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Maillard reaction products (MRPs) were prepared from aqueous model mixtures containing 0.2 M glu-
cose and 0.2 M each of glycine, diglycine, and triglycine, heated at 100 °C, for different times (10, 60,
120, 180 and 240 min), with an initial pH control set to 7.8. The browning and intermediate products
of MRPs derived from the Glu-Di model system were the most prominent. The pH of all MRP samples
decreased considerably as the heating time increased (P < 0.05). The loss of glucose in MRPs derived from
the Glu-Di model system was the highest, while the degree of sugar enolisation in MRPs derived from the
Glu-Tri model system was the highest. The amino acid group content in MRPs derived from the Glu-Di
model system was decreased noticeably. All MRP samples showed different absorptions in the UV-vis
spectra, although they possessed similar shapes. The molecular weights of all MRP samples showed rising
intensities as a function of the heating time, whereas the major peaks of each MRP sample were eluted at
different retention times according to peptide chain lengths.

Keywords:

Oligoglycine

Maillard reaction products
Molecular weight

Peptide chain lengths

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The Maillard reaction involved in the formation of brown pig-
ments comprises the condensation between a carbonyl group of
reducing sugars, aldehydes or ketones and an amine group of free
amino acids (such as amino acids, peptides and proteins) or any
nitrogenous compound. The Maillard reaction is a complicated
reaction that produces a large number of the so-called Maillard
reaction products (MRPs), such as aroma compounds, ultra-violet
absorbing intermediates, and dark-brown polymeric compounds
named melanoidins (Wijewickreme, Kitts, & Durance, 1997). The
Maillard reaction is influenced by many factors, including reactant
concentration, temperature, time, initial pH and water activity
(Naranjo, Malec, & Vigo, 1998). In particular, for the Maillard reac-
tion experiment, a glucose/glycine model system is usually se-
lected (Chawla, Chander, & Sharma, 2007; Martins & Van Boekel,
2005a, 2005b).

Oligopeptides have been extensively isolated and identified in
both natural and artificial protein hydrolysates of foods, such as
seafood, coffee beans, soy, and wheat gluten (Aaslyng et al.,
1998; Ludwig, Lipke, Raczek, & Jdager, 2000). They have been recog-
nised as precursors of the Maillard reaction, which lead to the col-
our of processed foods (Aaslyng et al., 1998). Moreover, these
oligopeptides play an important role in preservation of the rheo-
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logical properties of food (Taborda et al., 2008). Oligopeptides, as
a final product of food hydrolysis (mostly milk, cheese and wine),
are known to act as very good antioxidants, anticoagulants and
blood pressure reducers (Hartman & Meisel, 2007). Furthermore,
glycine, being the simplest, with no side chains to complicate the
bonding of the proton, yet one of the most important amino acids,
has long been a subject of intense theoretical and experimental
investigation. Amino acids are the basic building blocks of proteins,
which are formed through successive amide linkages (peptide
bond) of several amino acids. Diglycine is the simplest peptide
bond with all the typical characteristics of the complexing sites
of higher peptides, while triglycine represents higher oligomers.
Studies on simple oligoglycine like these may reveal important
information regarding the peptide chain length effect in the
Maillard reaction.

Although a wide range of peptides has been reported (in consid-
erable quantity) in many food systems, such as aged sake, meat
and hydrolysed vegetable protein, only a few studies have investi-
gated the Maillard reaction products formed from oligopeptides
(Oh, Hartman, & Ho, 1992; Oh, Shu, & Ho, 1991; Rizzi, 1989). Thus,
employment of an oligoglycine peptide as the simplest model
would be suitable for profiles on MRPs to simulate the peptide
chain length effects in the Maillard reaction. This could more useful
in understanding the Maillard reaction and it might be extended to
the reaction of peptides with reactive carbonyl compounds in gen-
eral. Therefore, the objective of this study was to evaluate the pro-
files of MRPs derived from aqueous model systems with different
peptide chain lengths as a function of the heating time.
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2. Materials and methods
2.1. Materials

p-Glucose, glycine, diglycine, triglycine, blue dextran, bovine
serum albumin, albumin, p-lactoglobulin, myoglobin, ribonuclease
A and cytochrome C were purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Acetonitrile, methanol, and HPLC-grade water
were purchased from J.T. Baker (Phillipsburg, NJ, USA). o-Phthalal-
dehyde was purchased from Agilent Technologies (Wilmington,
DE, USA). All chemicals used were of analytical grade and were ob-
tained from Merck (Darmstadt, Germany), unless mentioned
otherwise.

2.2. Preparation of Maillard reaction products (MRPs)

Equimolar (0.2 M) amounts of glycine, diglycine and triglycine
were dissolved, individually, with 0.2 M of glucose in about 90 ml
of deionised water. The pH of the solution was adjusted to 7.8
with 6 N NaOH. The pH value was used to minimise peptide bond
breaks. Especially, diglycine needs an optimum of pH 7.5-8.9 to
maintain the operation (Budavari, O’Neil, Smith, Heckelman, &
Kinneary, 1996). The solution was then brought to a final volume
of 100 ml with deionised water adjusted to 7.8 with 6 N NaOH.
The solutions (10ml) were then transferred to 25 ml
screw-sealed tubes (Pyrex®, USA), tightly capped and heated in
a thermostatic oil bath at 100 °C. The samples were taken out
after heating for 10, 60, 120, 180, and 240 min. After the heating
period, the tubes were immediately cooled in ice-water. Some of
the MRP samples were used directly for final pH measure-
ments, while the remainder were kept at —4°C until further
use since storage did not alter the sugar and glycine oligopeptide
contents up to 2days. All model systems were prepared in
triplicate.

2.3. Measurement of pH

The pH was measured using a Corning 440 pH metre (Corning
Life Sciences, New York, USA) calibrated with buffer solutions of
pH 4.0 and 10.0, respectively.

2.4. Absorbance measurements of MRPs

The UV-absorbance and browning of MRP samples were mea-
sured according to the method of Ajandouz, Tchiakpe, Ore,
Benajiba, and Puigserver (2001). The absorbance of MRPs was
measured using a spectrophotometer (Shimadzu UV 160A, Shima-
dzu Co., Kyoto, Japan) at 294 nm, as an indication of the forma-
tion of intermediate products of nonenzymatic browning, and at
420 nm, as an index of the brown polymers formed in more ad-
vanced stages.

2.5. Determination of sugars in MRPs

The reducing sugars in MRPs samples were determined using an
HP 1100 liquid chromatograph (Hewlett Packard, Wilmington, DE,
USA). An Agilent quaternary pump, connected to a refractive index
detector (Hewlett Packard, Model: G1362A, Wilmington, DE, USA),
was used with a Zorbax carbohydrate column (4.6 x 250 mm LD.,
5 um particle size, Agilent Technologies, Wilmington, DE, USA).
The mobile phase, consisting of acetonitrile/water (75:25, v/v),
was delivered at a flow rate of 2.0 ml/min. The column tempera-
ture was 30 °C and 1 pl of sample were injected into the HPLC sys-
tem. The data analysis was performed using Chemstation software
(Rev. A. 10.01, Hewlett Packard).

2.6. Determination of glycine, diglycine, and triglycine in MRPs

The glycine, diglycine, and triglycine in MRPs samples were ana-
lysed using an HP 1100 liquid chromatograph (Hewlett Packard,
Wilmington, USA) with a variable wavelength detector, VWD HP
1100, operating at 338 nm (excitation = 340 nm). Separation was
carried out with a Zorbax Eclipse AAA Rapid Resolution column
(150 x 4.6 mm L.D., 5 um particle size, Agilent Technologies, USA).
A linear gradient profile of mobile phase, comprising 40 mM Na,H-
POy, pH 7.8 (solvent A) and ACN/MeOH/water 45:45:10 (v/v) (sol-
vent B), 0% B (0-1.9 min), 0-57% (1.9-18.1 min), 57-100% (18.1-
18.8 min), 100% (18.8-22.3 min), 100-0% (22.3-23.2 min) and 0%
(23.2-26 min) was applied at a flow rate of 2.0 ml/min. The column
was equilibrated for 5 min under initial conditions prior to injection
of the next samples. The column temperature was 40 °C. In order to
determine amino acids from MRPs, precolumn derivatisation with
o-phthalaldehyde (OPA) was used and 0.5 pl of prepared sample
were injected into the HPLC system. The data analysis was per-
formed using Chemstation software (Hewlett Packard).

2.7. Wavelength spectra of MRPs

Wavelength spectra of MRPs were recorded by a UV-vis spec-
trophotometer (Shimadzu UV 160A, Shimadzu Co., Kyoto, Japan),
with the wavelength ranging from 200 to 700 nm.

2.8. MW measurement of MRPs

The MW distribution profiles of the MRPs samples were esti-
mated by gel permeation chromatography (GPC) using a TSK-guard
column PWH (75 x 7.5 mm L.D) and a TSK-G3000PW gel filtration
column (600 x 7.5 mm L.D., 10 um particle size, TOSOH Corpora-
tion, JAPAN) with a useful fractionation range between 1000 Da
and 4000 kDa. The liquid chromatographic system consisted of
an Agilent quaternary pump, an Agilent G1313A variable volume
autosampler and an Agilent variable wavelength detector (Hewlett
Packard, Wilmington, DE, USA). The mobile phase, consisting of
acetonitrile/water (75:25, v/v), was delivered at a flow rate of
1.0 ml/min. The column temperature was 30 °C. Fifty microlitres
of MRPs (sterilised through 0.22 pm filtres) were injected onto
the column, and elution was carried out isocratically in sodium
phosphate buffer at pH 7.2 with 50 mM NaCl at a flow rate of
1 ml/min. Seven standards were used as MW calibration standards
(log MW = —0.1654 Rt + 6.5726 with Rt = retention time, expressed
in minutes): blue dextran (2000 kDa), bovine serum albumin
(66 kDa), albumin (44.287 kDa), B-lactoglobulin (36 kDa), myoglo-
bin (17 kDa), ribonuclease A (13.7 kDa), and cytochrome C
(12.380 kDa). Chromatograms were recorded by UV-detection at
220 nm, of peptide bond rearrangements. The data analysis was
performed using Chemstation software (Hewlett Packard).

2.9. Statistical analysis

All experimental data were subjected to analysis of variance
(ANOVA) and significant differences among means from triplicate
analysis at (P < 0.05) were determined by Duncan’s multiple range
tests, using the statistical analysis system (SPSS 12.0 for windows,
SPSS Inc., Chicago, IL).
3. Results and discussion

3.1. Changes in pH

The changes in pH of MRPs derived from aqueous glucose/gly-
cine, diglycine and triglycine model systems, as a function of the
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Fig. 1. The changes in pH of the MRPs derived from aqueous glucose/glycine, diglycine, and triglycine model systems as a function of the heating time. Bars indicate the

standard deviation from triplicate determinations.

heating time, are shown in Fig. 1. The pH of MRPs derived from the
Glu-Di and Glu-Tri model systems with the same initial pH de-
creased markedly from their initial values within the first
10 min. Thereafter, the pH decreased slightly until 240 min of the
heating time (P < 0.05). However, the pH of MRPs derived from
the Glu-G model system decreased gradually as the heating time
increased up to 240 min. Among the peptides tested, glycine ren-
dered a higher pH of MRPs than did diglycine and triglycine, up
to 60 min of the heating time. After 60 min, triglycine rendered
the highest pH of MRPs. The result was in accordance with the re-
sult of studies conducted by Morales and Jimenez-Perez (2001) and
Benjakul, Lertittikul, and Bauer (2005). They found that, during the
Maillard reaction, the pH frequently decreases as the heating time
increases. In the Maillard reaction, the pH is reduced, due to the
formation of organic acids, such as formic and acetic acid (Brands
& Van Boekel, 2002). Ogura, Nakayama, Nakaoka, and Nishihata
(2000) reported that formation of the acid form of glycine, or gly-
cyl-glycine, was due to the lowering of pH, which occurred, be-
cause oxygen evolution occurs in further positive polarisation.
Huber and Wachtershduser (1998) reported that the lowering of
the pH can be explained by the formation of acids from CO during
the heating process of peptides. In addition, some authors have re-
ported that, during the reaction of peptides with carbonyl com-
pounds, peptide bond breaking occurs through an anionic
reaction (Chuyen, Kurata, & Fujimaki, 1973). However, for pH val-
ues above the isoelectric point of the amino compound (5.57 for
glycine, 5.59 for diglycine and 5.58 for triglycine), the concentra-
tion of the anionic form is not a limiting factor (Reynols, 1969,
chap. 12). Besides, it is expected that the molecule size could play
a role in the smaller reactivity of peptides as compared to glycine
(Buera, Chirife, Resnik, & Lozano, 1987). Therefore, the result sug-
gested that the difference in the pH of MRPs was due to hydrolysis
of the peptide bond and molecule size of peptides.

3.2. Changes in absorbance at 294 nm and browning intensity

The changes in absorbance at 294 nm and browning intensity of
the MRPs derived from aqueous glucose/glycine, diglycine and tri-
glycine model systems, as a function of the heating time, are shown
in Fig. 2. The absorbance at 294 nm was used to determine the
intermediate compounds of the Maillard reaction (Lerici, Barbanti,
Manzano, & Cherubin, 1990). From the result, a sharp increase in
Ajg4 Of all MRP samples was observed for up to 240 min of the heat-
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Fig. 2. The changes in absorbance at 294 nm and browning intensity of the MRPs
derived from aqueous glucose/glycine, diglycine, and triglycine model systems as a
function of the heating time. Bars indicate the standard deviation from triplicate
determinations (solid line: absorbance at 294 nm, dotted line: browning intensity).

ing time (P < 0.05). The MRPs derived from the Glu-Di model sys-
tems showed the highest increase in absorbance at 294 nm,
followed by those derived from the Glu-Tri and Glu-G model sys-
tems. From the result, the increase in absorbance at 294 nm sug-
gested the formation of an uncoloured compound, which could be
the precursor of the Maillard reaction. This result was in agreement
with that of Lerici et al. (1990), who found that the heat-treatment
of a glucose-glycine mixture caused a marked increase in absor-
bance at 294 nm. The result suggested that intermediate products
were produced, to a large extent, as the heating time increased.
Moreover, the higher reactivity of triglycine than diglycine in the
formation of intermediate compounds might be related to the avail-
ability of free glycine during the reaction.

Brown colour development (A 420 nm) is the easiest measur-
able consequence of the Maillard reaction because it offers a visual
estimate. Its intensity is often used as an indicator of the extent to
which the Maillard reaction takes place in foods and it symbolises
an advanced stage of the Maillard reaction (Morales & Jimenez-
Perez, 2001). From the result, the browning intensities of all MRP
samples increased with a concomitant increase in Ayg4. A sharp in-
crease in A4 of all MRP samples was observed for up to 240 min of
the heating time (P <0.05). The MRPs derived from the Glu-Di
model system showed the highest increase in absorbance at
420 nm, followed by those of the Glu-Tri and Glu-G model systems.
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This result was in agreement with that of Lu, Hao, Payne, and Ho
(2005), who reported that diglycine-glucose reaction mixtures
had higher degrees of browning, followed by glycine-glucose,
and triglycine-glucose reaction mixtures. In addition, the UV
absorbing and colourless compounds formed at the intermediate
stages contributed to the brown pigment formation in both the
Maillard and the caramelisation reactions (Benjakul et al., 2005).
The result suggested that intermediate products and brown pig-
ment had similar tendencies as the heating time increased. More-
over, the degree of browning might be dependent on a hydrolysis
of the peptide bond. This result indicated that the stability of the
peptide bond in triglycine was higher than that in diglycine.

3.3. Loss and enolisation of glucose

Monitoring sugar consumption is another way to evaluate the
degree of reactivity of sugars in MRPs (Brands & Van Boekel,
2002; Lertittikul, Benjakul, & Tanaka, 2007). The enolisation reac-
tion, known as the “Lobry de Bruyn-Alberda van Ekenstein trans-
formation,” produces enediol anion species. Glucose and fructose
can isomerise into one another during this transformation (Speck,
1958). The loss and enolisation of glucose in the MRPs derived
from aqueous glucose/glycine, diglycine and triglycine model sys-
tems, as a function of the heating time, are shown in Fig. 3. From
the results, a sharp decrease in glucose of all MRP samples was ob-
served for up to 240 min of the heating time (P < 0.05). The loss of
glucose in MRPs derived from the Glu-G model system was lower
than that in MRPs derived from the Glu-Di and Glu-Tri model sys-
tems. In particular, the losses of glucose in MRPs derived from the
Glu-Di and Glu-Tri model systems were markedly decreased as the
heating time increased and there was no statistical significance be-
tween the Glu-Di and the Glu-Tri model systems. In fact, little
attention has been paid, so far, to the behaviour of the reducing su-
gar in studies on the Maillard reaction, although some authors,
using mixtures of amino acids or proteins and reducing sugars,
have reported that the carbonyl disappeared faster than its coun-
terpart, the amino group (Ajandouz et al., 2001; Brands & Van
Boekel, 2001). This observation was in agreement with the present
study (Fig 3 and Table 1). In particular, De Kok and Rosing (1994)
reported that sugar degradation, in the absence of peptide, was
negligible, as was the hydrolysis of peptide in the absence of glu-
cose. The reactivity in terms of glucose degradation was found to
decrease in the order diglycine > triglycine > glycine, even though
the pK> values were 8.25, 7.91, and 9.77, respectively, showing that
the terminal amino group is not the only factor operating. Vernin
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Fig. 3. The loss and enolisation of glucose in the MRPs derived from aqueous
glucose/glycine, diglycine, and triglycine model systems as a function of the heating
time. Bars indicate the standard deviation from triplicate determinations (solid line:
glucose, dotted line: fructose).

et al. (1992) suggested that the fast disappearance of glucose
may be due to the formation of diglycosylamines, in line with
the findings of Lee, Sherr, and Koh (1984), who reported that dift-
uctosyl-lysine accounted for more than one quarter of the blocked
lysine when a glucose-lysine mixture was refluxed for several
hours in 80% methanol. The question that still remains to be an-
swered, however, is what the effects of the peptide may be on
the first chemical changes, which the reducing sugar undergo.

On the other hand, the degree of sugar enolisation increased for
up to 120 min of the heating time (P < 0.05). The degree of sugar
enolisation in MRPs derived from the Glu-Tri model system was
the highest, followed by those of the Glu-G and Glu-Di model sys-
tems. Thereafter, the degree of sugar enolisation, in all MRP sam-
ples, was decreased. The greatest decrease in the degree of sugar
enolisation was observed in MRPs derived from the Glu-G model
system. According to the Lobry de Bruyn-Alberda van Eckenstein
rearrangement, all sugars, glucose and fructose are in equilibrium
with the same intermediate, the 1,2-enediol. However, fructose is
also in equilibrium with the 2,3-enediol. The formation of 1,2-ene-
diol from the respective enaminol is not so likely to happen.
However, by release of the amino acid the enaminol can form its
2,3-enediol, which through enolisation can lead to sugar formation,
in particular fructose (Anet, 1964). This indicates that fructose can
be formed from DFG (N-(1-deoxy-p-fructos-1-yl)-glycine) by its
2,3-enolisation step, whereas glucose can only be formed via the
1,2-enaminol, through the Schiff base in the Maillard reaction.
Moreover, it could also be argued that the sugars might arise by al-
dol-type condensations between smaller sugar fragments gener-
ated from the decomposition of DFG (Sara & Van Boekel, 2003). A
sugar isomerisation and degradation reaction also takes place, at
the same time, during the course of the Maillard reaction. Sugar
isomerisation and degradation reactions were reported to be much
more important, from a quantitative point of view, than what is
necessary in the Maillard reaction (Van Boekel, 1996). Because
these sugar reactions occur simultaneously with the Maillard reac-
tion and the sugar reaction products subsequently take part in the
Maillard reaction, the Maillard reaction becomes even more intri-
cate. Furthermore, conclusive evidence for the formation of sugar
isomerisation during the course of the Maillard reaction has re-
cently been found (Kim & Lee, 2008). Thus, sugar isomerisation
can also occur during the course of the Maillard reaction with a
peptide. The results suggest that the reducing sugar used as a reac-
tant in the Maillard reaction, and the reaction rate, might be re-
lated to the degree of hydrolysis of the peptide bond.

3.4. Changes in glycine, diglycine and triglycine

At an early stage of the MRP formation, terminal o-amino
groups of peptides react with the carbonyl function of reducing
sugars present in the reaction medium. Thus, the loss of available
primary amino groups is another indicator used to compare the su-
gar reactivity in the MRP (Benjakul et al., 2005; Lertittikul et al.,
2007; Sun, Hayakawa, Puangmanee, & Izumori, 2006). The changes
in glycine, diglycine and triglycine of the MRPs derived from aque-
ous glucose/glycine, diglycine and triglycine model systems, as a
function of the heating time, are shown in Table 1. The stabilities
of the two peptides can be determined by the remaining amount
of peptides in the Maillard reaction. The glycine oligopeptides con-
tent of MRPs changed slightly when the heating time was 10 min.
However, a continuous decrease in the glycine oligopeptides con-
tent of all MRP samples was observed when the heating time
was increased (P < 0.05). The glycine oligopeptide content, in MRPs
derived from the Glu-Di model system, was markedly decreased,
followed by those of the Glu-Tri and Glu-G model systems. After
240 min of heating time, glycine remained at 65.2% (mol/mol%).
Diglycine and triglycine remained between 49.1% and 53.7%
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Table 1

The changes of glycine, diglycine, and triglycine (mol/mol%) in the MRPs derived from aqueous glucose/glycine, diglycine, and triglycine model systems as a function of the

heating time.?

Heating time (min)

10 60 120 180 240

Glu-G© Glycine 98.6+0.67° 86.5 +0.60° 80.3 +1.33¢ 78.4 2554 65.2 +2.96°
Diglycine nd® nd nd nd nd
Triglycine nd nd nd nd nd

Glu-Di¢ Glycine nd 1.72 + 0.08¢ 2.49 £0.17¢ 4.54+0.10° 4.75 +0.06*
Diglycine 98.3+0.61° 64.7 £ 0.62° 62.3 +1.60° 56.3 +1.349 49.1 + 0.59°¢
Triglycine nd nd nd nd nd

Glu-Tri® Glycine nd 9.08 +0.33¢ 14.3 £ 0.56° 29.5+0.37° 26.8 £0.70°
Diglycine 1.24+0.30° 222 +0.04¢ 2.64 +0.09° 4.28+0.21% 3.49 +0.07°
Triglycine 99.3+0.10* 81.8 £0.79° 75.5+2.41°¢ 72.3 +0.96¢ 53.7 +2.03¢

Different superscripts in the same row indicate significant differences (P < 0.05).

¢ Values represent mean * SD (n = 3).

b nd, not detected.

€ Glu-G, glycine with glucose.

4 Glu-Di, diglycine with glucose.

€ Glu-Tri, triglycine with glucose.
(mol/mol%) in the Glu-Di and Glu-Tri model systems. During the
heating process, triglycine was mainly degraded into diglycine at
about a 1.24-4.28% (mol/mol) yield and glycine at about a 9.08-
29.5% (mol/mol) yield. Diglycine was degraded into glycine at
about a 1.72-4.75% (mol/mol) yield. It was found that the Glu-Di
model system generated less glycine than did the Glu-Tri model
system, and the reason was considered to be the high electron den-
sity of the peptide bond, which suppresses hydrolysis. In addition,
diglycine and triglycine were not detected in the Glu-G model sys-
tem. Triglycine was not detected in the Glu-Di model system. The
fact that glycine and diglycine were synthesised, with no detect-
able amount of diglycine or triglycine in the model systems, sug-
gests that diglycine or triglycine molecules could be rapidly
hydrolysed into molecules of glycine or diglycine. However, Nagay-
ama, Takaoka, Inomata, and Yamagata (1990) reported that the
possible mechanisms of formation of triglycine are chain elonga-
tion or opening of the diketopiperazine (DKP) ring with addition
of one glycine molecule. Imai, Honda, Hatori, Brack, and Matsuno
(1999) reported that, with repeated circulation of glycine through
the hot (200-250 °C) and cold (0 °C) regions in a flow reactor at
24.0 MPa, oligopeptides were made from glycine. Therefore, this
result suggested that the formation of an oligomer from glycine
might be dependent on the extreme temperature and pressure
conditions, as well as on DKP formation. Moreover, this result sug-
gested that an o-NH, group of amino acids or proteins covalently
attached to sugar to form glycated proteins to a greater extent, par-
ticularly when the heating time was increased. The first glycation
product or Schiff base rearranges to a more stable ketoamine or
Amadori product. The Amadori products can then form cross-links,
between adjacent proteins or with other amino groups, resulting in
polymeric aggregates called advanced glycation end-products
(Friedman, 1996). From the results, the decreases in amino groups
were in accordance with the increase in browning and absorbance
at 294 nm (Fig. 2). This indicated that extended heating catalysed
the interaction between amino groups and sugar via the glycation
process. As a result, intermediate products were derived and con-
verted further to brown pigments, as observed by the increased
absorbance at 420 nm.

3.5. Wavelength spectra of MRPs

The changes in the wavelength spectra of the MRPs derived
from aqueous glucose/glycine, diglycine, and triglycine model sys-
tems as a function of the heating time are shown in Fig. 4. The
absorbance of all MRP samples increased markedly as the heating

time increased for up to 240 min. All MRP samples showed differ-
ent absorptions in the UV-vis spectra, although these had similar
shapes. The higher intensity of all MRP samples was indicative of
increased absorbance in the ultraviolet region, and the absorbance
was gradually reduced in the visible region. Every peak had a max-
imum absorbance that appeared in the range 260-320 nm, which
is characteristic of melanoidins. This trend was also described by
other authors for melanoidin-type colourants (Kim & Lee, 2008;
Rafik, Mas, Elharfi, & Schue, 1997). In particular, the band intensi-
ties of MRPs derived from the Glu-Di and Glu-Tri model systems
were significantly higher than those of MRPs derived from the
Glu-G model system as the heating time increased. This wave-
length shift was supposedly due to a possible increase in the extent
of chromophore conjugation in melanoidins, resulting in a copig-
mentation effect. UV-vis spectra, exhibiting both featureless end
absorption and increased intensity with a decrease in the wave-
length, were typical of melanoidins (Clark & Tannenbaum, 1970).
Further investigations of heated protein/glucose mixtures revealed
that browning is accompanied by polymerisation of the protein
(Kato, Matsuda, Kato, Watanabe, & Nakamura, 1986). Ultraviolet—
visible (UV-vis) radiation comprises only a small part of the elec-
tromagnetic spectrum (about 100-750 nm). In simplified terms,
UV-vis absorption spectroscopy can be described as spectroscopy
involving the electronic energy levels of the molecule. Hence, the
absorption of radiation leads to transitions among the electronic
energy levels of the molecule (Wiberg, 2004). Therefore, this result
indicated that the MRPs derived from the Glu-G, Glu-Di, and Glu-
Tri model systems had different electronic energy levels of the
molecules as the heating time increased.

3.6. Evolution of MW in MRPs

A molecular weight calibration curve for the TSK-G3000PW gel
filtration column was intended for the determination of the peaks
for MRPs that have high MWs of over 1000 Da. The correlation per-
formed revealed that the TSK gel filtration column could serve as a
good tool to separate proteins in the range of 1000 Da-4000 kDa.
The MW of the eluted proteins was calculated in the following
equation:

y =6.5726 — 0.1654x (R*> = 0.987)

where y =log MW, and x is the retention time.

The changes in the gel permeation chromatograms of the MRPs
derived from aqueous glucose/glycine, diglycine, and triglycine
model systems, as a function of the heating time, are shown in
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Fig. 4. The changes in the wavelength spectra of the MRPs derived from aqueous glucose/glycine, diglycine, and triglycine model systems as a function of the heating time.

Fig. 5. Gel permeation chromatography (GPC) allowed separation
of MRPs on a MW basis. Using this technique, low-molecular-
weight (LMW) compounds were retained in the pores of gel beads
and eluted later than were the molecules of HMW compounds. In
the present study, the term “MRP” is arbitrarily used for all copoly-
mers with a molecular weight above 5000 Da. In addition, the
molecular weight of all MRP samples was less than 40 kDa, as they
were compared with MW calibration standards. As the heating
time increased, the MW of all MRP samples showed rising intensi-
ties, whereas the major peaks of each MRP sample were eluted at
different retention times. With regard to the molecular size distri-
bution of MRPs derived from the Glu-G model system (Fig. 5A),
four peaks with different molecular masses were observed, corre-
sponding to the peak apices. The major peaks, appearing at 15.14

and 15.86 min, corresponded to molecular weights of 11.6 and
8.9 kDa, respectively. The other peaks, with retention times of
17.22 and 20.76 min, corresponded to molecular weights of 5.4
and 1.4 kDa, respectively. In particular, compounds with MWs of
11.6 and 8.9 kDa increased markedly as the heating time increased
up to 240 min. On the other hand, with regard to the MRPs derived
from the Glu-Di model system, the chromatograms shown in
Fig. 5B confirmed that the shape of the chromatogram increased
more than did those of MRPs derived from the Glu-G model sys-
tem. Four peaks, with different molecular masses, were also ob-
served. The first peak, appearing at 14.63 min, corresponded to a
molecular weight of 14.2 kDa. The second peak, with a retention
time of 16.63 min, corresponded to a molecular weight of
6.6 kDa. The third peak, with a retention time of 17.36 min, corre-
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Fig. 5. GPC chromatography patterns of the MRPs derived from aqueous glucose/glycine, diglycine, and triglycine model systems as a function of the heating time.

sponded to a molecular weight of 5.1 kDa. The last peak, with a
retention time of 18.16 min, corresponded to a molecular weight
of 3.7 kDa. In particular, the compounds with a MW of 14.2 kDa in-
creased markedly as the heating time increased up to 240 min.
Moreover, with regard to the molecular size distribution of MRPs
derived from the Glu-Tri model system (Fig. 5C), three peaks were
observed with different molecular masses, corresponding to the
peak apices. The three peaks had quite similar retention times,
and corresponded to MRPs derived from the Glu-Di model system.
The major peak, appearing at 14.63 min, corresponded to a molec-
ular weight of 14.2 kDa. The other peaks, with retention times of
16.63 and 18.16 min, corresponded to molecular weights of 6.6
and 3.7 kDa, respectively. In particular, the compounds with
MWs of 14.2 and 6.6 kDa increased markedly as the heating time
increased. The shape of chromatogram with a MW of 14.2 changed

slightly more than did those of MRPs derived from the Glu-Di mod-
el system, while the peak with a MW of 6.6 kDa increased.
Hofmann (1998) reported that the reaction between casein and
glucose led to a drastic increase in the MWs by carbohydrate-in-
duced oligomerisation of the protein backbone. Furthermore, these
results confirm the earlier findings of Clark and Tannenbaum
(1974) that the reaction between proteins and carbohydrates leads
to polymerisation of the reaction mixture. The results showed that
the shapes of the chromatogram of MRPs derived from the Glu-Di
and Glu-Tri model systems were different from those of MRPs de-
rived from the Glu-G model system as the heating time increased.
Moreover, the MRPs of different peptides had different SEC elution
patterns. It should be noted that the ratio between the peak areas
changed significantly as the heating time increased. There is evi-
dence that the shape of the peaks of the MRPs was independent
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of temperature but dependent on the type of peptide. This fact sug-
gests that the SEC elution pattern can be considered a reliable
“structure fingerprinting” of the MRPs.

4. Conclusion

The results have shown that the Maillard reaction is greatly af-
fected by the peptide chain length. The stability of the peptide
bond in triglycine was higher than that in diglycine. Thus, the
Maillard reaction rate might be related to the degree of hydrolysis
of the peptide bond and the stability of the peptide bond as the
heating time increased. Furthermore, these results suggested that
the peptide chain length may be one of the main factors affecting
MRP formation via the Maillard reaction.
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