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A kinetic model for the formation of acrylamide in a glucose—asparagine reaction system is pro-
posed. Equimolar solutions (0.2 M) of glucose and asparagine were heated at different tempera-
tures (120—200 °C) at pH 6.8. Besides the reactants, acrylamide, fructose, and melanoidins
were quantified after predetermined heating times (0—45 min). Multiresponse modeling by use of
nonlinear regression with the determinant criterion was used to estimate model parameters. The
proposed model resulted in a reasonable estimation for the formation of acrylamide in an aqueous
model system, although the behavior of glucose, fructose, and asparagine was slightly underestimated.
The formation of acrylamide reached its maximum when the concentration of sugars was reduced to
about 0. This supported previous research, showing that a carbonyl source is needed for the formation
of acrylamide from asparagine. Furthermore, it is observed that acrylamide is an intermediate of the
Maillard reaction rather than an end product, which implies that it is also subject to a degradation
reaction.
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INTRODUCTION review about this subject was published by Wenzl et al. (12).
Evaluation of the health risk resulted in the recommendation

In April 2002, Tareke et al.1) reported that several heat- ¢ jntake levels of acrylamide should be reduced to protect
processed foods contain relatively high amounts of acrylamide. paath although there is no direct risk on cancer with the current

These results were confirmed by other research groups: fried; i-1e of about 35.g day ! person® (13, 14). Possible ways
and baked potato products were found to contain the highesty; \oqce the formation of acrylamide include reducing the
amounts of acrylamide, followed by cereal products, whereas yomperature, reducing precursors during processing, and influ-

°.“'y low amounts were detecte_d in meat produds 4). A . encing the pathway of formation by changing the gB8{17).
high amount in foods IS of major concern as .acrylar.nlde IS More information on research, analysis, formation, and control
known to be a neurotoxic, genotoxic, and carcinogenic Com- ¢ acrviamide is available in an extensive review that was
pound in animals (5), _wh|ch is classified by the IARE) @s a published recently (18).
probable human carcinogen. ) ) The Maillard reaction is highly complex and cannot be
About half a year later the suggestion was published that gescribed with simple reaction kinetics. To better understand
acrylamide is formed in the Maillard reaction and that asparagine mechanisms behind the formation of acrylamide, an advanced
is the precursorq—9). Further elucidation of the pathway by  approach is necessarg9). Kinetic modeling, using multire-
use of °C-labeled isotopes showed that asparagine needs asponse models, has proven to be a useful tool to enable further
carbonyl source to form acrylamidd(, 11). According to  ynraveling of reaction mechanisms in the Maillard react2) (
Friedman §), the proposed mechanisms predict that acrylamide 21y, Knowledge of kinetics provides the tool to predict the

may result from the general reaction of asparagine with any effect of certain time-temperature combinations in a quantita-
aldehyde or ketone. Simultaneously, many researchers focusedjye way.

on optimization of methods for determination of acrylamide. A \jqode| systems of asparagine and a carbonyl such as glucose,

both dry and in aqueous solutions, have been used mainly to

* To whom correspondence should be addressed: teleph@ie317- study the pathway of acrylamide formatio8, 2). The yield
48?51’;%;(1fa::)éggeléig%\?;\%?’gwa;lite _nr?/l%inlng)z:rfﬁléﬁsgpo@ et of acrylamide was about 0.1% of asparagine, and a wide range

e LaboLrjatory OngOOd Ch%migtry. g up- of other compounds (e.g., melanoidins) was found. Furthermore,

8 These authors contributed equally. an effect of time and temperature on both formation and
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degradation of acrylamide has been found. Recently, a kinetic [Asparagine] + [Carbonyl]  [Asparagine] + [Glucose] - —[Fructose]
model for the formation of acrylamide in potato, wheat, and [A;nl
rye model systems was published by Wedzicha et 28).( [N-Glycosyl conjugate] ki
However, using food model systems to gain kinetic insights into -Hzou o
reactions can cause disturbances by the presence of food matriYamadori comp.]«— [Schiff base] [Schiff base] —» [Melanaidins]
components. Therefore, the aim of this study was to attempt to ke
model the formation of acrylamide in a glucesasparagine [Azomethine ylide]
reaction system at different timéemperature combinations.
Once information about the kinetics of formation of acrylamide ke
is obtained, one can move on to more realistic systems to [pecarb. Amadori comp ] A B
describe the effect of complicating factors as present in real
foods.
[Aminoketone] + [Acrylamide] [Acrylamide] P [Product X]
MATERIALS AND METHODS Figure 1. (A) Reaction network for the formation of acrylamide from
Chemicals. The following compounds were obtained commer- @aSparagine through early Maillard reaction adapted from Stadler et al.
cially: p-glucose p-fructose, NaHPO;, and KHPO, (Merck, Darm- (26). (B) Simplified reaction network for the formation of acrylamide from
stadt, Germany) and-asparagine (Fluka, Buchs, Switzerland). All ~ asparagine and glucose/fructose through early Maillard reaction. Asn,
chemicals used in this study were of analytical grade. asparagine; Decarb. Amadori comp., decarboxylated Amadori compound;
Preparation of Reaction Mixtures. Equimolar solutions of glu- Product X, assumed product(s) formed from acrylamide.

cose and asparagine (0.2 M) were prepared in phosphate buffer (0.1

M, pH 6.8). Samples (10 mL) were heated in hermetically closed extinction coefficient of 282 L/metm (30), a value derived for
screw-capped glass tubes (Schott, 46160 mm) at 120, 140, 160,  melanoidins formed from glucose and asparagine. The concentration
180, and 200°C in an oil bath. The tubes were immersed in the oil  of melanoidins is thus expressed as moles of sugar incorporated in the
up to the cap. At predetermined heating times (0, 1, 2, 4, 9, 15, 30, prown polymers. Although melanoidins are of course complex mixtures
and 45 min), samples were taken and immediately cooled in ice and of various molecules, several studies have shown that they can be
stored at—20 °C prior to analysis. Experiments were carried out in quantified in this way (2031, 32).
triplicate. Kinetic Modeling. A kinetic model was derived from the proposed
Analysis of Acrylamide. The analysis of acrylamide was based on  reaction network taken from Stadler et &3] (shown inFigure 1).
the HPLC method described by Barber et al. (24). Prior to analysis, Our arguments for using the reaction network published by Stadler et
samples were diluted in Millipore water (1:10) and centrifuged for 5 3|, (33) and the steps taken to derive a kinetic model will be discussed
min at 1600@. The HPLC system used for the analysis consisted of a further on. For each reaction step, a differential equation was set up,
P4000 pump, an AS3000 autosampler, and a UV3000 detector (Thermoand these were translated into a mathematical model. The differential
Separation Products, San Jose, CA). A Syneigihydro reversed-  equations were solved by numerical integration. For both numerical
phase C18 column (80 A, 25@ 2.00 mm) with AJO-4286 guard integration and parameter estimation, the software package Athena
column (Phenomenex, Aschaffenburg, Germany) was used for the visual Studio v. 10.0 34) was used. The parameters of the model,

analysis (25). Samples (20) were eluted isocratically at 20C with ~ that is, the rate constants and activation energies, were estimated by
a solution containing 1% methanol and 99% 5 mM heptanesulfonic nonlinear regression by use of the determinant criterion (20). For
acid in Millipore water at a flow rate of 0.2 mL/min. Acrylamide ¢ modeling purposes, the individually measured concentrations were used

6.2 min) was detected by its absorbance at 200 nm with a UV detector (measured in triplicate). For the visualization of the experimental results

and quantified by the external standard procedure with a calibration (Figure 2), the average values with their standard deviation (represented
curve. The limit of detection obtained (14 kg*) was similar to what by the error bars) were used.

Barber et al. (24) found.
Analysis of Sugars.The diluted samples (1:10) were analyzed for RESULTS AND DISCUSSION
sugars by HPLC (see Analysis of Acrylamide) by use of the method
of Martins et al. 26). An ion-exchange column (ION-300, Interaction Identification and Quantification of Reactants and Main

Chromatography Inc., San Jose, CA) with guard column was used for Products. During heating of the glucoseasparagine reaction
the analysis at 88C. Sulfuric acid (2.5 mM) in Millipore water was ~ mixtures, the concentrations of the reactants decreased over time.
used as the eluent with a flow rate of 0.4 mL/min. Sugars were detected Ag expected, the rate of degradation of glucose and asparagine
by monitoring the refractive index and quantified by the extemnal jncreased with temperature. At 180 and 200 a complete loss
standard procedure with a calibration curve. The formation of sugar of glucose was observed after 9 and 5 min, respectivéyue
isomers in the Maillard reaction has been confirmed by HPLC and 2A). The loss of asparagine (Figure 2B) W’as slower compared
electrochemical detection recently (28). ) -

to the loss of glucose. A complete loss of asparagine was mea-

Analysis of Asparagine.Samples were diluted 1:1000 with Millipore . .
water and the EZ:faast amino acid analysis kit (Phenomenex, Aschaffen-SUred at 180 and 20T after 30 and 9 min, respectively. The

burg, Germany) was used for determination of asparagine (29). |955 Qf sugar being faster thar? the loss of amino amql IsIn
Norvaline was added as an internal standard (20 nmol) before samplelineé with what has been found in a glucesglycine reaction
preparation. After sample preparation, samples were analyzed on a Carlsystem by Martins and Van Boekel@). The slower loss can
Erba GC5300 system (Interscience BV, Breda, The Netherlands) on apossibly be explained by the regeneration of asparagine from
Zebron amino acid column (10 m 0.25 mm) that was included in  the initial condensation products such as the Amadori rear-
the kit. Samples (2.xL) were injected onto the column at 23C rangement product and the possible formation of diglucosyl-
(split ratio 1:15). The oven temperature started at 1C0and was amine (20).
programmed to heat to 25 at a rate of 20C/min, followed by a 1 As fructose and mannose are known to be formed from
min isothermal hold. The external standard procedure was used for - o .

glucose by isomerizatior26), some formation of these com-

quantification. d ted. Analysis sh d no f ti f
Analysis of Melanoidins. Quantification of melanoidins was bounds was expected. Analysis SNowea no formaton ol man-

performed by measuring the absorbance at 470 nm on a spectropho0S€, but fructose was indeed formeighre 2C). This
tometer (UV-1601, Shimadzu, Kyoto, Japan). When necessary, the corresponds with findings of Brands and Van BoeldH)(and
samples were diluted with Millipore water. The concentration of Martins and Van Boekel20), where only fructose was found
melanoidins was calculated from the LambeBeer equation with an as an isomerization product of glucose. There was a clear
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Figure 2. Experimental data of glucose/asparagine (0.2 mol/L, pH 6.8) aqueous reaction system heated at 120 (OJ), 140 (x), 160 (a), 180 (O), and 200
°C (®). (A) Loss of glucose; (B) loss of asparagine; (C) formation of fructose; (D) formation of acrylamide; (E) formation of melanoidins.

maximum at 160, 180, and 20C in the formation of fructose Melanoidins are known as the main end products of the
at 9, 4, and 2 min, respectively. For the reaction mixtures heatedMaillard reaction. The structure of these brown nitrogenous
at 180 and 200C, these maximum values were followed by a polymers and copolymers is largely unknown, which makes
complete loss after 30 and 9 min, respectively. The decrease inquantification difficult. Previous studies have shown that it is
fructose concentration can be explained by the reversible possible to relate the absorbance to the number of sugar
isomerization reaction between glucose and fructose so thatmolecules incorporated in the melanoidins in aqueous model
fructose re-forms back into glucose, which is then consumed. systems (2030, 32). At 160, 180, and 200C, we observed
However, it is also quite likely that fructose participates in the after some time the formation of insoluble particles, which are
formation of acrylamide (36—38). probably high molecular weight melanoidins. The absorbance
The initial rate of formation of acrylamide increased with measurements were hindered by the scattering effect of these
temperature (Figure 2D). At 140 and 16, the increase in  particles. Moreover, the values for absorbance decreased during
acrylamide concentration was followed by a steady state in formation of these particles, causing an underestimation of the
which the formation of acrylamide was probably in equilibrium melanoidins concentration. Because of this, we excluded the
with its degradation. At 180 and 20TC, the increase was results for the reaction mixtures where these solid compounds
followed by a fast decrease. The maximal acrylamide formation were found. This was the case for the reaction mixtures heated
at 180 and 200C corresponded with the time at which the for 45 min at 160, 180, and 20, for 30 min at 180 and 200
concentration of glucose and fructose reached zEigu(e °C, and for 15 min at 200C. Considerable browning was
2A,C). This is in line with the findings of Yaylayan et alL@), observed in samples during heating. The induction time, during
who showed that asparagine needs a carbonyl source to formwhich no browning was detected, decreased with increasing
acrylamide. The decrease in acrylamide can be explained bytemperature (Figure 2E). Furthermore, the formation of acryl-
its reactive nature. The increase and subsequent decrease of themide could not be associated directly with the degree of
acrylamide concentration at 180 and 2@is a typical behavior ~ coloring of the reaction mixtures at 160, 180, and 2C0after
for an intermediate20). Acrylamide may have polymerized or 15, 9, and 4 min, respectively. This is due to their difference in
reacted further in Michael-type addition reactions (33). Wedz- status: acrylamide is an intermediate, whereas melanoidins are
icha et al. 23) attributed the loss of acrylamide after prolonged the main end products of the Maillard reaction. As our proposed
heating at 180°C to the reactivity of acrylamide with food kinetic model applies only to an agueous model system, this
components. These pathways have not been fully elucidated relationship cannot be used yet directly in food systems. The
and further research in this area is necessary to expand theelationship between acrylamide and color formation in foods,
reaction network of the Maillard reaction between asparagine for instance the one found in yeast-leavened wheat bread by
and glucose. Surdyk et al. 87), is induced by effects such as concentration
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gradients, diffusion and evaporation, and the presence of otherwhere
compounds such as other amino acids and sugars and buffering

agents. Therefore, more research is needed with model systems X =k, ex;{_ a) 3)
that can take these effects into consideration. RT,,
Proposal of a Kinetic Model Based on a Reaction
Network. By analyzing the reactant degradation and the Y= 1(} _ i) 4)
formation of the main products in the Maillard reaction between RIT T,
glucose and asparagine, a kinetic model could be proposed. The
mathematical model derived from the kinetic model was then _ 2T
confronted with the experimental data to test the hypothesized Ta= n (5)

model. Several reaction networks for the formation of acryl-
amide in foods have been proposed. These publications havelhe model was fitted to the data obtained at 120, 140, 160,
revealed the Maillard reaction as the major reaction pathway 180, and 200C at pH 6.8 simultaneously by substituting eq 2
involved @, 7—9). The hypothesis proposed by Mottram and for the rate constants.
co-workers {, 23) emphasizes the pathway of Strecker degrada- At the lower reaction temperatures (120 and @), quite
tion. The hypothesis proposed by Stadler et 8), however, @ good fit was observed for all compoundsdures 3A—E).
pointed toward glycoconjugates such as N-glycosides formed For the acrylamide and melanoidins concentrations, the model
in the early Maillard reaction as key intermediates. A recent fits the data well at all temperatureSigure 3D,E). However,
publication by Stadler et al38) supports their hypothesis as the good fit for the melanoidins concentration may have been
well as the work published by Zyzak et al1) and Yaylayan partially caused by the lack of data for the higher temperatures.
et al. (10). Furthermore, Stadler et aB3j suggest that the  For the estimation of the acrylamide concentration, the model
mechanism proposed by Mottram et &) (s not a main one. ~ Was not restrained by experimental data for the products formed
We did not pursue the identification and quantification of all in the degradation reaction from acrylamide, and therefore, the
these suggested intermediates in this study and, therefore, wegnodel was able to fit the loss of acrylamidée)( to the
are not able to shed more light on this matter. However, we e€xperimental observations for acrylamide. More knowledge
chose the reaction network proposed by Stadler e8glskiown about the reaction products from acrylamide would validate the
in Figure 1A, as initial basis for the proposal of a kinetic model, €stimated rate constants for the formation and loss of acrylamide.
as their proposed reaction network has been more elaborately The observed lack of fit for the individual responses was
described in recent literature3). To fit the model to the  rather high, especially for fructose and at the higher tempera-
experimental data, this reaction network was first adapted to tures. The model underestimated the decrease in glucose
reduce the number of parameters. Because the intermediate§oncentration, especially during the first 10 miigure 3A).
(e.g., N-glycosyl conjugate, azomethine ylide) were not analyzed The increase in fructose was also underestimated, but the model
and quantified in our experiments, the number of parameters predicted the tendencies as found in the experimental observa-
was relatively high in comparison to the number of measured tions (Figure 3C). The same goes for asparagine, where there
responses. Second, the new reaction network proposgdline was an underestimation for the decreaBgy(re 3B). These
1B also takes the measured responses for fructose and melunderestimations are undoubtedly caused by the limitations of
anoidins and the observed loss of acrylamide into account. Thethe present model. Reactions of glucose and fructose are limited
formation of fructose was suggested by including the reversible to the isomerization reaction and the reaction with asparagine
isomerization reaction between glucose and fructose. Further-to form the Schiff base. The model does not take into account
more, the reaction between asparagine and fructose was addedhe degradation of sugars to carbohydrate fragments and the
since fructose is also a reactant in the formation of acrylamide formation of compounds via the Strecker degradation route.
(36—38). The formation of melanoidins was suggested to result Therefore, this model is currently under further investigation,
from further reaction of Schiff base, and the loss of acrylamide but nevertheless the results already show some remarkable
was accounted for by the putative formation of hitherto unknown phenomena that are worth discussing.
product(s). The estimated parameters, that is, rate constants and activation
Test of the Hypothesized MechanismThe proposed reac-  €nergies, are shown iflable 1. The rate constants for the
tion model presented iFigure 1B was translated into a different reaction temperatures have been derived from the
mathematical model. For each reaction step, a differential €stimated values found fof. The estimated values of are
equation was set up by use of the law of mass action, and thethe same as the derived values for the rate constants &Cl60
obtained differential equations were solved by numerical @s Tav in this case is 160C. The temperature dependence is
integration. The temperature dependence, which plays a majorconsistent for all six reactions, but the precision of estimation
role in the Maillard reaction, was also taken into account by for the parameters is low. The average 95% highest posterior
including an Arrhenius relationship between the rate constants density interval is about27% for the rate constants asd 1%

(k) of the different reactions. The Arrhenius equation for the activation energies. The activation energy for the
formation of the Schiff base from fructose and asparagine is

— about 2 times higher than the activation energy for the same
k= koexp( R'I?) Q) formation reaction with glucose and asparagine as reactants,

suggesting that the contribution from fructose becomes more
important at higher temperatures. The rate of the Schiff base

whereko is the so-called frequency factdris the gas constant — ¢mation reaction from fructose and asparagiag increases,
[8.314 J/(molK)], Eais the activation energy (joules/mole), and therefore, much faster with increasing temperature than the rate

T is.the apsplute temperatyre (Kelvins), was reparametrized t0onstant of reaction k(). At 120°C, ks is 35% lower tharki,
avoid statistical problems in estimation (39) as follows: but at 180°C ks is 2—3 times higher thaky. This is consistent
with the observations by Robert et &86] that fructose is more
k=Xexp(—=YE) (2) efficient in the formation of acrylamide than glucose by a factor
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Figure 3. Model fit (lines) to experimental data (symbols) of glucose/asparagine (0.2 mol/L, pH 6.8) aqueous reaction system heated at 120 (O; — -+ -),
140 (; —+ =), 160 (a; +-+), 180 (O; ——-) and 200 °C (®; —). (A) Loss of glucose; (B) loss of asparagine; (C) formation of fructose; (D) formation
of acrylamide; (E) formation of melanoidins.

Table 1. Estimates of Rate Constants? and Activation Energies? as Found by Kinetic Modeling for the Proposed Kinetic Model

k(X103 min—) 120°C 140 °C 160 °C 180 °C 200 °C E. (ki/mol)
K 0.131 +0.025 0.308 + 0.049 0.668 +0.13 1.35+0.36 2.58+0.89 576+ 8.0
ke 498+12 16730 50.1+9.6 136 +35 341 + 114 81.7+86
ks 0.0819 + 0.045 0.369+0.14 1.45+0.44 5.04+16 158+ 6.4 102 +14
ks 0.176 + 0.081 0.712 £ 0.23 253+051 8.05+12 232+43 94.4 +11
ks 15735 284+ 4.6 48.7£59 79.6+8.9 125+ 16 40.1£50
ks 7.96+5.1 28.1+13 88.1+25 250 + 45 650 + 136 85.1+14

2+95% highest posterior density (HPD) interval.

of about 3 at 180°C. The higher reactivity of fructose with ~ Table 2. Model Discrimination Results for Our Proposed Model with

asparagine in the formation of the Schiff base could make the (A) or without (B) the Reversible Isomerization Reaction from Fructose

reversible isomerization step of fructose to glucose insignificant, [0 Glucose®

Th%relfor_er,]mod(_alhdiscrihmination _vt\:las_ performeq for our progosed model  p sS n AIC.  AAIC.  PPB PPS

fustose to glucose. Model discrmination can be used to provide & 10 120 @0 gEsa 23 e oz

: ; : ! . B 14 129x10° 600 64779 00  -8933 0757

information about the most plausible mod2Dj. In this case

we used the Akaike criterion (the model with the lowest value 2 nimber of parameters; SS, residual sum of squares; n, number of data

is preferred) and the posterior probability (the model with the points including the replicates; AIC., Akaike criterion; AAIC.,(AIC, difference with

highest posterior probability is preferred) to assess the mostthe smallest value taken as reference; PPB, logio of posterior probability; PPS,

plausible model (4041). The results from our test, shown in  normalized posterior probability share.

Table 2, support the model without the reversible isomerization

reaction. of acrylamide in an agueous model system. The kinetic model
The aim of this study was to work toward a kinetic model supports the observationsll) that for the formation of

for the formation of acrylamide in the Maillard reaction of acrylamide from asparagine a carbonyl source is needed, and

glucose and asparagine at an initial pH of 6.8. Despite the currentour results suggest an important role for fructose, especially at

underestimation for the behavior of sugars and asparagine, thehe higher temperatures. Fructose is invariably formed from

proposed model gives a reasonable estimation for the formationglucose isomerization. Furthermore, the experimental observa-
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tions and the kinetic modeling suggested that acrylamide is not (17) Biedermann-Brem, S.; Noti, A.; Grob, K.; Imhof, D.; Bazzocco,

an end product in the Maillard reaction. The behavior of

acrylamide suggests that it is an intermediate. The multiresponse

model derived in this study is a first step into the realization of
a tool that can be used to predict how acrylamide reduction in

foods containing asparagine and reducing sugars can be ac-

complished. Further research is on the way to determine
intermediate reaction products in order to extend the kinetic
model. In addition, the formation of compounds via the Strecker

degradation route and the degradation of sugars into carbohy-

drate fragments will be investigated to improve the current
kinetic model in estimating the behavior of sugars and aspar-
agine.
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