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Abstract

a-Dicarbonyl compounds (a-DCs) are significant markers in the intermediate stage of the Maillard reaction, which
not only provide pleasant taste and color, extend shelf life and improve functionality, but also generate a large
number of potentially harmful substances that can lead to severe food safety problems and pose significant risks to
human health. Therefore, food derivatives of «-DCs are under close attention in food chemistry and medicine. The
study of the effects of pH and extended heating on the formation of a-dicarbonyl compounds (a-DCs) in the D-glucose-
glycine model system is important for understanding methods to reduce or prevent their development in heat-
processed foods. In this study the a-DCs formation were determined based on the changes in UV absorbance at Amax
270-290 nm. The results indicated that in the pH range from 1.0 to 7.0 with increasing heating time the formation of
a-DCs occurred most slowly in the pH range from 4.0 to 5.0. In the pH range from 7.0 to 12.0, the slower formation of

a-dicarbonyl compounds was observed in the pH range from 7.0 to 10.0. The calculated relative rates (v= %) of a-

DCs formation in the D-glucose-glycine model system are in full agreement with the experimental data. The effect of
both heating temperature and time on the formation of a-DCs in the D-glucose-glycine model system at pH 9 was
investigated using Raman spectroscopy. The study of the a-DC formation patterns is to find the best and more suitable
method for producing a healthy food product with good sensory characteristics.

Keywords: the Maillard reaction; Maillard reaction model system; intermediate stage; a-dicarbonyl compounds (a-DCs);
intermediates.

BIIJIUB pH 1 TPUBAJIOT'O HATPIBAHHA HA a-AUKAPBOHIJIBHI CITIOJIYKH,
1110 YTBOPIOIOTHCS B MOJEJ/IbHIN CUCTEMI D-TJIIOKO3A-TJIIIUH
Bipa M. Pygenko

HayioHaabHull asiayiiiHuil yHisepcumem, npocn. /lro6omupa I'ysapa, 1, Kuis, 03058, Ykpaina

AHoTalif

o-/Inkap6oHinbHI cnoyku (a-DCs) € BaXKJIMBUMU MapKepaMM Ha NpoMiKHi# craaii peaknii Maiisipa, i He TiJIbKHU
3a6e3ne4yl0Th IPMEMHUI CMaK i KOJIip, MOJ0BXKYIOTh TEPMiH 36epiraHHs Ta NOKpaILyoTh GyHKIiOHAJIBHICTD, aje |
reHepylTh BeJUKY KiJbKiCTh MOTeHIiiHO MIKiAJTUBUX PEYOBMH, AKi MOXKYTh NPU3BECTH A0 Cepilo3HMX MPOGJieM
6e3NeKH XapyoBUX NMPOAYKTIB i CTAHOBUTHM 3HA4Hi PU3MKHU AJA 340poB’aA JwoaAuHU. Tomy xapuyoBi nmoxigni a-DCs
3HAX0AAThCA NiJ NUJIBHOIO YBarol B Xap4oBiii ximii Ta MeaunuHi. BuBueHHs BiuiuBy pH i TpuBasioro HarpiBaHHs Ha
YTBOPEHHS X-AUKAPGOHIIbHUX cnoJIyK (a-DCs) y Mo esibHiN cucTeMi D-ryiloKko3a-rJIilyH € BaXKJIMBUM JAJIS1 pO3yMiHHA
MeTO/AiB 3MeHIlIeHHA a60 3ano6iraHHs iX yTBOPEHHIO B XapuyOBHUX NPOAYKTAX, MiJJaHMX TeIJIOBii 06po6ui. B nbomy
AocjigxeHHi yTBopeHHs a-DCs BH3Haya/iM Ha OCHOBi 3MiH Y®-norsinHaHHA 3a Amax 270-290 HM. Pe3sysibTaTtn
nokKasa/iv, mo B Aiana3oHi pH Bix 1.0 go 7.0 3i 36iibeHHAM 4Yacy HarpiBaHHA yTBopeHHA o-DCs BigGyBajocs
HalinoBiibHime B Aiana3oHi pH Big 4.0 g0 5.0. Y aiana3soHi pH Big 7.0 50 12.0 cnocrepira/jiocs noBijibHillle yTBOPEHHA
AMKApOOHIIbHMX cHoJayk y Jiamaszoni pH Big 7.0 go 10. PospaxoBaHi BigHOIIEeHHA MMIBHAKOCTei

0.D.
(U = min.

eKCIepUMeHTa/IbHUMHU JaHUMU. BIUIMB K TeMnepaTypu HarpiBaHHs, TakK i yacy Ha yrBopeHHs a-DCs y Mo e ibHil
cucremi D-rawkosa-riainuH 3a pH 9 pocaigkyBasu 3a J0NOMOrol paMaHiBCbKOI cneKTpockomii. BuBuyeHHA
3aKOHOMipHOCTel yTBopeHHA o-DC mMae Ha MeTi 3HaWTH HaWKpaluil i 6lablI BiANOBiAHMI MeTOJ BUPOGHUIITBA
3l0POBOr0 Xap40BOro NPOAYKTY 3 XOPOIIMMH CEHCOPHMMHM XapaKTepUCTUKaMM.

Knarouosi cnosa: peakuis Maiisipa; MozesbHi cucteMu peakuii Malisipa; npoMixkHa cTajlisl; iHTepMeaiaTH.

) yrBopeHHa o-DC B MogenbHiH cucTteMi D-raokosa-rjainUH MOBHICTIO y3roKyHOTbhCSI 3
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Introduction

Over a century after discovery, the Maillard
reaction (L.-C. Maillard, 1912) continues to
fascinate and challenge researchers around the
world. The simple nucleophilic attack of an amine
onto a carbonyl group gives rise to a series of
parallel and subsequent reactions, occurring
simultaneously, resulting into a vast array of low-
mass and high-mass compounds [1;2]. The
Maillard reaction (MR) is very important for the
improvement of sensory characteristics and food
quality, which can promote the formation of good
color, smell and taste of food, and improve the
palatability of food [3-6]. The MR occurs in the
human body [7] and is known as protein glycation
in Health and Medical Sciences [8-10].

Hodges'’s description of the basic pathways of
the MRs in 1953 was the first coherent and
comprehensive organization of the many
reactions already reported at the time to be part of
the Maillard reaction. The Hodge scheme (Hodge,
1953) (divided the MR into three major stages:
early stage, intermediate stage, and final stage.

As greater knowledge unfolds on a certain
aspect, the need for more clarifications in another
facet of this extremely complicated process
becomes evident.

Among the various molecules or compounds
that are formed in the intermediate stage of the
reaction [11-12] are a-dicarbonyl compounds (a-
DCs) [13]. a-DCs are a class of highly reactive and
low-mass compounds. Although they were found
only in small quantities, numerous attention has
been drawn to the food field regarding their
pivotal role as precursors of unique aroma, color,
taste and other sensory factors [14]. As
intermediate products of the Maillard reaction a -
DCs can be found in almost all foods, especially
those processed at high temperatures and/or have
a long shelf life.

Otherwise, the existence of a-DCs may mediate
the crosslinking reaction of amino acids, peptides
and proteins, leading to impaired flavor, and
nutritional loss of foods [15]. Hence, a-DCs are
significant markers in the intermediate stage of
the Maillard reaction and are closely related to the
color, flavor, texture, digestibility and nutritional
loss of foods [16].

a-DCs, as precursors, can not only lead to
pleasant flavor and color, extended shelf life, and
enhanced functionality, but can also generate the
formation of potentially harmful substances such
as advanced glycation end products (AGEs), what
pose the potential risk to human health [17-20].
Normal levels of «a-DCs have important

implications for regulating human physiological
metabolism, and human organisms in healthy
conditions have a series of enzymes related to the
function of reducing a-DCs toxicity [21].

Exogenous a-DCs are widely present in various
foods, especially thermally treated and fermented
foods [22]. a-DCs and their end-products are
prone to accumulation in the human body. The
increased intake of a-DCs with food in the body
may lead to protein modification, increased
oxidative stress, and chronic disease to varying
degrees, such as aging, cancer, uremia and diabetic
complications [23-25].

Considering that the MRs provoke both
desirable and undesirable effects, the need for
control is evident. The complexity of this process
and the many influencing factors make this task
extremely challenging.

In the last decade the strategies and control
mechanisms of the highly reactive a-DCs, that can
lead to severe food safety problems and pose
significant risks to human health has garnered
worldwide attention as a top priority. Many
approaches have been proposed to control the
content of a-DCs in foods, including novel
processing technologies, adjusting the formula of
foods, and addition of phenolic compounds, etc.
[26-27]. However, effective control a-DC of daily
foods remains important to help guide production
strategies and result in safer and healthier foods.

Materials and Methods

Chemicals

Laboratory-made solutions of model system D-
glucose- glycine sample 1 contained 0.5 mol/l of
D-glucose and 0.5 mol/1 of glycine. Appropriate pH
values (1-7) were adjusted with HCl solution,
sample 2 contained 0.5 mol/l of D-glucose and
0.5 mol/1 of glycine. Appropriate pH values (7-13)
were adjusted with NaOH solution.

Instruments

Spectrophotometer Photometry Hitachi U2810
(Hitachi High-Technologies Corporation, Japan)
was used. pH values were determined by pH meter
XS Instruments DHS Basic (50001202, Italy).
Raman spectrometer ReactRaman (Mettler
Toledo, Switzerland) was used.

Results and Discussion

«The Maillard reaction» actually consists of an
extremely complex series of reactions and
interactions, occurring simultaneously and
sequentially, producing a vast array of low-mass
and high-mass compounds.

According to the Hodge-scheme (Hodge, 1953),
the whole process of Maillard reaction occurs in
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three different stages i.e., early stage, intermediate = rearrangement. The products are colorless,
stage, and final stage. without absorption in the ultraviolet region
The initial (or early) stage consists of sugar-
amine condensation and the Amadori

H NHR
—0
H—=—=NR CH,OH
— OH —OH oH |
HO— + RNH, OH HO | |
= HO— . HNHR
ol — OH H:0 OH HO ? \\/
OH ——OH H ‘ OH
——OH
—_OH \C ~ J
Schiff base
_H* [[+H"
+
_—_NHR H NHR H———= NHR
HO— HO— HO—
—OH —O0H g —OH
___OH ——OH —OH

Amadori rearrangement products
Scheme 1. Transformation in the early stage of the Maillard reaction

In intermediate stage Amadori rearrangement DGIc) and 3-deoxy-d-erythro-hexo-2-ulose (3-
products (ARPs) being prone to rapid degradation = deoxyglucosone, 3-DGlc) [28]. The o-DCs are
to generate of a-DCs, such as d-arabino-hexo-2- colorless and absorb in the carbonyl region Amax
ulose (d-glucosone, GLUC) as well as 1-deoxy-d- 285-290 nm of the UV spectrum.

erythro-hexo-2,3-diulose (1-deoxyglucosone, 1-
—NHR

=0
HO—

—OH

—OH

——OH

1-Amino-1-deoxy-D-glucose

—0 =0 —0
—0 —0 —0
HO— —oOH \
——OH — OH —_OH
—OH —OH —OH
3-deoxygalactosone, (3-deoxyglucosone, 3,4-dideoxyglucoson-3-ene,
(3-DGal) (3-DGlc) (2)-3,4-DGE

Scheme 2. Transformation in the intermediate stage of the Maillard reaction

Considering that a-DCs are significant markers and undesirable effects, the need for control is

in the intermediate stage of the Maillard reaction evident.
and provoke both desirable The Maillard reaction is influenced by several
factors such as temperature, time, pH [29]. Among
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these factors, the pH is believed to play an
important role.

Therefore, it was logical to conduct a
comparative study on the formation of a-DCs in
D-glucose-glycine model system, at different pH
values. The a-DCs formation at different initial pH
values (1, 3, 4, 5, 7-13) was performed using UV
spectroscopy methods.

In order to elucidate the effects of pH and
extended heating on the a-DCs formation, D-

2,5

1,5

0.D.

0,5

3

glucose-glycine model solutions [sample 1] at the
pH range between 1.0 and 7.0 were heated to
95 °C. After certain time intervals of reheating, a-
DCs formed at each pH were determined based on
the changes in the absorption of UV (Amax 290 nm).

Analysis of changes in the intensities of
carbonyl absorption suggested that heating time
accelerates the a-DCs formation in the pH range
between 1.0 and 7.0 but to a lesser extent in the
pH range between 4.0 and 5.0 (Fig 1).

Heating time, hours

pH 1,0 pH 3,0

pH4,0 =@=pH50 =@=pH7,0

Fig. 1. Change in optical density 0.D. Amax290nm of D-glucose-glycine model solutions as function of extended
heating (0.5 mol/1 of each compound, Hz0, 6 hours)

A comparative assessment was carried out on
the pH effect (from 1.0 to 7.0) of a-DCs formation
in the D-glucose-glycine model system. The
solutions [sample 1] after 4 reheating hours, a-
DCs formed at each pH were determined based on
the changes in the absorption of UV (Amax
2290 nm).

According to the influence of pH on a-DCs
formation in the D-glucose-glycine model system,
the pH scale (from 1.0 to 7.0) can be divided into
several zones (Fig. 2).

100
S0
80
70
60
50
40
30
20
10

0

0.D.%

1 2 3

- in the pH range between 1.0 and 4.0, the
carbonyl absorption intensity rapid decreased as
the pH increased

- in the pH range between 4.0 and 5.0 the
carbonyl absorption intensity remains constant as
the pH increased

- in the pH range between 5.0 and 7.0 the
carbonyl absorption intensity increases slightly as
the pH increased

4 5 6 7

pH values

== 0.D. (%)

Fig. 2. Change in optical density 0.D. Amax290 nm of D-glucose-glycine model solutions as function of pH (0.5 mol/1
of each compound, Hz0, 4 hours)
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To evaluate the influence of pH (from 7.0 to 9.0)
and reheating (heating: 95 °C; reheating 6 hours)
on the a-DCs formation, D-glucose-glycine model
solutions (sample 2) were studied. a-DCs formed
at both each pH and reheating time were

1,2

0,8

0,6

0.D.

0,4

0,2

3

determined based on the changes in the
absorption of UV (Amax 270-285 nm).

Based on the analysis of the intensities of
carbonyl absorption, it can be seen that heating
time accelerates the a-DCs formation to a greater

extent in the pH range between 8.0 and 9.0 (Fig. 3).

Z 5

@

Heating time, hours

—@—pH7 =—@—=pHE —@=—pHY

Fig. 3. Change in optical density 0.D. Amax270-285 nm of D-glucose-glycine model solutions as function of extended
heating (0.5 mol/1 of each compound, Hz0, 6 hours)

To compare the effect of pH values (from 7.0 to
13.0) on the a-DCs formation in the D-glucose-
glycine model system, the changes in the optical
density (0.D.) of DCs were analyzed.

After reheating (heating: 95 °C; reheating
4 hours) of D-glucose-glycine model solutions
(sample 2), the a-DCs formation at each pH was
determined by UV absorption (Amax 270-285 nm).

The difference in the effect of pH on the a-DCs
formation made possible to identify different
zones on the pH scale (Fig 4):

120
100
80

60

0.D.%

40

20

- in the pH range between 7.0 and 10.0, the
carbonyl absorption intensity increased as the pH
increased;

- in the pH range between 10.0 and 12.0, the
carbonyl absorption intensity rapid increased as
the pH increased

- in the pH range between 12.0 and 13.0, the
carbonyl absorption intensity rapid decreased as
the pH increased

7 8 9 10 11 12 13
pH values
=@=0.D. (%)

Fig 4. Change in optical density 0.D. Amax270-285 nm of D-glucose-glycine model solutions as function of pH
(0.5 mol/1 of each compound, Hz0, 4 hours)
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The obtained results are in agreement with
. : 0.D.
calculations of the relative rates (v = E) of

a-DCs formation in the D-glucose-glycine model
system.

Table
Relative rates of a-DCs formation in the D-glucose-glycine model system
(0.05 mol/1 D-glucose and glycine, H20, 95°C, 4 h)
pH (-7.0) 1.0 2.0 3.0 4.0 5.0 6.0 7.0
v :% 0.0037  0.0008 0.0005 0.0003 0.0004 0.0007 0.0012
pH (7.0-13.0) 7.0 8.0 9.0 10.0 11.0 12.0 13.0
p = 2RE75 ) 0.0012 0.0040 0.0233 0.1638 0.3250 0.3555 0.2833

min.

The calculated data in quantitative terms allow
us to compare the rates of a-DCs formation in the
D-glucose-glycine model system (Table). It is quite
obvious that in the pH range between 4.0 and 5.0
the formation of a-DCs occurs at the lowest rate.

The rates of a-DCs formation rapid increased as
the pH increased from 10.0 to 12.0 and then
decreased with a further increase of pH to 13.0.

In order to record the effect of reheating time
(heating: 95 °C; reheating: 95 °C, 15 min, 3 h, 6 h)
on the o-DCs formation, the D-glucose-glycine
model solutions (sample 2. pH 9.0) were studied
using Raman spectroscopy.

In the Raman spectra of the D-glucose-glycine
solution (sample 2) at 20 °C the characteristic
absorption peaks of the carbonyl group (1730,
1715 cm™), enol (1695 cm™) and enediol
(1655 cm™) structures and peak of deformation
vibrations of the N-H bond near 1645 cm™ were
observed.

After 15 min of heating the reaction mixture the
stretching vibration band of the carbonyl group
C=0 occupies its usual position (1710 cm™) with
low intensity, but is slightly shifted, the intensity
of the enediol absorption (1655 cm™) has greatly
increased, the band of deformation vibrations of
the N-H bond (1645 cm™) has remained in its
place, and the enol absorption band has
disappeared.

After 3 hours of heating the reaction system,
the frequency positions of characteristic bands
changed and new absorption bands appeared:

- the band at 1730 cm™ corresponds to the
stretching vibration band of the carbonyl group
C=0 in a-DCs with medium intensity;

- bands in the region (1680-1620 cm™) are due
to the stretching vibration band o of isolated C=C
bonds

- the band of 1630 cm™ can be attributed to t
the stretching vibration band of the carbonyl group
C=0 in tert-amide-type structures.

After 6 heating hours of the D-glucose-glycine
reaction system, only three absorption bands
remain in the region of 1750-1600 cm™:

- the intensity of carbonyl absorption
(1740 cm™), which corresponds to the stretching
vibration band of the carbonyl group C=0 in a-DCs
has greatly increased;

- 1662 cm™, which can be attributed to the
stretching vibration band of C=C bonds;

- in the amide region (about 1635 cm-1); this
could be related to the generation of typical
Maillard reaction products (i.e., a Schiff base imine
group and enaminol group) and the formation of
covalent bonds between carbonyl group and
amino group

Changes in the characteristic absorption bands
of carbonyl (v 1740-1710 cm!) in the D-glucose-
glycine model solution depending on the
temperature and reheating time at pH 9.0 are
correlated with UV spectral studies.

Conclusion

The purpose of this study was to investigate the
dynamics of the o-DCs formation in the D-
glucose-glycine model system at both different pH
values and extended heating based on the changes
in UV absorbance at Amax 270-290 nm. The
obtained results supported those of previous
studies that revealed the great effect of pH value
on the intermediate products formation in the
Maillard reaction. It was shown that during the
heating time in the pH range between 4.0 and 5.0,
the slowest a-DCs formation was observed. A
comparative assessment of the effect of pH (from
1.0 to 7.0) on the a-DCs formation confirmed that
in the pH range from 4.0 to 5.0, the a-DCs
formation slows down to a greater extent. The a-
DCs formation was accelerated in the pH range
from 7.0 to 12.0, but nevertheless, in the pH range
between?7.0 and 10.0 less intense a-DCs formation
was observed. The obtained results are in
agreement with calculations of the relative rates

(v= %) of a-DCs formation in the D-glucose-
glycine model system.
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