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NH4HCO3 is known to promote acrylamide formation in sweet bakery products. This effect was
investigated with respect to sugar fragmentation and formation of acrylamide from asparagine and
sugar fragments in model systems under mild conditions. The presence of NH;HCOj3 led to increases
in acrylamide and o-dicarbonyls from glucose and fructose, respectively. As compared to glucose or
fructose, sugar fragments such as glyoxal, hydroxyethanal, and glyceraldehyde formed much higher
amounts of acrylamide in reaction with asparagine. The enhancing effect of NH,HCOj3 is explained
by (1) the action of NH3 as base in the retro-aldol reactions leading to sugar fragments, (2) facilitated
retro-aldol-type reactions of imines in their protonated forms leading to sugar fragments, and (3)
oxidation of the enaminols whereby glyoxal and other reactive sugar fragments are formed. These
a-dicarbonyl and a-hydroxy carbonyl compounds may play a key role in acrylamide formation,
especially under mild conditions.

KEYWORDS: Acrylamide; ammonium hydrogencarbonate; Maillard reaction; retro-aldol; retro-aldol type;
reactive sugar fragments; glyoxal;  a-dicarbonyls; a-hydroxycarbonyls.

INTRODUCTION acrylamide molecule during baking of gingerbread. This ex-

The presence of acrylamide in a broad range of heated foodscludes forma_tion of acrylamide_ via amidation of acrylic acid
(1) is considered as a potential health concern because of thd10)- Interestingly, the promoting effect of NHCO; was
carcinogenic properties of acrylamid®.(Acrylamide is gener- found to depend on the presence of reducing sugars. If the main
ated in the Maillard reaction via reaction of reducing sugars or sources of reducing sugars (i.e., honey, inverted sugar syrup)
other carbonyls and free asparagine, the amino acid formingWwere replaced by sucrose, a large decrease in the acrylamide
the backbone of the acrylamide molecul® @). Recently, content was observed in several products despite the presence
3-aminopropionamide (3-APA) was shown to be a very potent of NH;HCO; (10, 15, 16). Thus, the promoting effect of
precursor for acrylamidesj. 3-APA can be thermally formed  NHsHCO; on acrylamide formation is indirect and requires the
by reaction of asparagine with carbonyls and may be an presence of reducing sugars. This leads to the following hypo-
important transient intermediate (B). thesis: Ammonia from the baking agent reacts with the reducing

In general, fried potato products contain more acrylamide as sugars whereby reactive sugar fragments such as glyceraldehyde,
compared to bakery productd)( This may be attributed to the  glyoxal, methylglyoxal, etc., are formed. These fragments in
high temperatures during processing and the presence of largeurn react with free asparagine, delivering more acrylamide as
amounts of precursors in the raw potato (9). However, some compared to the reaction between asparagine and glucose or
sweet bakery products such as gingerbread are known to contaifryctose. These reactions should take place under mild conditions
surprisingly high amounts of acrylamide, sometimes exceeding since acrylamide was found in the crumb of gingerbread where

1000 1g/kg (8, 10, 11). This is in contrast to the rather low  temperature stayed below 12G during baking (10).
concentration of free asparagine in the dough (1), Several

studies have shown that the baking agentNEO; promotes
acrylamide formation0, 13, 14) and that replacement of this

The aim of the present study was to check this hypothesis
and deduce mechanistic explanations for the promoting effect
baking agent by NaHCgsubstantially reduces the acrylamide of NH4H(_:O3' I_n afirst experiment formation of acrylamide from
content of the productlQ, 15—17). In this context it was shown asparagine with sugars or sugar fragments was explored. Then

that the N atom from NEHCO; was not incorporated into the formation of such fragments from sugars in the presence of
baking agent was investigated. As a simplified approach, only

* To whom correspondence should be addressed. Phedd: 44 632 the a-dicarbonyls glyoxal, methylglyoxal, and diacetyl were
69 41. Fax: +41 44 632 11 23. E-mail: thomas.amrein@ilw.agrl.ethz.ch. monitored. The influence of temperature, time, and type of

10.1021/jf0625860 CCC: $33.50  © 2006 American Chemical Society
Published on Web 12/08/2006



10254  J. Agric. Food Chem., Vol. 54, No. 26, 2006

buffer on formation of acrylamide and-dicarbonyls was
investigated as well.

MATERIALS AND METHODS

Chemicals and Buffers.Glucose, fructose, maltose, sucrose, as-

paragine, ammonium hydrogencarbonate, sodium hydrogencarbonate, g cose + asparagines

and citric acid were all from Fluka (Buchs, Switzerland). Glyoxal,
methylglyoxal, diacetyl, 2,3-pentanedione, hydroxyethanal, glyceral-
dehyde, hydroxyacetone, and erythrose were also from Fluka. The

concentrations of asparagine, sugars, and sugar fragments in the model fructose + 1% NH4HCO; + asparagines

systems were all 0.025 M. NHCO; and NaHCQ were added at
1.00% (w/v) and 1.07% (w/v, giving the same molarity of HCO
anions), respectively, or at one-half of these concentrations. Citric acid
was added at 0.8% (w/v).

Heating experiments were carried out in phosphate (NatiPO
K HPQ,) or 3-morpholinopropanesulfonic acid (MOPS) buffers (both
from Fluka). The buffers were prepared using the equation of
Henderson—Hasselbalch. The concentration of buffer salts was 50 or
100 mM and the pH set to 7.0. A 3 ndamount of the solutions was
filled into glass ampoules which were sealed and immersed into a
preheated oil bath equipped with a thermostat. Heating conditions
comprised temperatures from 80 to 14D and heating times from 3
to 30 min. The standard procedure was 12Gor 30 min. After heating,
the ampoules were immediately immersed in ar-ieater bath to stop
further reactions.

Analysis of a-Dicarbonyls. Glyoxal, methylglyoxal, and diacetyl
were determined by GC-MS as their corresponding quinoxalines after
derivatization witho-phenylenediamine (OPD) following the method
described by Nedvidek et al.18). A 100 L amount of 2,3-
pentanedione (internal standard, 0.02 M in methanol, Fluka) and 0.5
mL of OPD solution (0.025 M in phosphate buffer pH 7.0, Fluka) was
added to 2 mL of the solution after heating. The reaction tubes were
wrapped with aluminum foil, and the solutions were stirred in a water
bath at 45°C for 40 min. The quinoxalines were extracted twice with
0.5 mL of dichloromethane (Fluka). The combined organic extracts
were dried over anhydrous magnesium sulfate (Fluka), aptl Bf
the solution was injected. Determination by GC-MS was carried out
on a 2000 series “TRACE GC” gas chromatograph with split injector
(Thermo Quest CE Instruments, Milan, Italy) coupled to a TSQ
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Table 1. Acrylamide Formation in Different Model Systems (120 °C,
10 min; 50 mM Phosphate Buffer; Concentration of Reactant was 25
mM except for Baking Agents and Citric Acid; pH = 7.0, n = 2; n.d.
not detectable)

reactants acrylamide [ug/g Asn]
55
fructose + asparagines 7.8
glucose + 0.5% NH4HCO; + asparagines 202
glucose + 1% NH4HCO; + asparagines 260
539
glucose + 0.5% NaHCO; + asparagines 12.9
glucose + 1% NaHCOj3 + asparagine 13.4
glucose + 0.5% NaHCOj + citric acid + asparagine 1.6
glyoxal + asparagine 2001
methylglyoxal + asparagine 19
diacetyl + asparagine 10
glyceraldehyde + asparagine 100
hydroxyacetone + asparagine n.d.
erythrose + asparagine 268
hydroxyethanal + asparagine 707

involved a 2000 series “TRACE GC” gas chromatograph with
on-column injector (Thermo Quest CE Instruments) coupled to a TSQ
quadrupole mass spectrometer (Finnigan Mat). The precolumn (TSP
deactivated, i.d. 0.53 mm) and separation column (BGB Wax, 12 m,
i.d. 0.25 mm) were both from BGB Analytik.

RESULTS AND DISCUSSION

Formation of Acrylamide. Acrylamide formation was
determined in different model systems to check the influence
of the different compounds. All model systems contained
asparagine, glucose, or fructose with or without baking agents.
In addition, acrylamide formation from asparagine and sugar
fragments was investigatedgble 1). Mild heating conditions
were chosen (120C, 10 min) in order to be comparable to the
situation within gingerbread where acrylamide is also formed
in the crumb 10). Phosphate buffer was chosen because it is a
suitable and commonly used buffer for Maillard reaction model
systems (1820, 21).

quadrupole mass spectrometer (Finnigan Mat, San Jose, CA). The “Tapje 1 shows that acrylamide was formed in substantial

separation column was a ZB-50 capillary (BGB Analytik, Bockten,
Switzerland) with a length of 30 m, an inner diameter of 0.25 mm,
and a film thickness of 0.26m. The GC was programmed as follows:
120°C for 5 min; rate of 1°C/min to 240°C; 240°C for 5 min. An
amount of 1—2xL was injected in split mode (split ratio 1:10) with an
injector temperature of 28TC. The MS was operated in the SIM and
full scan modesr(/z40—240, scan time 0.5 s). In the SIM mode the
following ions were monitored for the different quinoxalines (ions used
for quantification are given in bold): Quinoxaline (n¥8, 77, 103,
130), methylquinoxalinent/z76, 77, 117,144), dimethylquinoxaline
(m/z76, 77, 117 ,158), methyl-ethylquinoxaline (103, 117, 130, 144,
171,172) with a scan time of 0.02 s each. Identification was done by

comparing retention times and mass spectra to reference substance:

and the mix used for the determination of response factors. For every
experiment a mix of glyoxal, methylglyoxal, diacetyl, and 2,3-
pentanedione (0.01 M in methanol, Fluka) was derivatized with OPD,
extracted, and injected to determine response faatorsZ). Qunioxa-
line and methylquinoxaline were available from Fluka; dimethylqui-
noxaline and methyl-ethylquinoxaline were prepared by derivatization
of diacetyl and 2,3-pentandione with OPD, respectively (18).
Analysis of Acrylamide. Determination of acrylamide was based
on the GC-MS method published by Biedermann et H) (with the
following modifications: **Cs-acrylamide (CIL, Andover, MA) and
methacrylamide (Fluka), both dissolved in methanol (Fluka), were used
as internal standards with a concentration of »@dmL. A 1.0 uL
amount of internal standard was added to 2 mL of heated solution,
and the sample was then mixed with 10 mL of 1-propanol. The water
propanol mixture was evaporated, and the residue was taken up in 2
mL of acetonitrile (Fluka). This extract was twice defatted with hexane
(Fluka), centrifuged (10@§), and then injected on column. GC-MS

amounts despite the mild conditions. The reproducibility was
done with four replicates; the mixture glucoseNH;,HCO; +
asparagine gave an RSD of 6%, and the mixture fructose
NH4HCO; + asparagine gave an RSD of 10%. Fructose formed
more acrylamide in reaction with asparagine as compared to
glucose, which is in accordance with previous publications
reporting fructose being about twice as effective in acrylamide
formation as glucoseld, 22). The presence of NHCO;
dramatically increased acrylamide formation by a factor of 37
(glucose) and 69 (fructose). This demonstrates that the promot-
isng effect of NHfHCO; is also observed in the present
experiments as it was reported for sweet bakery proddéls (
13, 14). A higher concentration of NfHHCO; led to more
acrylamide, while the concentration of NaHg@ad virtually

no effect on acrylamide. A similar effect was also observed in
gingerbread (10). The presence of NaHJ€x only to a small
increase of acrylamide in the glucesasparagine system
(approximately factor of 2) which could be due to a slightly
higher pH @3). Thus, the presence of NaHg@nhcreased
acrylamide contents by far less as compared tQHNED;. This

was also previously observed in flour model systedf; 14)

and bakery productslQ, 15, 16, 24). In the presence of citric
acid almost no acrylamide was found after heating the model
system containing glucose, asparagine, and NaiTls effect
may at least be partially attributed to the decreased pH in this
sample (pH= 6.3) and was also observed in bakeiy (15,

24) and a similar model syster23).
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Table 2. Acrylamide Formation in Model Systems with Different maltose-asparagine system about 10 times less acrylamide was
Buffers (120 °C, 30 min; concentration of sugars and asparagine was found as compared to glucose, which is largely explained by
25 mM, buffer concentration was 100 mM; n = 2) the lower reactivity of a disaccharide2g). Sucrose and
asparagine formed only traces of acrylamide because sucrose
MOPS buffer phosphate buffer as a non-reducing disaccharide only undergoes Maillard reaction
acrylamide acrylamide after hydrolysis. Phosphate buffer led to elevated levels of
reactants [ug/g asparagine]  [ug/g asparagine] acrylamide in all experiments, and the effect was particularly
glucose + asparagine 26 161 large in the glucoseNaHCG; and fructose-NaHCG; systems
fructose + asparagine _ 2.1 139 as well as in the systems without baking agents. Thus, the type
SlﬂﬁgiﬁiH?ﬁ%%?il?;?ﬁg?&? ﬂgg‘ éggg of buffer has a distinct effect which may be explained by its
fructose + NHsHCO; + asparagine 2302 4915 influence on the generation of-dicarbonyls (see Results and
fructose + NaHCOs + asparagine 137 795 Discussion below).
gjﬂ:g:::“:ﬂggzizzgzgg::g }?12 : Formation of a-Dicarbonyls. Generation ofo-dicarbonyl

sugar fragments was monitored in model systems using phos-
phate and MOPS buffers, respectively. Reproducibility was
checked with four replicates of fructose and M€CO; in MOPS
buffer heated at 120C for 30 min. The RSD for glyoxal
concentration was 4.8%, and for methylglyoxal and diacetyl the
RSD was 6%. As observed with acrylamide formation (see
Table 2), phosphate buffer was found to enhance formation of
o-dicarbonyls, while in MOPS buffer less-dicarbonyls was
formed in the absence of baking agents (Table 3). In phosphate
buffer (no baking agent present) glucose formed about 6 times
more glyoxal, 18 times more methylglyoxal, and 1.4 times more
diacetyl as compared to MOPS buffer. In phosphate buffer
Maillard reaction in terms of browning and loss of glycine and
glucose is reported to be enhancedl,(33). This effect is
explained by the function of phosphate as proton donor and
acceptor in formation of the glycosylamingl(). Furthermore,
Thornalley et al. found an influence of the buffer type and
concentration on reaction rates in formatioroebxoaldehydes

@ Experiment not performed.

Among the sugar fragments, glyoxal was clearly most
effective in acrylamide formation, followed by hydroxyethanal,
erythrose, glyceraldehyde, and methylglyoxal. Thus, sugar
fragments form much higher amounts of acrylamide as com-
pared to intact hexoses under the conditions used. In the presenc
of glyoxal about 0.2% of the asparagine was detected as
acrylamide, which is considerable taking the mild conditions
(low temperature, short time, and high water activity) into
account. In the case of glyoxal, about 25850 times more
acrylamide was formed as compared to the model systems with
the two hexoses, which points out the high reactivity of this
sugar fragment. Therefore, it is concluded that glyoxal is the
most importanta-dicarbonyl among the investigated sugar
fragments and may play a key role in acrylamide formation.

Glyoxal, hydroxyethanal, glyceraldehyde, and methylglyoxal are from glucose and sugar fragments, respectivé, 85). In

all prominent sugar fragmen_t§5—27), and the higher acry- analogy to re31 retro-aldol reactions, which are key reactions
lamide yields from asparagine as compared to the hexoses

reported here are in agreement with Zyzak et ). (n dur_lng sugar fragmentation, may be facilitated by phosphate
: . ; ; acting as proton donor and acceptor. As a consequence of the
experiments with homogenized potaf8], acrylamide forma-

tion was doubled if glyceraldehyde was added, which pointed marked effect of phosphate buffer, further experiments were

out the activity of this compound in a food matrix. The higher all performed in MOPS puffer. ] )
amounts of acrylamide formed in reaction with the sugar As already observed with acrylamide formation, the presence

fragments is also in line with their much higher browning as ©f NH4HCOs had a strong effect on formation afdicarbonyls.
compared to glucose and fructos@9). Diacetyl formed !N the case of glucose and NHCO; (MOPS buffer) about 30
somewhat more acrylamide as compared to the two hexoseslimes more glyoxal was determined compared to no baking
Mottram et al. found more acrylamide from asparagine heated @9ent and about 4.8 times more glyoxal compared to NatCO
with glucose compared to diacetyl, which may be due to the In the phos_phate buffer 1.9 times more glyoxal was formed from
more severe heat treatment (185, 20 min) in their model ~ glucose with NHHCO; compared to NaHC® The patterns
system 21). Surprisingly, in the case of hydroxyacetone no _for glyoxal forrr_1at|on from fructose were similar: MHCO;
quantifiable acrylamide signal was found in our system, which increased the yield of glyoxal by a factor of about 2 as compared
is in contrast to other reports where hydroxyacetone and t© NaHCQin both buffers. The yield of glyoxal in the presence
asparagine formed rather large amounts of acrylamide in model°f NH4HCO; was similar for both sugars. Similar results were
systems (722, 30). Different conditions used (open vs closed, reported by Weenen in a Maillard model system with alanine
dry vs aqueous, temperature, time) may have caused this(36).
discrepancy. Methylglyoxal was quantitatively the majax-dicarbonyl
Phosphate buffers are known to enhance the Maillard reactiondetermined. Its yield was less influenced by the type of buffer
as compared to other buffer81(—33). Therefore, acrylamide and baking agent as compared to glyoxal. Mostly, more
formation was also investigated in model systems using MOPS methylglyoxal was found in phosphate buffer as compared to
buffer (Table 2). The heating conditions were set to 1ZD MOPS buffer, which is mainly explicable by the effect of the
and 30 min to enhance effects and be comparable with the phosphate buffer itself. The effect of phosphate almost covered
systems where-dicarbonyls were monitored (see below). The up the effect of NHHCO;. In general, more methylglyoxal was
data inTable 2 are very comparable with the dataTable 1, found in the fructose system as compared to glucose. The
but larger amounts of acrylamide were determined because thestrongest difference was found for reaction with M€O; in
heating time was extended by 20 min. In the absence of bakingMOPS buffer: Fructose formed 2.5 times more methylglyoxal
agents much less acrylamide was formed as also observed witithan glucose. In other experiments this factor ranged from 1.2
the shorter heating period (s@able 1). Fructose was more to 1.6 only. The explanation for the higher methylglyoxal yields
effective than glucose in the presence of baking agents, andfrom fructose as compared to glucose lies in the ability of
NH4HCO; had a much stronger effect than NaH£n the fructose to directly form both the 1- and 3-glucosone via the
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Table 3. Influence of Buffer Type, Sugar, and Baking Agent on Formation of a-Dicarbonyls in Model Systems (120 °C, 30 min,
n=2)?
phosphate buffer MOPS buffer
GO mGO DA GO mGO DA
reactants [mg/kg sugar] [mg/kg sugar] [mg/kg sugar] [mg/kg sugar] [mg/kg sugar] [mg/kg sugar]
glucose 69 430 203 5 24 146
glucose + NH4HCO3 136 449 447 163 335 191
glucose + NaHCOs 72 548 266 34 386 202
fructose + NH,HCO;3 163 711 543 163 850 315
fructose + NaHCO3 80 648 575 75 621 248
4 GO, glyoxal; mGO, methylglyoxal; DA, diacetyl.
H o] H NH H NH, H NH H (o]
H——C——0OH H—(!‘,—OH C—OH C—OH c—0
| : | 2 | 3 [ 4 |
HO——C——H —» Ho—C——H ——» HO—C H C—-H _— CH,
| | NH, / NH,* | |
H—(|:—0H H—C——OH H—(|:—0H H—(|:—0H H—(|:—0H
H—(|:—0H H_(l;_OH H—(|:—0H H—(|:—OH H—(|;—OH
CH,0H (l;HQOH CH,OH CH,0H CH,0H
RA | NH3/NH," RA‘ NH3 / NH4*
H 0 H 0 NH H 0
\C/ 5 \C/ + Asn \\ ; : + Asn \T/
| _ - _— - —
H,C C\ C=—=0
o W X ° |
CH,
+ + Asn
° 5 + Asn *
H (0]
NP H 0
T LN N
H—C—OH RA ¢ o RA |
_— - H——C——0H
H,C—=0 +
H—C——0n NH3/NH,' HaCo 2 * H2(|: NH; / NH, |
OH \OH CH,OH
CH,OH

Figure 1.

Formation of sugar fragments from glucose considering the role of NH; as a base (1, imine formation; 2, imin—enamine tautomerism; 3,

dehydratation; 4, hydrolysis, only the unprotonated form of the imine shown; 5, oxidation; RA, retro-aldol reaction).

2,3-enediol (3738) or the 2,3-enaminol, whereby the number
of possible reaction pathways leading to methylglyoxal is
virtually doubled. In principle, glucose can also form these
desoxysones, but more steps are nee@éd39). Diacetyl yields
were mainly influenced by the type of buffer (higher amounts
in phosphate buffer) and type of sugar (more from fructose).
In addition to the experiments shown Table 3, formation
of glyoxal from erythrose and hydroxyethanal with and without
NH4HCO; was investigated (MOPS buffer, 12C, 30 min,n
= 2). The amount of glyoxal from erythrose increased by a
factor of about 9 if NHHCO; was present (90 and 800 mg/
kg). NHsHCO; obviously facilitates retro-aldol fragmentation

during heating23), only the pH before heating was considered
because the pH during and after heating is not controllable. The
pH of the NHJHCO; model systems ranged from 7.2 to 7.4 for
both buffers (data inTable 3). After heating the pH was
increased by 050.8 pH units. The difference between the
NH4HCO; and NHHCO; systems was at most 0.3 pH units.
To check if pH differences of about 0.3 pH units might have
affected the results, experiments were repeated with solutions
where the pH was adjusted to 7.0 before heating. In MOPS
buffer the concentration of glyoxal and methylglyoxal decreased
by 10—30% in the different model experiments. This is in line
with the results from Nedvidek et al., who reported a decrease

of erythrose. In the case of hydroxyethanal, large amounts of of thesea-dicarbonyls of about 5—30% if the pH decreased
glyoxal were determined for both cases as expected (about 100drom 7 to 5 (L8). Hayashi and Namiki reported that formation
mg/kg). Thus, these two sugar fragments contribute to formation of C2 and C3 fragments from hexoses was negligible at pH

of glyoxal as shown irFigures 1 and?2.

The pH of the solution may also be an important factor. The
difference of the pH between samples containingsNEO; or
NaHCQ; was less than 0.1 pH units for both buffecs=£ 100
mM). Although the pH of Maillard model systems may change

3.5, substantial at pH 6.4, and large at pH 29)( However,

the influence of the baking agent and the type of sugar remained
the same in our model systems. This means that at=pHO
NH4HCO; led to higher amounts of glyoxal and methylglyoxal
than NaHCQ and fructose was more efficient than glucose
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Figure 2. Reactions of various imines derived from glucose leading to glyoxal and 2-iminoethanal (1, imine formation and protonation; 2, oxidation; 3,
hydrolysis, only the unprotonated forms of the imines shown; RA, retro-aldol reaction; RA-t, retro-aldol-type reaction).

(results not shown). Therefore, pH alone cannot explain the erythrose, and glyceraldehyde (and possibly of the corresponding
increased formation ofo-dicarbonyls in the presence of imines) leading to hydroxyethanal (glycolaldehyde, hydroxy-
NH4HCQO; although it has some impact. acetaldehyde), which will be oxidized by oxygen to glyoxa, (

If asparagine was present in the model systems (as it was in36, 40). Glyoxal, hydroxyethanal, erythrose, glyceraldehyde, and
the experiments shown ifables 1and2), similar results were methylglyoxal formed more acrylamide in reaction with free
obtained. The largest differences were observed with NafHCO asparagine as shown Trable 1. The reaction between glyoxal
where significantly morec-dicarbonyls were detected. This may and asparagine can be formulated via the 3-aminopropionamide
be explained by the increased number of nucleophilic groups pathway (6,7).

(a-NH2 group of asparagine) available for the first step of the  In addition to the activity of NHas a base, the imines formed
Maillard reaction. This effect was not seen in the experiments have to be considered as well with respect to the promoting
with NH4HCO; where the nucleophilic ammonia was present effect of NHJHCO; on acrylamide and-dicarbonyl formation
and probably outnumbered the effect of tneNH, group of (Figure 2). The protonated form of the glucosylimine undergoes
asparagine. retro-aldol reactions more easily due to the better electron-

Altogether, it can be concluded that the presence of acceptor properties of the iminium ion compared to the carbonyl
NH4HCO; leads to higher amounts of-dicarbonyls as com-  group. Likewise, hydrolysis of iminium ions is facilitated
pared to NaHC@ and this is not explained by pH effects around compared to iminesi(l). Both facts also apply to the imines of
pH 7. This is in line with the results shown irable 1. Glyoxal the glucosones and imines of glyceraldehyde and erythrose.
generation is strongly influenced by the type of baking agents Thereby, fragmentation via retro-aldol-type reaction is enhanced
and type of sugar. Together with its high efficacy of acrylamide and 2-iminoethanol is formed, which is either oxidized by
generation with asparagine, glyoxal may be regarded as a keyoxygen to 2-iminoethanal (which then can be hydrolyzed to
sugar fragment for acrylamide formation under the conditions glyoxal) or hydrolyzed to hydroxyethanal which then is oxidized
used. to glyoxal (34,35).

The effect of NHHCO; can be explained in the following Iminoethanal (glycolaldehyde imine, acetaldehyde imine) may
ways (Figure 1and?2). The pathways are all shown starting facilitate decarboxylation of asparagine by the electron-
from glucose (fructose reacts in similar ways, see text below). withdrawing iminium group Eigure 3). From the decarboxy-
NH;3 is a nucleophile and reacts with the carbonyl groups of lated intermediate a tautomer can be formulated which after
glucose and fructose. The imines formed allow generation of hydrolysis produces 3-aminopropionamide. This amide was
glucosones, which can undergo retro-aldol reactions leading toshown to form acrylamide very efficiently upon heating 15,
reactive fragments such as methylglyoxal or glyceraldehyde. Namiki and Hayashi postulated similar pathways for the reaction
NH3 may generally facilitate retro-aldol reactions of hexoses, of sugars and amines: They also assumed a retro-aldol-type
1-and 3-desoxysones, erythrose, and glyceraldehyde by actingeaction of the imine formed leading to iminoethanol and its
as a base. NH(pK, = 4.8) is a stronger base compared to oxidized form iminoethanal (42).

HPO,22~ (pKyp = 6.8), HCQ~ (pK, = 7.5), and HPOy~ (pK, = Hofmann et al. 27) proposed another pathway for glyoxal
11.9), which may explain the enhanced sugar fragmentation in formation (Figure 4): The enaminol tautomer of the imine of
the presence of NHHCOs. Glyoxal is not formed from 1- and  glucose is easily oxidized (43—45) by oxygen to an imino
3-glucosone 36) but via retro-aldol reactions of glucose, ketone, which procures a 1,2-dicarbonyl intermediate after
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HO
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Figure 3. Formation of acrylamide from asparagine and 2-iminoethanal (1, imine formation and protonation; 2, decarboxylation; 3, enamine—imine
tautomerism, 4, hydrolysis; 5, elimination of NH3).
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Figure 4. Formation of glyoxal from the 1,2-enaminol of glucose, adapted from Hofmann et al. (27) (1, oxidation; 2, hydrolysis; RA, retro-aldol reaction).

hydrolysis. Retro-aldol cleavage of this intermediate leads to such effects become relevant. Levine and Smith attributed the
glyoxal and erythrose (27). In a glucosalanine model glyoxal lower acrylamide contents in crackers prepared with NaglCO
formation preceded the one of hydroxyethanal, which indicates to an increased elimination of acrylamide and stated the same
that glyoxal is instead reduced to hydroxyethanal, presumably for NH,HCOs; (47). However, only very small amounts of
by reductones?7). This explains the rather low amounts of reducing sugars (originating from the flour only) were present
glyoxal which are determined in our model systems. in the dough of their study. Therefore, these results cannot be
NH3 may also be important for acrylamide formation in compared to data from experiments with significant amounts
potatoes, which contain large amounts of asparagine, glutamine Of reducing sugars.
aspartic acid, and glutamic acid. Glutamine and other amino  The amounts ofi-dicarbonyls measured in the present model

acids are known to release NHalready at 110°C (46). systems are not particularly large. However, it has to be stated
Additionally, glutamine was shown to be degraded quickly thatthese compounds are highly reactive and prone to undergo
during heating of grated potato at 120 (9). further reactions, i.e., reductio@%) or formation of melanoidins

Several publications on the effect of NHCO; on acrylamide (29, 39, 40). Thus, the amount measured is certainly smaller
formation in a bakery exist in the literature. Weisshaar thanthe amountwhich was actually formed. If the trapping agent
speculated that the Amadori product formed from glucose and OPD is added to the reaction mixture before heating, lower
NH; reacts with asparagine to an imine, which procures amounts of dicarbonyls are lost via further reactions and higher
acry|amide via aﬁ-e]imina[ion (13) However, the reaction results are obtained (nO results ShOWn). However, it is known
pathway shown is somewhat doubtful. Biedermann and Grob that OPD, being a nucleophile itself, enhances formation of
(14) attributed the promoting effect of NHCOs to an activation ~ glucosones (20) and sugar fragmerS)( Hollnagel and Kroh
of fructose without any mechanistic explanations. However, they (25) determined about 700 mg of glyoxal per kilogram of
stated that NFHCO; acts merely as a catalyst and that it fructose after heating a mixture of fructesglycine—OPD at
accelerates acrylamide formation, particularly at relatively low 100 °C for 60 min. The higher amount oft-dicarbonyls
temperatures. In a dough model containing 39% fructose, 1% determined in their study may be attributed to the presence of
NH4HCO;3, and dark flour the authors determined 99§/kg OPD during heating and differences in the experimental set up
acrylamide even after storage at room temperature for 6 weeks.(dry vs dissolved, temperature, time).

They also showed that other ammonium salts such agONH The influence of the type of sugar was further investigated,
NH4Br, and (NH),SO; were much less active (14). This and results are shown Figure 5. Glucose and fructose formed
indicates that ammonium cations need to be deprotonated beforeclearly more glyoxal and methylglyoxal as compared to maltose.
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Figure 6. Influence of temperature on formation of glyoxal and methyl-
glyoxal in the model system with fructose and NH,;HCOz in MOPS buffer. Figure 7 shows that methylglyoxal was formed earlier and
Note the different scale on the y axis (heating time 30 min; n = 2). faster than glyoxal and that the concentration of methylglyoxal

increased very little after 10 min. Generation of glyoxal was

This pattern resembles the data for acrylamide formation in the retarded and the amounts increased steadily with heating time.
model systems as shown ifable 2. This indicates that  Both a-dicarbonyls were already formed at 190 (Figure 6),
formation of a-dicarbonyls and acrylamide is interrelated. A which may indicate that formation of such sugar fragments
similar effect for maltose was also reported in another Maillard precedes acrylamide formation and that their generation may
model systemZ5). Sucrose, being a nonreducing disaccharide, even be a prerequisite for acrylamide formation (seeigore
formed no detectable amounts of glyoxal and hardly any 8 below). The fast consumption of sugars upon heating of food
methylglyoxal. The absence of glyoxal in the case of sucrose supports this assumption. During heating of grated potato at
would be another explanation why bakery products prepared 120 °C glucose was consumed by about 50% in the first 10
with sucrose and NHHCO; contain low amounts of acrylamide  min while almost no acrylamide was found after this tir8& (
(20). During roasting of almonds at 16& one-third of glucose was

Influence of Temperature and Time. The influence of already consumed after 2.5 min but no acrylamide was detect-
temperature and time on formationficarbonyls was studied ~ able yet (48). Thus, acrylamide may have been formed from
with fructose and NEHCO; in MOPS buffer (Figure 6and asparagine and sugar fragments rather from glucose or fructose.
7). Data points for diacetyl were omitted for a better readability It was also reported that sugar fragmentation precedes formation
of the figures. After heating at 8GC only trace amounts of the ~ Of glucosones and that sugar fragments significantly contribute
two a-dicarbonyls were detected, while at 100 significant ~ t0 browning under mild and neutral conditiori7( 29, 40).
amounts were determined already. The amounts increased with A similar course of formation of glyoxal and methylglyoxal
temperature, in the case of glyoxal exponentiafjg(re 6). in a glucose-glycine model system was shown by Hollnagel
Formation of methylglyoxal was faster as compared to glyoxal. and Kroh under different conditions (buffer, temperature,
This might be explained by their formation pathways from both concentration): The amount of methylglyoxal leveled at longer
glucose and fructose. Methylglyoxal can be directly derived from times and always exceeded that of glyoxal, which in turn
the 1- and 3-desoxysone via a retro-aldol reaction. On the otherincreased more steadily over time (25).
hand, formation of glyoxal is explained via an additional step, = Glyoxal was shown to form the highest amounts of acryla-
(a) oxidation of hydroxyethanaB4) which originates from retro-  mide in reaction with asparaginddble 1). Therefore, the
aldol reactions of glucose, 1- or 4-desoxysone, erythrose, andinfluence of heating time on acrylamide formation was checked
glyceraldehyde, or (b) oxidation of the enaminol or enediol as for glyoxal and glucose (Figure 8). MOPS buffer was chosen
shown inFigure 4. to minimize effects related to the type of buffer. Acrylamide
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was already detected in substantial amounts in the glyoxal
asparagine system after 2 min (48/g asparagine), and the
contents steadily increased to very large amounts over time. In

contrast, acrylamide formation in the case of glucose was several

orders of magnitude lower and detected only after 9 min (0.6

Amrein et al.

(11) Konings, E. J. M.; Baars, A. J.; van Klaveren, J. D.; Spanjer,
M. C.; Rensen, P. M.; Hiemstra, M.; van Kooij, J. A.; Peters, P.
W. J. Acrylamide exposure from foods of the Dutch population
and an assessment of the consequent risiksd Chem. Toxicol.
2003,41, 1569—-1579.

uglg asparagine). Thus, formation of sugar fragments such as (12) Springer, M.; Fischer, T.; Lehrack, A.; Freund, W. Acrylamid-

glyoxal is likely to be a prerequisite for acrylamide formation
under mild conditions.

Formation ofa-dicarbonyls from reducing sugars is enhanced
in the presence of NHHCOs; which largely explains the
promoting effect of this baking agent on acrylamide formation.
In general, sugar fragmentation may play a key role for

acrylamide formation in aqueous systems at moderate temper-

atures. Sugar fragments can be formed already under mild

bildung in Backwaren (in Germangetreide Mehl Bro2003,
57, 274—278.

(13) Weisshaar, R. Acrylamid in Backwaren-Ergebnisse von Mod-
ellversuchen (in Germanptsch. Lebensm.-Runds@004,100,
92—-97.

(14) Biedermann, M.; Grob, K. Model studies on acrylamide forma-
tion in potato, wheat flour and corn starch; ways to reduce
acrylamide contents in bakery walditt. Lebensm. Hyg2003,

94, 406—422.

conditions via numerous pathways. These fragments form higher (15) Graf, M.; Amrein, T. M.; Graf, S.; Szalay, R.; Escher, F.; Amado

amounts of acrylamide when heated with asparagine as com-

pared to glucose and fructose. The imines formed froms NH
and sugars or sugar fragments may play an important role by
facilitating various reactions including formation of 3-APA. The

proposed pathway via the sugar imines formed in the presence

of NH4HCO; explains why replacement of either this baking
agent or the reducing sugars is effective for acrylamide
mitigation. Consideration of the new aspect of sugar fragments
in acrylamide formation may also open further approaches for
mitigation. Less acrylamide may be formed if sugar fragmenta-
tion is limited or if sugar fragments react further before they
react with asparagine. The latter may be achieved by addition
of other amino acids such as glycine, which has be shown to
decrease the acrylamide content in bakery products43),
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