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Abstract A recent patent application and some other studies
showed that there is a relation between acrylamide formation
and cations. In fact, to date, there is no concrete evidence on
the formation or elimination of some compounds in foods
and current hypotheses are based only on observations in
model systems. To find that this is a logical explanation, we
conducted a series of experiments, to show (i) the formation
and the elimination of acrylamide with the addition of some
cations, and (ii) the formation of hydroxymethylfurfural and
furfural in a glucose—asparagine model system. The results
indicated that the presence of cations reduced acrylamide
formation, but increased hydroxymethylfurfural and furfural
formation during heating. There was strong evidence that the
cations effectively prevented the formation of Schiff base,
which is the key intermediate leading to acrylamide, and
mainly changed the reaction path toward the dehydration of
glucose leading to hydroxymethylfurfural and furfural.
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Introduction

A number of theoretical mechanisms have been proposed
for the formation of acrylamide in heated foods. Most prob-
ably, acrylamide in food results largely from the Maillard
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reaction between amino acids (primarily asparagine) and a
reactive carbonyl (e.g., glucose and fructose), proceeding
through intermediates that include a Schiff’s base [1-4]. A
recent study revealed that, besides acrylamide, 3aminopro-
pionamide, which may be a transient intermediate in acry-
lamide formation, was also formed during heating when as-
paragine was reacted in the presence of glucose [5]. Several
factors, such as the initial concentration of reactants and their
ratio, temperature and time of processing, and pH and water
activity, have been shown to influence the levels of acry-
lamide in heat-processed foods [6]. The influence of tem-
perature on the formation of acrylamide has been repeatedly
demonstrated [1, 7-10].

Yasuhara et al. (2003) have discussed the oxidation and/or
thermal degradation of lipids in fried foods as a possible
mechanistic route contributing to the formation of acry-
lamide via an acrylic acid intermediate [11]. Lindsay and
Jang (2005) have tested this hypothesis by accelerating the
oxidation during frying through the introduction of ferric
chloride to the surface of sliced potatoes before frying [12].
Although transition metal cations like iron are well known
for accelerating lipid oxidation via catalysis of hydroperox-
ide decompositions, the treatment of potato slices with Fe3*+
instead reduced acrylamide formation significantly. They
noted that the introduction of Ca>* as a nontransition state
cation treatment also reduced acrylamide formation hypoth-
esizing ionic associations involving ions and charged groups
on asparagine and related intermediates were likely to be in-
volved. A recent patent application also showed that polyva-
lent cations are able to reduce acrylamide formation during
heating [13]. However, these preliminary findings give no
concrete evidence on the formation or elimination of some
other compounds during the Maillard reaction.

This study was aimed at investigating the effects of several
monovalent, divalent, and trivalent cations on Maillard re-
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action products such as acrylamide, hydroxymethylfurfural,
and furfural in a glucose—asparagine model system, propos-
ing a chemical mechanism for the action of cations.

Materials and methods
Chemicals and consumables

Acrylamide (99 + %) and'3 Cs-labelled acrylamide (99%
isotopic purity) were obtained from Sigma (Diesenhofen,
Germany) and Cambridge Isotope Laboratories (Andover,
MA, USA), respectively. Glucose and asparagine were
reagent grade and obtained from Sigma (Diesenhofen, Ger-
many). Hydroxymethylfurfural and furfural were obtained
from Acros Organics (Geel, Belgium). NaCl, KI, CaCl,,
ZnCl,, MgCl,.6H,0, and FeCl;.6H,0 were all reagent grade
and obtained from Merck (Darmstadt, Germany).

The analytical column, Zorbax SB-AQ (4.6 mm X
150 mm, 5 um) was obtained from Agilent (Wilmington,
DE, USA). The 0.45 pum microspin centrifuge filter tubes
were obtained from Alltech Associates, (Deerfield, IL,
USA). Glass vials with septum screw caps were supplied by
Agilent Technologies (Wilmington, DE, USA).

Stock solutions of glucose and asparagine were prepared
at a concentration of 300 mM by dissolving 270 and 198 mg
in 5 ml of water, and, of Nat, K*, Ca’*, Mg?*, Zn?>*, and
Fe3* at a concentration of 600 mM by dissolving 176 mg,
498 mg, 333 mg, 610 mg, 408 mg, and 811 mg of NaCl, KI,
CaCl,, ZnCl,, MgCl, - 6H,0, and FeCls - 6H,0O in 5 ml of
water, respectively.

Pyrolysis conditions

In order to determine the effects of monovalent, divalent,
and trivalent cations on the formation of acrylamide, a model
system composed of glucose and asparagine was used. Ten
micromoles of glucose and asparagine were combined in a
25 ml test tube (Pyrex, 25 ml volume, closed system). Vary-
ing amounts of each of the cations (0, 1, 5, 10, and 20 umoles)
were included in the reaction mixture. The pH value of the
reaction mixture was measured as 4.81 before the addition of
cations. Adding up to 20 umoles of cations into the reaction
mixture did not result in a significant change in the pH value.
Total reaction volume was adjusted to 100 ul with water to
promote the physical interaction of reactants in each case.
Energy required to evaporate water was limited by limiting
the amount of water present in the medium. Carefully closed
test tubes containing the reactants were placed in an oil bath.
At least 75% of the test tube by height was dipped into hot
oil to initiate the Maillard reaction. The reactions were per-
formed at 150 °C for 20 min where the maximum amount of
acrylamide was attained. The water in the medium rapidly
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evaporated and was held in the upper space of test tube below
the stopper. So, evaporative loss of acrylamide was prevented
by this arrangement. Increase of temperature in the reaction
medium was monitored by measuring outside temperature of
the tube wall by means of an infrared thermometer. Outside
temperature of the tube wall reached to that of the oil within
45-50 s. It was assumed that outside temperature of the tube
wall is identical to inside temperature where the chemical re-
action occurs by neglecting the conductive resistance to heat
transfer. After heating, the tubes were immediately placed in
cold water.

Analysis of pyrolysates by LC-MS

The pyrolysates were suspended in 1.0 ml of water and the
aqueous extract was obtained by vortexing for 1 min. The
mixture was transferred into an eppendorf centrifuge filter
(0.45 pm) and centrifuged for 5 min at 5000 rpm. Twenty
microliters of the clear extract were analyzed by using a lig-
uid chromatography system coupled to a single quadrupole
mass spectrometer for acrylamide, hydroxymethylfurfural,
and furfural, as well as for some key intermediates formed
during the reaction. Remaining precursors, glucose and as-
paragine were also analyzed in the pyrolysates.

An Agilent 1100 HPLC system (Waldbronn, Germany)
consisting of a binary pump, an autosampler, and a
temperature-controlled column oven, coupled to an Agilent
1100 MS detector equipped with atmospheric pressure chem-
ical ionization (APCI) interface was used. Analytical separa-
tions were performed on a Zorbax SB-AQ column using the
isocratic mixture of 0.01 mM acetic acid in 0.2% aqueous
solution of formic acid at a flow rate of 0.4 ml/min at 40 °C.
Data acquisition was performed either in scan mode or in
selected ion monitoring (SIM) mode using the interface pa-
rameters: drying gas (N, 100 psig) flow of 4 1/min, nebulizer
pressure of 60 psig, drying gas temperatures 325 °C, vapor-
izer temperature of 425 °C, capillary voltage of 4 kV, corona
current of 4 uA, fragmentor voltage of 55 eV. Quantifica-
tions were performed based on the signal responses of the
ions having m/z of 72, 127,97, 133, and 181 for acrylamide,
hydroxymethylfurfural, furfural, asparagine, and glucose. In
order to confirm acrylamide by comparing its signal response
to that of13C3 -labelled acrylamide, ions having m/z of 72, 55,
75, and 58 were also monitored.

Results and discussion

Effect of cations on acrylamide, hydroxymethylfurfural,
and furfural formation

Amino acid asparagine in combination with reducing sugars
generates significant amounts of acrylamide when pyrolyzed
at temperatures greater than 120 °C [1, 2]. Our results con-
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firmed this finding when equimolar amounts of asparagine
and glucose were heated at 150 °C in a sealed glass tube.
The formation of acrylamide followed typical kinetic pat-
terns during pyrolysis. The amount of acrylamide gener-
ated in the reaction mixture reached to an apparent maxi-
mum after 20 min of heating at 150 °C, then, it decreased
slowly afterward. Obviously, the content of acrylamide de-
tected in the reaction mixture at 150 °C was the net result
of process leading to the formation and degradation of this
compound. Similar results have been reported for a model
mixture composed of glucose—asparagine at various molar
ratios in model and food systems [14—16]. The decline of
the curves is most likely due to polymerization as recently
reported [17].

When equimolar amounts of asparagine and glucose
(10 pumoles each) were pyrolyzed without cations, a max-
imum of 0.013 umoles of acrylamide was formed at 150
°C. Meanwhile the signal responses of [M + 1] ions for as-
paragine (m/z 133) and glucose (m/z 181) decreased rapidly.
Certain amounts of hydroxymethylfurfural and furfural were
also formed during heating. Interestingly, addition of cations
significantly influenced the formation of acrylamide, hydrox-
ymethylfurfural, and furfural. In general, the presence of
cations in the reaction mixture decreased acrylamide forma-
tion while the formation of hydroxymethylfurfural and fur-
fural increased. It was noted that glucose decomposed more
rapidly in the presence of cations during heating. However,
the rate of asparagine decomposition decreased as the con-
centration of cation increased in the reaction mixture. We
found that pyrolyzing the equimolar mixture of asparagine

and glucose with equimolar amounts of monovalent, diva-
lent, and trivalent cations such as K+, Ca?t, Mg?*, Zn?™,
and Fe®" led to a 97% or more reduction in the amounts
of acrylamide formed during heating at 150 °C for 20 min
(Fig. 1a). In general, the cations decreased the amount of
acrylamide formed in the reaction mixture as their concen-
tration increased from O to 20 umoles. This was also true for
Na™ to a certain extent. Increasing the amount of Na*t ion
from O to 5 pmoles decreased acrylamide formation by 59%.
Further increase in the amount of Na™ ion did not bring any
improvement for the reduction, but increased the amount of
acrylamide formed.

It was noted that certain amounts of hydroxymethylfur-
fural were formed after heating the mixture of asparagine
and glucose at 150 °C for 20 min without including any
cation in the reaction mixture. However, the amounts of
hydroxymethylfurfural formed during the reaction signifi-
cantly increased as the amount of Ca**, Mg?*, and Fe’*
included in the reaction mixture increased (Fig. 1b). How-
ever, addition of Na*, KT, and Zn* had only limited effect
on hydroxymethylfurfural formation. These cations almost
halved the amount of hydroxymethylfurfural formed at lower
amounts (1,5 umoles) while they almost doubled it at higher
amounts (10, 20 umoles). No formation was noted for fur-
fural after heating the mixture of asparagine and glucose
at 150 °C for 20 min. However, adding certain amounts of
K*, Ca?*, Mg?*, Zn?>*, and Fe’* caused furfural forma-
tion during heating the reaction mixture. The effect of KT,
Zn*, and Fe** was more pronounced for furfural formation
(Fig. 1c).
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Fig. 2 Influences of some 12
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The presence of cations in the reaction mixture not only
influenced the type and concentration of characteristic re-
action products during heating, but also influenced the rate
of decomposition of reaction precursors significantly. The
percentage of unreacted glucose and asparagine were ap-
proximately 75 and 20%, respectively, after heating the re-
action mixture at 150 °C for 20 min. As mentioned earlier,
adding cations into the reaction mixture increased the rate of
glucose decomposition while most of asparagine remained
unreacted, as shown in Fig 2. These results clearly pointed
out that the reaction path was subject to change when cer-
tain types of cations were present in the reaction medium.
‘When the concentration of certain cations was increased, re-
action proceeded mainly toward the dehydration of glucose
leading to hydroxymethylfurfural as one of the characteris-
tic end products. Formation of hydroxymethylfurfural due
to dehydration of hexoses was first reported by Haworth and
Jones [18]. Antal et al. (1990) experimentally proved that
the mechanism of hydroxymethylfurfural formation went
through cyclic intermediates [19]. It has been shown that
dehydration of hexoses is catalyzed by organic acids, in-
organic acids, salts, and Lewis acids [20]. Here, we could
successfully show the triple dehydration process of glucose
in the presence of Lewis acids by means of scan LC-MS
analysis of pyrolyzates. [M + 1] ions for single (m/z 163),
double (m/z 145), and triple dehydration (n1/z 127) of glucose
formed during heating the mixture of asparagine and glucose
(10 umoles each) at 150 °C in the presence of cations.
Mechanistic studies have proposed that glycoconjugates,
such as N-glycosides and related compounds formed in the
early phase of Maillard reaction are the key intermediates
leading to acrylamide [2—4]. Based on these studies, the
first step in acrylamide production is the formation of Schiff
base between the carbonyl and o-amino group of asparagine
by means of the dehydration of Nglycosyl compound. Our
results showed a clear impact of cations on acrylamide for-
mation. The effect of cations was toward the hindrance of
the Schiff base of asparagine, which has a molecular weight
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means of monovalent, divalent, and trivalent cations

Cation amount Reduction of Schiff base formation (%)

pumoles Nat  K* Ca’t  Mg?* ZzZn*™* Fe’t
0 0 0 0 0 0 0

1 13 27 26 38 33 68

5 53 76 84 84 86 100
10 57 83 100 100 100 100
20 25 89 100 100 100 100

of 294. The [M + 1] ion of the Schiff base of asparagine (m/z
295) was detectable in the pyrolysate after heating the mix-
ture of glucose—asparagine. However, presence of cations
partially or completely eliminated the formation of Schiff
base depending on the type and concentration of the cation
(Table 1).

As discussed earlier in detail, there were net effects of
cations on the nature and progress of reaction during heating
the mixture of glucose and asparagine. According to the
proposed reaction mechanism shown in Fig. 3, the reaction
path mainly changed from the pyrolysis of asparagine with
glucose (path I) to the dehydration of glucose (path II) in the
presence of certain cations.

Conclusion

Minimization of acrylamide formed during thermal process-
ing of foods is of great importance from the viewpoint of
food safety. Since the thermal processing of foods is rather
complex due to a wealthy composition of the reaction pool,
the results of a single treatment would be diverse. So, any
approach putting forward to prevent any adverse effect like
acrylamide formation during thermal processing should also
consider other possible changes to be made on the resulting
food product. The preliminary studies have shown that the
addition of polyvalent cations such as Ca?* prevented acry-
lamide formation in some model systems suggesting a miti-
gation strategy regardless of its any possible adverse effects.
The addition of cations may be simply considered beneficial
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in certain foods prior to thermal processing, not only to miti-
gate acrylamide formation, but also to enrich calcium or zinc
in the finished product. The results obtained here revealed
that the realization of such a strategy may be problematic in
terms of overall food quality, because cations significantly
increase the formation of other process contaminants such
as hydroxymethylfurfural and furfural while decreasing the
formation of acrylamide. In the last decade, the presence
of hydroxymethylfurfural in foods has raised toxicological

Furfural (MW 96)
concerns since the compound and its derivatives have been
shown to have cytotoxic, genotoxic, and tumoral effects [21—
24]. Although recent studies suggest that hydroxymethylfur-
fural does not pose a serious health risk [25], the subject is
still a matter of debate.
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