.

By 2D correlation spectroscopic analyses, a band around 280 nm above the baseline

of 245-315 nm can be taken as a measure of the intermediates including furfural (Fig.
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5(e) and (f)). Spectral changes in the visible region (> 350 nm: browning) followed after
the 280 nm increases (Fig. 5(d)). Therefore, in this study, the band area around 280 nm
with a baseline of 245-315 nm (UV2s0) will be used for kinetic analyses of the formation
of furfural-like intermediates.

On the other hand, humic-like products were indicated by UV-vis spectra (Fig. 2), 3D-
EEM spectra (Fig. 3) and chromatograms by fluorescence intensity at Ex. 345 nm/Em.
430 nm (Fig. 4(b)). The fluorescence maxima in Fig. 4(a), (b), (c) resemble to those of
natural humic solutions reported in a previous research.'® Therefore, humic-like
fluorescent products are considered to be produced from glycine and ribose by heating
them at 80 °C.

By 2D correlation spectroscopic analyses, it was suggested that 250 nm absorbance
and visible absorbance can be employed as a measure of the humic-like products with
fluorescence. In this study, 254 nm absorption with a one-point base at 600 nm (UV2s4)
will be used for kinetic analyses of the formation of humic-like products. It should be
noted that UV 254 include not only tails of 280 nm absorption band but also broad UV tails
(Fig. 2).

Other components at retention times at 5.7 and 10-17 minutes (Figs. 5(e). (f), (g) and
(h)) could not be assigned to UV-vis spectral changes. It should be noted that changes in
chromatograms at retention time 5.7 and 12-17 minutes were later than UV-vis spectral
changes and those at 10 and 11 minutes were earlier. Moreover, no shift in the
chromatographic peaks (no shift in the molecular weight) may imply increases with time
of similar molecular weight components (Fig. 4(a) and (b)).

Since the Maillard reaction has many pathways and products possibly including non-
UV-active and non-fluorescent products,’® some components in the Maillard reaction
cannot be traced by UV-vis and fluorescence spectroscopy. In order to characterize the
products, we tried additional infrared (IR) spectroscopy, Hetero-nuclear Single Quantum
Coherence (HSQC) Nuclear Magnetic Resonance (NMR) spectroscopy and Matrix
Assisted Laser Desorption/Ionization Time-of Flight Mass Spectrometry (MALDI-TOF-
MS). However, many components and residual reactants, glycine and ribose in the
product solution prevented accurate measurements and they provided little information
on details of products, except for the results that the products may include aliphatic and
aromatic components. These are difficulties of characterizing complex products of

simulated geochemical processes.

Kinetic analyses on the results of in situ UV-Vis spectroscopic observation

In the in situ UV-Vis spectroscopic measurements, UV-vis spectra of 0.1 mol 1!
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glycine + ribose mixture solutions heated at 60, 65, 70, 75 and 80 °C for 0-144 hours were
obtained. The continuous measurements at a short time interval (5 minutes) and the
stability of temperature (=1 °C) of the present in situ spectroscopy enable detailed
quantitative analyses of kinetic data. Changes of (a) UV2s0 and (b) UV2s54 with time during
the in situ measurements at each heating temperature are plotted in Fig. 6(a), (b). These
changes can be divided into the early induction stage and the later progress stage after
Song et al.'>. In this study, the later stage where UV2so >1 or UV2s54> 0.095 were fitted as
steady changing states for kinetic analyses. Changes with time of the Maillard reaction
can be fitted by both the zeroth and the first order reactions. UV2so and UV 254 changes in
the later stage were fitted by both of the zeroth and first order fittings and they gave almost
the same kinetic parameters.!>!” In the following analyses, only the first order reaction
model is presented. This is because of exponential shapes of Ul 2so increases (Fig. 6(a)),
possible comparison of rate constant values (unit: s') and easiness of using half-life
values. The fittings of the data by

UV=Ci(1-k(@—1)+C2 (1)
give apparent first order reaction rate constants k2s0 and k254, where T is a starting time
of each later stage when UV2s0 = 1 and UV2s4 = 0.095, Cz2 is 1 for UV2s0 and 0.095 for
UV2s4, and Ci is a fixed parameter determined by preliminary fittings. The preliminary
fittings were conducted on the changes at 80 °C by Eq. 1 (fitting parameters: &, C1). Since
80 °C in situ measurement was conducted three times for replicability, average value of
Ci was employed. Ci is 49.2 for UV2so and 3.23 for UV2s4. The fitting curves are shown
in Fig. 6 on the UV2s0 and UV 254 changes. kzso, k254 and correlation coefficient r values
obtained by the first order fittings are listed in Table 1.

The obtained apparent reaction rate constants increased with heating temperatures.
They can be described by Arrhenius equation:

Ea
_RT 2)

, where A is the frequency factor (s™!), Ea is the activation energy (kJ mol '), R is the gas

Ink=IlnA-

constant (8.31 J mol™! K'') and T is the absolute temperature (K). Arrhenius plots of k2s
and k254 and T (333-350 K) (Fig. 7) show relatively good linear trends, where average
values of In £ at 80 °C are employed and their standard deviations (0.14 for k2s0 and 0.10
for k254 at 80 °C) are indicated by error bars. The fitting lines of these experimental data
give Ea and A values for the reactions in the induction and the first reaction stages of 280
nm band area and 254 nm absorbance during the heating of 0.1 mol 1! glycine + ribose
mixture solutions (Table 2). These activation energy Ea values (91.4 and 96.6 kJ mol™)

are in the reported range (60-145 kJ mol™!) for the Maillard reaction in aqueous solutions

10



Nakaya et al. Appl. Spectrosc. 72(8) (2018) 1189—-1198
Authors’ personal copy of the accepted version

indicating the validity of the present in situ UV-Vis spectroscopic method with an original
heatable liquid cell.?® UV2s+ with one point base at 600 nm can reflect not only the
shoulder of 280 nm peak but also a tail of broad UV absorptions. In fact, the first order
rate constants for increases of the band area around 280 nm (k2s0) are larger than those for
the 254 nm absorbance (k2s+) with a slight difference in the activation energy values (Ea)
(Table 1,2, Fig.6,7).

The obtained Ea and A values would enable extrapolation of k2s0 and k2s4 values to
lower and higher temperatures by the Arrhenius equation (Eq. 2). For example, half-lives
for k2so and k254 values at 15 °C are 30 and 98 years. Considering the early induction stage,
time scales of the whole reaction may be longer. The present spectroscopic method and
obtained kinetic parameters can be used in evaluating time scales of the Maillard reaction
both in Earth surface environment and food chemistry with further detailed studies.

In future experiments, more complex amino and carbonyl groups in proteins and
polysaccharides should be used. Moreover, minerals should be added to these organic
compounds for simulating more realistic geological environments. In order to conduct
these kinds of experiments, the present in situ heatable cell can be placed under infrared
and visible/Raman microspectrometers for monitoring changes in IR and visible spectra
with time.3!: 32 In the presence of proteins, polysaccharides and minerals, which can be
solid phases, solid, liquid and interface portions under the microscopes can be monitored
separately. These in situ micro-spectroscopic methods would enable direct tracing of the

reaction progress and/or decomposition without extraction procedures.

CONCLUSION

In order to evaluate the progress of the Maillard reaction, we first conducted batch
heating experiments of 0.1 mol I"! glycine + ribose solutions at 80 °C directly in solution
states. The product solutions were analyzed by (1) ultraviolet-visible (UV-vis)
spectroscopy, (2) Three-Dimensional Excitation Emission Matrix (3D-EEM)
spectroscopy and (3) size exclusion liquid chromatography. Generalized two-dimensional
correlation spectroscopy (2D-COS) were also used to examine correlations among some
of the above spectroscopic data.

UV-vis spectra and chromatograms by 280 nm suggested the formation with time of
small components with 280 nm absorption. These are considered to include furfural, one
of reported intermediates of the Maillard reaction having an absorption peak around 280
nm. By 2D correlation spectroscopic analyses, a band around 280 nm above the baseline
of 245-315 nm can be taken as a measure of the formation of furfural-like intermediates.

Larger products were indicated by UV-vis spectra, 3D-EEM spectra and

11
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chromatograms by fluorescence intensity at Ex. 345 nm/Em. 430 nm. The fluorescence
maxima resemble to those of natural humic solutions reported in a previous research. By
2D correlation spectroscopic analyses, it was suggested that 254 nm absorbance with a
one-point base at 600 nm (UVz2s4) can be employed as a measure of the humic-like
products.

In order to evaluate precise kinetic data for the progress of the Maillard reaction by
using 280 nm and 254 nm absorbances, in situ UV-Vis spectroscopy with an original
heatable liquid cell was conducted on 0.1 mol I'! glycine + ribose mixture solutions heated
at 60, 65, 70, 75 and 80 °C for 0-144 hours. Kinetic analyses of the obtained data gave
activation energies of 91.4-96.6 kJ mol™'.

These non-destructive measurements by in situ spectroscopic method did not require
any additional procedures including drying or extracting the solution and they can be

effectively used for direct tracing of the reaction progress and/or decomposition.

ACKNOWLEDGMENTS
We thank Dr. O. Hisatomi for the use of 3D-EEM and Drs. Todokoro, Inazumi, Ito,

Okamoto and Kajihara for characterization by NMR spectroscopy and mass spectrometry.

SUPPLEMENTAL MATERIALS

The supplementary material (Figs. S1) can be accessed at the journal web site.

REFERENCES

1. F.J. Stevenson. “Extraction, Fractionation, and General Chemical Composition of
Soil Organic Matter”. In: Humus Chemistry: Genesis, Composition, Reactions,.
New York: Wiley, 1994. 2nd ed. Chap. 2, 24-58.

2. Z.Wang, B. C. Pant, C. H. Langford. “Spectroscopic and Structural
Characterization of a Laurentian Fulvic Acid: Notes on the Origin of the Color”.
Anal. Chim. Acta 1990. 232: 43-49.

3. K. Kumada. “Studies on the Colour of Humic Acids”. Soil Sci. Plant Nutr. 1965.
11(4): 151-156.

4. K. Ghosh, M. Schnitzer. “UV and Visible Absorption Spectroscopic Investigations
in Relation to Macromolecular Characteristics of Humic Substances”. J. Soil Sci.
1979. 30(4): 735-745.

12



10.

11.

12.

13.

14.

15.

Nakaya et al. Appl. Spectrosc. 72(8) (2018) 1189—-1198
Authors’ personal copy of the accepted version

. W. P. Johnson, G. Bao, W. W. John,. “Specific UV Absorbance of Aldrich Humic

Acid: Changes during Transport in Aquifer Sediment”. Environ. Sci. Technol. 2002.
36(4): 608-616.

K. Ikeya, A. Watanabe. “Direct Expression of an Index for the Degree of
Humification of Humic Acids Using Organic Carbon Concentration”. Soil Sci. Plant
Nutr. 2003. 49(1): 47-53.

T. Otsuka, S. Nakashima. “The Formation of CO2 by Fulvic Acid on the Surface of
Goethite Studied Using Ultraviolet and Infrared Spectroscopy”. J. Mineral. Petrol.
Sci. 2007. 102: 302-305.

J. K. Edzwald, W. C. Becker, K. L. Wattier. “Surrogate Parameters for Monitoring
Organic Matter and THM Precursors”. J. - Am. Water Works Assoc. 1985. 77: 122-
132.

G. V. Korshin, C. W. Li, M. M. Benjamin. “Monitoring the Properties of Natural
Organic Matter through UV Spectroscopy: A Consistent Theory”. Wat. Res. 1997.
31(7): 1187-1795.

S. Nagao, T. Matsunaga, Y. Suzuki, T. Ueno, H. Amano. “Characteristics of Humic
Substances in the Kuji River Waters as Determined by High-performance Size
Exclusion Chromatography with Fluorescence Detection”. Wat. Res. 2003. 37(17):
4159-4170.

J. Lehmann, M. Kleber. “The Contentious Nature of Soil Organic Matter”. Nature
2015. 528: 60-68.

S. Yamamoto, R. Ishiwatari. “A Study of the Formation Mechanism of Sedimentary
Substances—II. Protein-based Melanoidin Model”. Org. Geochem. 1989. 14(5):
479-489.

L. C. Maillard. “Action of Amino Acids on Sugars. Formation of Melanoidins in a
Methodical Way”. C. R. Hebd. Séances Acad. Sci. 1912. 154: 66-68.

P. A. Finot. “Historical Perspective of the Maillard Reaction in Food Science”. Ann.
N. Y. Acad. Sci. 2005. 1043: 1-8.

P. S. Song, C. O. Chichester, F. H. Stadtman. “Kinetic Behavior and Mechanism of
Inhibition in the Maillard Reaction. I. Kinetic Behavior of the Reaction between D-
glucose and Glycine”. J. Food Sci. 1966. 31(6): 906-913.

13



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Nakaya et al. Appl. Spectrosc. 72(8) (2018) 1189—-1198
Authors’ personal copy of the accepted version

J. A. Stamp, T. P. Labuza. “Kinetics of the Maillard Reaction between Aspartame
and Glucose in Solution at High Temperatures”. J. Food Sci. 1983. 48(2): 543-544.

S.Ghazala, H. S. Ramaswamy, F. R. van de Voort, T. Al-Kanani. “Kinetics of Color
Development in Aqueous Systems at High Temperatures”. J. Food Eng. 1991.
13(2): 79-89.

W. M. Baisier, T. P. Labuza. “Maillard Browning Kinetics in a Liquid Model
System”. J. Agric. Food Chem. 1992. 40(5): 707-713.

E. H. Ajandouz, V. Desseaux, S. Tazi, A. Puigserver. “Effects of Temperature and
pH on the Kinetics of Caramelization, Protein Cross-linking and Maillard Reactions
in Aqueous Model Systems”. Food Chem. 2008. 107(3): 1244-1252.

M. A.J. S. van Boekel. “Kinetic Aspects of the Maillard Reaction: a Critical
Review”. Nahrung 2001. 45(3): 150-159.

P. H. Abelson. “Organic Matter in the Earth's Crust”. Annu. Rev. Earth Planet. Sci.
1978. 6: 325-351.

I. Noda, Y. Ozaki. “Principle of Two-dimensional Correlation Spectroscopy”. In:
Two-Dimensional Correlation Spectroscopy: Applications in Vibrational and
Optical Spectroscopy. Chichester: John Wiley & Sons, 2004. Chap. 2, 15-38.

I. Noda. “Two-dimensional Infrared Spectroscopy”. Bull. Am. Phys. Soc. 1986. 31:
520-524.

I. Noda. “Recent Advancement in the Field of Two-dimensional Correlation
Spectroscopy”. J. Mol. Struct. 2008. 883-884: 2-26.

J. Hur, K. Jung, Y. M. Jung. “Characterization of Spectral Responses of Humic
Substances upon UV Irradiation Using Two-dimensional Correlation
Spectroscopy”. Wat. Res. 2011. 45(9): 2965-2974.

W. Chen, C. Qian, X. Liu, H. Yu. “Two-dimensional Correlation Spectroscopic
Analysis on the Interaction between Humic Acids and TiO2 Nanoparticles”.
Environ. Sci. Technol. 2014. 48(19): 11119-11126.

M. Moriizumi, T. Matsunaga. “Molecular Weight Separation of Hot-water
Extractable Soil Organic Matter Using High-performance Size Exclusion
Chromatography with Chemiluminescent Nitrogen Detection”. Soil Sci. Plant Nutr.
2011. 57(2): 185-189.

14



28.

29.

30.

31.

32.

Nakaya et al. Appl. Spectrosc. 72(8) (2018) 1189—-1198
Authors’ personal copy of the accepted version

Y. Nakaya, S. Nakashima. “In Situ IR Transmission Spectroscopic Observation and
Kinetic Analyses of Initial Stage of the Maillard Reaction as a Simulated Formation
Process of Humic Substances”. Chem. Lett. 2016. 45(10): 1204-1206.

A. Martinez, M. E. Rodriguez, S. W. York, J. F. Preston, L. O. Ingram. “Use of UV
Absorbance to Monitor Furans in Dilute Acid Hydrolysates of Biomass™.
Biotechnol. Prog. 2000. 16(4): 637-641.

J. E. Hodge. “Dehydrated Foods, Chemistry of Browning Reactions in Model
Systems”. J. Agric. Food Chem. 1953. 1(15): 928-943.

C. Onga, S. Nakashima. “Dark Field Reflection Visible Microspectroscopy
Equipped with a Color Mapping System of a Brown Altered Granite”. Appl.
Spectrosc. 2014. 68(7): 740-748.

R. Tonoue, M. Katsura, M. Hamamoto, H. Bessho, S. Nakashima. “A Method to
Obtain the Absorption Coefficient Spectrum of Single Grain Coal in the Aliphatic
C-H Stretching Region Using Infrared Transflection Microspectroscopy”. Appl.
Spectrosc. 2014. 68(7): 733-739.

FIGURE AND TABLE

Light pathwayp
Thermocouplg | l :

| | O-ring
Sample solution T / CaF, window
= Cartridge heate\r\\i » ,_//{—/— Spacer

O P i — (Y CeFs window
Hole for = -~ -O-ring

cartrildge heater <—— Teflon h?at insulator
4

Fig. 1. The overview and cross section of an original heatable liquid cell.
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Fig. 2. (a) Representative UV-Vis spectra for the product solutions of 0.1 mol I'' glycine
+ ribose mixture solutions heated at 80 °C for 0, 24, 48, 72, 96, 120, 144 and 168 hours
(diluted 100 times) and (b) spectra for the 168 hours heated solution and for the dialyzed
solution (> 3500 Da) (diluted 100 times).
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Fig. 3. Representative 3D-EEM spectra for the 0.1 mol ' glycine + ribose mixture
solutions heated at 80 °C for (a) 0, (b) 96 and (c) 168 hours. All the solutions were diluted
100 times. Contour intervals are 2.5 intensity units. Fluorescence intensity maximum
positions at Ex. 345 nm/ Em. 430 nm are indicated.
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Fig. 4. Representative chromatograms by (a) 280 nm absorbance and (b) fluorescence
intensity at Ex. 345 nm/Em. 430 nm on the product solutions of 0.1 mol I'' glycine + ribose
mixture solutions heated at 80 °C for about 0, 24, 48, 72, 96, 120, 144 and 168 hours
(100 times diluted solutions further diluted 10 times by an eluent).
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Fig. 5. Generalized 2D (a) synchronous and (b) asynchronous correlation UV-vis spectra
for the product solutions of 0.1 mol I'' glycine + ribose mixture solutions heated at 80 °C
for 0-168 hours. Numbers of the regions in (b) corresponds to the order of spectral
changes. Generalized 2D (c) synchronous and (d) asynchronous correlation spectra
(horizontal axis: UV-vis spectra, vertical axis: emission spectra excited at 345 nm) for
the product solutions of 0.1 mol I'' glycine + ribose mixture solutions heated at 80 °C for

0-168 hours. Generalized 2D (e) synchronous and (f) asynchronous correlation spectra
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(horizontal axis: spectra around 280 nm above the baseline (245-315 nm), vertical axis:

chromatograms by 280 nm absorbance). Generalized 2D (g) synchronous and (h)

asynchronous correlation spectra (horizontal axis: UV-vis spectra, vertical axis:

chromatograms by fluorescence intensity at Ex. 345 nm/Em. 430 nm). Color scale bars

are indicated for each figure. These scales are variation ranges of each correlation and

cannot be compared each other.
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Fig. 6. Changes of UV2so and UV2s4 with time during the in situ measurements of 0.1M
glycine + ribose mixture solutions heated at 60, 65, 70, 75, and 80 °C with the fitting

curves (the first-order reaction).
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Fig. 7. The Arrhenius plots of kz2so and k254 values and their fitting lines.
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Table 1. k2so, k254 and correlation coefficient » values of the first order reaction fittings in
the heating experiments of 0.1 mol 1! glycine + ribose mixture solutions at 60, 65, 70, 75
and 80 °C.

(a) 280 nm (b) 254 nm
k2so (107 s r k2ss (107 s r
80 °C' 8.73 0.997 4.45 0.997
80 °C 2 9.59 0.998 4.57 0.999
80 °C?3 6.9 0.997 3.64 0.993
75 °C 5.72 0.99 2.35 0.993
70 °C 2.88 0.979 1.14 0.993
65 °C 2.21 0.976 0.978 0.987
60 °C 1.29 0.927 0.547 0.967

Table 2. Obtained E. and A values for the reactions in the induction and the first reaction
stages of (a) 280 nm band area and (b) 254 nm absorbance in the heating experiments of
0.1 mol I'! glycine + ribose mixture solutions at 60, 65, 70, 75 and 80 °C.

Ea (kJ mol!) A (108 s
(a) 280
91.4 2.79
nm
(b) 254
96.6 7.68
nm
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