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Role of Glucose in the Maillard Browning of Maltose and
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We followed the contribution of released glucose to the formation of melanoidins in the maltose—
glycine reaction by adding 4C glucose to the maltose—glycine mixture, after it already had undergone
some reaction. This approach allowed us to confirm the turnover of glucose in this reaction and
hence the role of glucose in forming melanoidins. A comparison of the total amount of glucose
converted into the melanoidins with the total concentration of melanoidins formed from maltose and
glycine showed that the concentration of melanoidins originating from the released glucose was
relatively small in comparison to the total melanoidins concentration. Hence, the parallel glucose—
glycine reaction is considered to be only a minor pathway in the formation of maltose—glycine
melanoidins. The incorporation of glucose into the nondialyzable melanoidins in the maltose—glycine
reaction was in excellent agreement with the amount estimated from a kinetic model for the reaction
of maltose with glycine. The rate constants were estimated by nonlinear regression, via multiresponse
modeling.

KEYWORDS: Maillard reaction; nonenzymatic browning; kinetic model; maltose; glucose; glycine;
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INTRODUCTION by higher concentrations of primary amines and can be detected

Whereas much attention has been given to the mechanism'| heated food, where it can be formed from mono- and

and kinetics of the browning of sugars such as glucose anddisaccharides (50). It was found that, at pH 5, 1-DG-derived

fructose and other monosacccharides, food components impor_compounds can also be formed, mainly glycosylisomaltol and

tant with regard to browning and flavor formation include acetylpyrrole §). In the 1-DG-pathway, disaccharides differ

disaccharides such as lactose in milk and maltose (plus higherfrorn monosaccharides because of the 1,4-glycosidic linkage.

oligomers of glucose) when hydrolysis of starch has taken place.;!l—he golly<t:_03|de-lt|t:1ked Slrjlg‘;r n mal_tosci otr I_actlozg calquse_sd a
Little is still known about their mechanism of browning egradation pathway which gives rise 1o typical disaccharide

In the initial stage of the Maillard reaction, disaccharides (as products. Cyclization and enolization of the 1-DG lead to five-

aldehydes in the open-chain form) form a Schiff base with amino six-membered rings (-pyranone and 3-furanone, respec-

groups of amino acids and are subsequently transformed Viatlvely). Thus, evidence shows that the Maillard reaction of 1,4-

the Amadori rearrancement into the Amadori rearrangement linked disaccharides leads to the formation of products that on
9 9 one hand are known to arise from monosaccharides and, on the

pmrgggg;cgh;:}ge;?m:s m?rqgeh;laﬁlsargizgé%iﬂ Oﬂrrenv(;(r)ltézlgc_for other hand, are characteristic of the disaccharide from which
. they were obtained.

charides, there are two general pathways, namely, the 3-deoxyo-" 7 "~ .
sulose-pathway via 1,2-enolization, chiefly at p5, and the Little is known about the advanced products derived from
1-deoxyosulose-pathway via 2,3-enolization, chiefly at neutral 4-DG. Pischetsrieder and Severin (5) were able to isolate and
and alkaline pH 2—4). However, a third route, the 4-deoxyo- identify two aminoreductones (4-deoxyaminoreductone and 5,6-
sulose-pathway, is significant for disaccharides under slightly dihydro-3-hydroxypyridine) which were obviously formed from
alkaline conditions (5). Nevertheless, each route leads to tiS intermediate. It was assumed that they are derived only
deoxyglucosuloses (DG) which undergo enolization, cyclization, from 1,4'-I|nked dlsaccharl(jes, since the fc?fmaﬂon of the
and elimination of water (6). intermediate 4-DG from this type of sugar is favored. The

The 3-deoxyglucosulose (3-DG)-pathway leads to known substances referred to above also represent intermediates that
advanced Maillard reaction products such as hydroxymethyl- €N undergo further reactions, particularly with proteins and
furfural (HMF) and pyrraline. Pyralline formation is favored ~&mMino acids, possibly to form cross-link8)(

Investigations into the generation@fdicarbonyl compounds
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proposal for the mechanism of the fragmentation of disaccha- (10:90, v/v) of acetonitrile and ammonium formate buffer (pH: 3.5;
rides. These authors concluded that the dicarbonyl compound20 mM) increased acetonitrile content to 30% over 50 min. Quantifica-
is not formed directly from the parent disaccharide and tion of the derivatives (at 320 nm) was carried out using the synthetic
postulated a mechanism in which the disaccharide is degradedc°mPound as external standard.

by a “peeling-off’ process. It was also foundQ) that, in Quantification of Melanoidins. To measure the concentration of
contrast to monosaccharides, oligosaccharides generate 1 4r_nelan0idins, absorbane#ime data were obtained as described above.
dideoxyhexosulose (1,4-DDH) 7as the predominamicarbonyl " As shown by Wedzicha and Leong2), the extinction coefficient of

compound and proposed that the pathway leading to 1,4-DDH melanoidins can be calculated from their absorbances and the amounts
. - . of sugar incorporated into their structures. The latter can be measured
is favored by the glycosidic substituent at.C

radiochemically. The extinction coefficient of melanoidins from the
Hofmann (11) suggested that the 1,4-glycosidic linkage is maltose—glycine reaction is 651 méIL cm™2 (13). The extinction
responsible for the lower yield of brown chromophores from coefficient obtained in this way does not necessarily represent the
disaccharides in comparison to monosaccharides. It was foundextinction coefficient of the products in the reaction mixture as a whole,
that, because glucose acts as a “protecting group” of the OH since the values were derived using dialyzed samples containing only
function on G, the liberation of the color precursors normally ~high molecular weight melanoidins with a molecular weight cut off

obtained from hexoses is inhibited, thus preventing the formation ~ 3900 Daltons. Nevertheless, for the gluceggycine reaction, Wedz-
of a chromophore from disaccharides. icha and Leong12) found that the value obtained in this way was

. . L representative of the products (low and high MW) in the reaction
Here, we will apply our understanding of the kinetics of P P ( g )

- = - mixtures as a whole. It is assumed here that this conclusion applies
browning of glucose¥2) and the compositions of melanoidins a5 to maltose—glycine reaction.
derived from maltosel3) to nevy data Concernlng the kll‘!etICS Incorporation of Glucose into the Maltose-Glycine Melanoidins.
of the reactions of glucose within the maltesglycine reaction A reaction mixture containing maltose and glycine (0.25 M) and acetate
to demonstrate the involvement of glucose and maltose residuesuffer (0.2 M) was prepared and heated ati70.1°C. After 86 h of
in the building of melanoidins. heating, the reaction was spiked with 1.85 MBq DHt&] glucose.
Aliguots (2 mL) of each reaction mixture were withdrawn at timed
intervals, injected into dialyses cassettes (MMB500 Daltons), and
dialyzed continuously against water for 10 days. After dialysis, the
contents of the cassettes (retentates) were transferred into 10-mL
volumetric flasks and were made up to the mark with water. Aliquots
of these diluted retentates (1 mL) were mixed with 10 mL scintillation
fluid and counted (Tri-carb 1900TR, Packard Instruments, U.K.) for
100 min.

At that time of addition of labeled glucose, the concentration of
analysis kits were supplied by R-Biopharm Ltd., U.K. glucose in the maltose—glycine reaction mixture was 7.9 mM.

Preparation of Reaction Mixtures. The reaction mixtures con- Therefore, thé*C-specific activity of glucose dt= 86 h was calculated
tained equimolar (0.25 M) concentrations of maltose and glycine in by taking the initia®“C-activity of 1 mL of the reaction mixture (41 119
0.2 M sodium acetate/glacial acid pH 5.5 buffer. The flasks were closed & 457 cpm) minus the background counts % cpm), multiplying
and heated in a water bath at 76:0.1°C. To determine their extents this by the dilution factor (100), and dividing by the number of moles
of browning, samples were withdrawn at timed intervals, and absor- of glucose at each time as follows:
bance was measured at 470 nm against a blank containing distilled
water.

Quantification of Maltose and Glucose.The measurements of
pD-maltose and-glucose were carried out using an enzyme assay kit
containinga-glucosidase, hexokinase, and glucose-6-phosphate dehy-
drogenase. To follow the concentrations of maltose and glucose duringRESULTS AND DISCUSSION
the reaction, aliquots (1 mL) of the reaction mixture were removed at
timed intervals and were allowed to cool to room temperature. After  Kinetic Model of the Maltose—Glycine Reaction.At Leeds,
appropriate dilution, the sequence of events in the enzyme assay wasanalytical solutions for the integration of the rate equations to
followed as described by the kit supplier. determine the rate constants for a wide range of sugatino

Quantification of 3-Deoxyhexosulose (3-DH)Preparation of the acid reaction mixtures have been used successflity X6—
External Standard3-Deoxyhexosulose was prepared following the 18). To identify the role of known intermediates in the kinetics
method reported by Madson and Featfief)( The purities of the bis- of the Maillard reaction, it is attempted here to develop a kinetic
(benzoylhydrazone) of 3-DH and 3-DH were checked by elemental 446 that takes account of the possible differences in the
analysis for carbon, hydrogen, and nitrogen and were in agreement withy, o, \ning reactions of monosaccharides and disaccharides. The
the data published by Madson and Featfid) @nd with the theoretical ; . . - . .
compositions. The external standard for chromatography, 2-(2,3,4- meChamsmS of the d'sa_lCCharwycme browning reactions are_
trihydroxybutyl) quinoxaline, was prepared by derivatizing 3-DH with  IKely to be more complicated than those of the monosaccharide.
orthophenylenediamine (oPD), following the method described by A possible kinetic model for the reaction of maltose or lactose
Hofmann et al. (1528). with casein at neutral pH and 12Q was established by Brands

Analysis of 3-DH in the Reaction Mixturest timed intervals, et al. (L9) using multiresponse modeling. By comparing the
aliquots (5 mL) were removed from reaction mixtures and were cooled kinetic model for the disaccharides compared to that for
in ice water to stop the reaction. An excess of oPD (2 mmol) was added, monosaccharide2(), it was concluded that some degradation
and the mixtures were heldrf@ h at 30°C in a water bath, following products are hindered by the glycosidic linked sugar in the

the method described by Hofmann et 5(28). Aliquots (500 mL)  disaccharide reaction but other routes are favored, an observation
of these mixtures were withdrawn and diluted with an equal volume also made by Pieschetsrieder and Seves)n (

of water. Aliquots (20 mL) of each solution were analyzed by HPLC

MATERIALS AND METHODS

Chemicals.All chemical were of AnalaR grade and were supplied
by Sigma Chemical Company Ltd or Aldrich Company Ltd. D-[U-
14C] glucose was supplied by Amersham Life Science Ltd., U.K.
Emulsifier Scintillator Plus for scintillation counting was supplied by
Packard Instruments, U.K. Dialysis cassettes (MMB500 daltons)
were obtained from Pierce & Warriner, U.K. Themaltosep-glucose

(41 119+ 457 — 25+ 2) x 100
7.9%x10°

=5.194 0.06 x 1011[%‘]
mol

(Waters 600E with a Rheodyne injector (2D-loop) with a diode-
array detector (Waters 996), 22600 nm, and a stainless-steel RP-18
column (ODS-Hypersil, 256« 4.6 mm, 5um) supplied by Hichrom
Ltd., U.K.). Alinear solvent gradient (1 mL/min) starting with a mixture

The kinetic model proposed here for the maltegécine
reaction is based on the best available understanding of the key
steps in the browning of maltose as illustratedFigure 1,
whereby we consider two distinct routes by which maltose can
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maltose Kymat k k. 0.30

2mat 3mal

+ — = I1(GDH) 13 M*

glycine
Kigte Koge Kagio Kygtc 0254 T u n . .
ge —> 2——>3DH—» DDH —= M e ="
Figure 1. Proposed kinetic model for the browning of maltose—glycine ]
mixtures. Kimai, Koma, Kigu, Kogiu, Kagu, and ksma are the rate constants;
I1(GDH) = intermediate 1 (it is suggested to be 4-glucosyl-3-deoxyhexo-
sulose); 12 and 13 = intermediate 2 and 3; glc = glucose, 3-DH=3-
deoxyhexosulose, DDH = 3,4-dideoxyhexosulose, M and M* = melanoi-
dins formed from either glucose or maltose (*).

0.20

[mal] / mol I"

0.15

form melanonidins with glycine as already report&8)(in an 0

investigation into the composition of melanoidins from glucose T s T % s 75 0 135
and maltose. First, the maltose residue can remain intact to be th

incorporated whole as the melanoidins increase in size. Werigyre 2. [Maltose], time data for the reaction of maltose (0.25 M) with
assume that maltose reacts with glycine in the first rate- giycine (0.25 M) buffered in 0.2 M sodium acetate pH 5.5; T = 70 °C.
determining Step, described l'b'meah to fOFm an intermediate The line represents the model prediction.

11, where the substituent in position 4 of the reducing sugar

moiety is a glucose molecule linked by a glycosidic bond. I1is  The kinetic model of the browning reaction of maltose with
suggested to be the 4-glucosyl-3-deoxyhexosulose (GDH). If glycine can be applied through the following set of rate
the glycosidic bond is not broken and glucose is released, thisequations:

intermediate reacts in two steps describedkdys andksma via

a further intermediate 13 toward the melanoidins. This route _dMal] [Mal]
- . 7 Tmal )
leads to maltose specific products (M*) which cannot be formed
from the monosaccharide. d[i]
: : T == =k, [Mal] -k, [11] @
As reported in the literaturé(13), products originating from dr
the released monosaccharide are also found in the Maillard d[Gle]
reaction of the parent disaccharide. In the kinetic model g Fenallll =k, [Gle] 3)

presented here, we believe that the glycosidic bond of maltose

can be broken and that glucose is released by a mechanism %:klg,”[alc]—kzgm[lz] )
where the 4-substituted intermediate |1 is converted to I3, which

in the specific case of maltose is 3,4-dideoxyhexosuIos-3-e_ne d[3-DH] _ g [12]— ks, [3— DH] )
DDH, by analogy to the loss of a water molecule as 3-DH is dt

converted to DDH in the glucosgylycine reaction. As a

consequence, both maltose and glucose would form DDH, a d[Ddl,)H]=kSg'ffB‘DH]‘kW"[DDH] ©
known precursor of melanoidin21). The parallel reaction of A1)

the so-formed glucose to 3-DH via 12 is describedkiy, and K (n]-&,,,[13] N
kogiu, followed by the conversion of 3-DH to DDH, described

by kagi. DDH is converted into melanoidingsg) in a single aMi_ w131+ K, [DDH] ®
step (12). The reaction of glucose with glycine to form d e w

melanoidins has been studied separately by @s#nd requires _ ) _

four rate-determining steps to describe the kinetics properly and Van Boekel @4, 25) introduced multiresponse modeling to
not, as reported earlier, three rate-determining stégs 15, the study of Maillard reaction kinetics to allow reliable
16). The three-step kinetic model was shown to account for (a) Parameter estimation using complex models to fit the kinetic
the formation of DH (3-deoxyhexosulose), (b) the conversion data. The advantage of multiresponse modeling lies in the way
of DH to some activated complex (1), possibly DDES), and that information from various responses (concentrations of
(c) the conversion of “I' melanoidins. In the present investiga- reactants, intermediates, and products) is combined, and a higher

tion, the formation of 3-DH was measured for the first time level of model dlscrlmmatloq can be achievezb(27). The
. N . software package Athena Visual Workbench offers easy nu-
during our kinetic runs, and it was found that, to model the

formation of it correctlv. 3-DH is not formed as previous merical integration of the rate equations and provides an
. Y, o-bH P Y environment for multiresponse modeling and parameter estima-
suggested in one step but it is the product of a consecutive

o . . tion. The measured responses in this investigation were the
reaction involving two rate-determining steps from glucose.

. . o - I concentrations of maltose, glucose, 3-DH, and melanoidins.
Possible contenders for the first significant intermediate in the 114 results of the best fits together with the experimentally

reaction could be the first Schiff base or the 1,2-enolamine. yeasured responses, are showfigures 2—5. These graphs
Moreover, Martins et al 43) proposed a reaction network model  show that the model proposed above predicts satisfactorily the
where the glucoseglycine reaction results in an intermediate, |oss of maltose and the formation of 3-DH and the melanoidins.
which was suggested to be the 1,2-enaminol or the cation of The calculated formation of glucose was not as good a fit as
the Schiff base, prior to the formation of 3-DH. It was found the other responses but, nevertheless, the result is considered
that, for the purposes of modeling, this intermediate had to be to be acceptable. The calculated kinetic parametei85%6
included as an intermediate step. This is in agreement with the confidence limits) were as followsk;ma = (5.55+ 0.13) x
findings reported here. 1074 mol L™t h™%; komar = (5.91+ 0.40) x 1072 h'3; kigu =
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Figure 3. [Glucose], time data for the reaction of maltose (0.25 M) with
glycine (0.25 M) buffered in 0.2 M sodium acetate pH 5.5; T = 70 °C.
The line represents the model prediction.
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Figure 4. [3-DH], time data for the reaction of maltose (0.25 M) with

glycine (0.25 M) buffered in 0.2 M sodium acetate pH 5.5; T = 70 °C.

The line represents the model prediction.
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Figure 5. [Melanoidin], time data for the reaction of maltose (0.25 M)
and glycine (0.25 M) buffered in 0.2 M sodium acetate pH 5.5; T = 70
°C. The line represents the model prediction.

(4.33+ 0.21) x 103 h™%; kogiy = (7.68+ 0.45) x 103 h™%;
kagiu = (8.75 £ 0.29) x 1072 h™%; kgma = (3.65 £ 0.12) x
103 hL,

Involvement of Glucose in the Formation of Maltose-

Glycine Melanoidins. To investigate the formation of glucose
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maltose k1ma/ k2mal k
+ —— = I1(GDH) 13 M*

glycine
Kige Kage Ksgie Kyge

glc(A)—= 12(A) —= 3-DH(A)—» DDH(A) —>  M(A)

Vo ke Koo Kgic Kgio

glc(B)—» 12(B) —= 3-DH(B)—» DDH(B) —>  M(B)
Figure 6. Kinetic model for the browning of maltose—glycine mixtures
showing the formation of melanoidins formed either from maltose (M¥),
U-“C labeled glucose (M(B)), or unlabeled glucose (M(A)), after the
maltose—glycine reaction had been spiked with #C-labeled glucose.
Abbreviations are used as for Figure 1.

during the browning of maltose and its contribution to the
formation of melanoidins, U4C-labeled glucose was added to
the maltose-glycine reaction mixture after 86 h, at which point
the concentration of the released glucose was 7.9 mM. The
reason glucose was not added at the beginning of the reaction
is that the aim was to label the pool of glucose, which would
not exist at the start of reaction. In the kinetic model, it is
assumed that glucose, after it is released, undergoes a Maillard
reaction with glycine. Hence, intermediates derived directly from
glucose should become incorporated into the melanoidins of
the maltose-glycine reaction. This is a critical experiment
insofar as it allows the turnover of glucose in this reaction to
be confirmed and hence the role of glucose in forming
melanoidins. The model describes the mechanism in the same
way as before, but now it is intended to distinguish between
the melanoidins originating from the released glucose (M) and
from intermediate 13 (M*).

At the moment when labeled glucose is added, all glucose
present in the reaction mixture becomes labeled, and its specific
activity is established by the glucose concentration and amount
of 1%C added. As more glucose is formed, it “dilutes” the pool
with inactive glucose, and some is converted to melanoidins; it
is an easy matter to use the model to calculate the specific
activity of the pool and of glucose molecules converted to
melanoidins at any instant after introducing the label. In this
way, thel“C-specific activity of the melanoidins, after a given
time, can be obtained, and so the contribution of the two
pathways can be confirmed. An important feature of such
radiolabeling studies is that the addition of the labeled glucose
does not change the glucose concentration in the system
significantly; the concentration of labeled glucose is negligible
as is the volume of the solution added. For the purpose of
calculation, the model can be written as showrFigure 6.

The separate pathways involving glucose are used to distinguish
the participation of labeled (B) and unlabeled (A) glucose
molecules. The total concentration of melanoidins is given by
[M]totar = [M*] + [M(A)] + [M(B)], and the model values were
predicted by finite increment integration of the rate equations
using the values of rate constants given above. No new
parameters were introduced, and no adjustments were made to
existing parameters. The calculated concentrations of unlabeled
glucose (A), labeled glucose (B), and total glucose, together
with experimental values for total glucose, are givefrigure

7.

The graph shows that unlabeled glucose (glc(A)) is formed
as expected. At 86 h of reaction, the discontinuity in the graph
is due to the addition of the labeled glucose. The subsequent
gradual fall in the concentration dfC-labeled glucose (glc-
(B)) is the result of isotope dilution by unlabeled glucose as
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Figure 7. Formation of 1“C-labeled and nonlabeled glucose in the reaction
of maltose (0.25 M) with glycine (0.25 M) buffered in 0.2 M sodium acetate,
pH 5.5, T =70 °C; W, total [glc];, —, total [glc] calculated; ®, U-1*C
labeled [glc]; O, unlabeled [glc].
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Figure 8. Calculated and experimentally determined incorporation of U-14C-
glucose into the melanoidins formed from the reaction of maltose (0.25
M) with glycine (0.25 M) buffered in 0.2 M sodium acetate pH 5.5; T =

70 °C; W, M(B) found; —, M(B) calculated.

the total concentration of glucose continues to increase and as

some is converted to melanoidins.

The incorporation into melanoidins éfC-labeled glucose
during the reaction of maltose with glycine is in remarkable
agreement with thealculatedconversion of labeled glucose
into the melanoidins, on the basis of the kinetic model, as shown
in Figure 8. This observation represents an independent

Mundt and Wedzicha

0.005

0.004 +

0.003 1

[M]/ mol I
o
[=]
B
1

0.001 4

-l
_—
0.000 - T T L L

T T T T T T T T T T T T T T T T T T T T 1
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t/h

Figure 9. Calculated and experimentally determined concentrations of
melanoidins (M(total)) and melanoidins formed from the released glucose
(M(glc)) in the maltose—glycine reaction; [mal] = [gly] = 0.25 M buffered
in 0.2 M sodium acetate, pH 5.5; T = 70 °C; O, total melanoidins
concentration found; ——, total melanoidins concentration calculated; M,
total melanoidins concentration formed from glucose (M(glc) = (M(A) +
M(B)).
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