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Abstract

The simultaneous formation of acrylamide; B-carboline heterocyclic amines (HAs):
harmane and norharmane; and advanced glycation end products (AGEs):—) (NV¢-
(carboxymethyl)lysine (CML) and Né-(carboxyethyl)lysine (CEL):—)) was analyzed
based on an aqueous model system. The model systems was-established-te-included
lysine—glucose (Lys/Glu), asparagine—glucose (Asn/Glu), tryptophan—glucose
(Trp/Glu), and a mixture of these amino acids (Mix/Glu). Only AGEs were generated
when heated at 100 °C, Asn and Trp competed with Lys for glucose and methylglyoxal
(MGO), and glyoxal (GO) decreased AGE content. The k£ value of CML, CEL, and
acrylamide decreased when heated at 130 °C, whereas that of harmane increased in the
Mix/Glu, owing to the competition between Lys and Asn for glucose, GO, and MGO.
Harmane preferably formed via the Pictet-Spengler condensation between Trp and
acetaldehyde, which further reduced acrylamide formation via the acrolein pathway.
Keywords: Multiresponse  kinetic models;  N¢-(carboxymethyl)lysine;  Vé-

(carboxyethyl)lysine; acrylamide; harmane; norharmane
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1. Introduction

The Maillard reaction (MR) is a non-enzymatic browning reaction due to the
complex interaction between free amine groups of amino acids/proteins and carbonyl
group of sugars/carbohydrates under the influence of heat (Aljahdali, & Carbonero,
2017; Starowicz, & Zielinski, 2019). MR plays an important role in food processing;
because it can form desirable flavors and attractive color compounds in food products
(Starowicz, & Zielinski, 2019). However, despite these positive aspects, MR can also
form undesirable, potentially toxic, and harmful compounds (Aljahdali, & Carbonero,
2017). One of the Maillard reaction harmful products (MRHPs) that is widely
researched is acrylamide, a toxin with mutagenic and carcinogenic properties (Zamani
et al., 2017), which was first founded and mainly formed in carbohydrate-rich cereals
and potato-based foods, such as french fries, potato chips, and baked cookies (Stadler
et al., 2002; Zhang, Ren & Zhang, 2009), because asparagine (Asn) is an important
precursor for acrylamide (Friedman, 2003; Yaylayan, Wnorowski, & Perez Locas,
2003).

Moreover, advanced glycation end products (AGEs) are a group of structurally
complex and chemically stable MRHPs generated at the final MR stage (Poulsen et al.,
2013). The most common AGE markers are N°-(carboxymethyl)lysine (CML) and N&-
(carboxyethyl)lysine (CEL), which have been detected in various kinds of foods, such
as cookies, tea, meat products, and potato-based foods (Jiao et al., 2017; Yu et al., 2018).
The accumulation of AGEs from the human diet may increase the risk of several chronic

diseases in the human body (Poulsen et al., 2013; Singh et al., 2001). Additionally, -
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carboline heterocyclic amines (HAs), including harmane and norharmane, are
carcinogenic and neurotoxic MRHPs (Totsuka et al., 1999), which exist in both heat-
processed animal- and plant-based foods (Chen et al., 2017; Gibis et al., 2016).

The general reaction scheme of MR and its corresponding MRHPs’ formation
mechanisms have-has been investigated using aqueous model systems of individual
amino acids and reducing sugars (Martins, Jongen, & Van Boekel, 2000; Amrein et al.,
20006). In-detailtThe formation of acrylamide-has-been—reportedly follows a generic
amino acid route. A Schiff base is formed and then rearranged to yield Amadori
products (AP) when a reducing sugar reacts with any amino acid group, followed by
decarboxylation and heat-mediated elimination of ammonia to substituted imine,
forming acrylamide, with asparagine (Asn) as an important precursor (Yaylayan et al.,
2003; Zhang et al., 2009; Zyzak et al., 2003). Several studies revealed that acrylamide
can be formed via the acrolein pathway, and acrolein was reportedly generated through
ethanalacetaldehyde oxidation (Becalski et al., 2003; Zyzak et al., 2003). Similar to
acrylamide, CML and CEL can be formed through AP formation directly or through a
reaction between lysine (Lys) and reactive a-dicarbonyl compounds, including
methylglyoxal (MGO) and glyoxal (GO), which are generated in the middle MR stage
(Singh et al., 2001; Srey et al., 2010). Moreover, B-carboline HAs (harmane and
norharmane) formation is partly different from that of acrylamide and AGEs. Herraiz
(2000) indicated that tetrahydro-B-carboline (THPRC) oxidation is another way to
produce B-carboline HAs, and that the Pictet—Spengler condensation between Trp and

acetaldehyde is the most effective way to form THBCs, except for AP dehydration and



80

81

82

83

84

85

86

817

88

89

90

91

92

93

94

95

96

97

98

99

100

101

B-elimination (Gibis et al., 2016).

The precursors, including Lys, Asn, and Trp, always exist together in some real food
systems, especially fer—cereals and potato-based foods (Choi et al., 2016). Several
studies have indicated that adding Lys and Trp was effective in inhibiting the formation
of acrylamide in an aqueous MR model system, but AGE and B-carboline HA formation
was not considered (Kim, Hwang, & Lee., 2005; Koutsidis et al., 2009). Furthermore,
in several cereals and potato-based foods, the concentration of reducing sugars is
relatively lower than that of the free amino acids, and the content of each amino acid is
different (Choi et al., 2016). Thus, with such limited amounts of reducing sugars, Lys,
Asn, and Trp competed with each another to participate in the MR, which could show
different kinetic results MRHP formation, compared with that of model systems of
individual amino acids and reducing sugars. However, less attention has been given to
the simultaneous acrylamide, AGE, and B-carboline HA generation i#n—under such
conditions.

Therefore, we aimed to investigate simultaneous acrylamide, -carboline HA (harmane
and norharmane), and AGE (CML and CEL) formation based on an aqueous model
system with a limited content of reducing sugars and different concentrations of
precursor amino acids, using multi-response kinetic modeling. Compared with single-
response modeling, multi-response modeling can be more rigorously tested, and the
estimation of model parameters can be accurately performed (Martins et al., 2000;
Nguyen & Van Boekel, 2017). The present study weuld-gives an insight into the effects

of precursor amino acids on simultaneous acrylamide, B-carboline HA (harmane and
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norharmane), and AGE (CML and CEL) formation, which were found to be generated
in cereals and potato-based foods.
2. Materials and methods
2.1 Chemicals

Chemical standards of glucose and '*Cs-glucose, amino acids (Lys, d4-Lys, Trp, and
Asn), intermediates (acetaldehyde, acrolein, glyoxal, and methylglyoxal), HAs
(harmane and norharmane), and nonafluoropentanoic acid (NFPA, purity over 97%)
were purchased from J&K Scientific Co., Ltd. (Beijing, China). The standards of CML,
d4s-CML, CEL, and d4-CEL were provided by Santa Cruz Biotechnology Co. (Paso
Robles, CA). acrylamide-Acrylamide and *Cz-acrylamide were purchased from Sigma-
Aldrich. High-performance liquid chromatography (HPLCj)-)-grade methanol and
acetonitrile were obtained from Tedia Company Incorporated (Fairfield, OH;-ESA).
The other chemicals were all analytical grade and were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).
2.2 Model systems and reaction conditions

The aqueous model system was established as previously described (Nguyen et al.,
2016; Yu et al., 2020), with slight modifications. Four amino acid—glucose reaction
solutions containing Lys—glucose (Lys/Glu; 30 mmol/100 mmol), Asn—glucose
(Asn/Glu; 200 mmol/100 mmol), Trp—glucose (Trp/Glu; 5 mmol/100 mmol), or a
combination of Lys—Asn—Trp—glucose (Mix/Glu; 100 mmol/200 mmol/5 mmol/100
mmol) were prepared in phosphate buffer (0.1 M, pH 7.0). The Lys, Asn, Trp, and

glucose concentrations selected in the model system were based on their actual
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proportions in real cereal and potato-based foods (Choi et al., 2016; Halford et al., 2012),
and their concentrations were appropriately magnified to better evaluate the
intermediates and final products. The 10-mL reaction samples were added to glass
reaction vials with Teflon caps (Synthware, Beijing, China) to avoid side phenomena,
such as water evaporation or oil absorption. The samples were pre-heated at 100 °C and
130 °C, respectively, in a thermostat-controlled oil bath with a magnetic stirrer (Jintan,
Zhejiang, China) for 5 min. The purpose of pre-heating is to raise the temperature of
the samples to the intended temperature level. The temperature of the oil bath was
checked every 1 min, and the temperature fluctuations were within 3 °C. The reaction
time was recorded after the pre-heated treatment. Samples were taken at each
predetermined heating time (3, 6, 9, 12, 15, 18, and 21 min), the vials were immediately
cooled in an ice bath to stop any further reaction, and then they were stored at —20 °C
prior to analysis. The model system experiments were performed in triplicate.
2.3 Analysis of melanoidins

Melanoidins were measured by using an UV-Vis spectrophotometer (UV-1601;-;
Shimadzu, Kyoto, Japan) with a path length of 1 cm at 470 nm, and then the samples
were diluted. The results were calculated using the Lambert—Beer equation with an
extinction coefficient of 282 L mol~'cm™, as reported by Zhang et al. (2015), with the
following equation:

A =¢ x be
where, A is the absorbance value at 470 nm, € is an extinction coefficient, b is the

thickness of the container’s absorbent layer, and c is the melanoid molar concentration.
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2.4 Analysis of CML and CEL

CML and CEL sample analysis were performed according to the methods previously
described by Jiao et al (2017), and Yu et al (2018). Each 150-puL reaction sample was
mixed with 150 pL d4~-CML and d4-CEL (internal standards), followed by
centrifugation at 10,000 rpm for 10 min and filtration through a 0.22-pm membrane.
The obtained filtrate was separated using Waters 2695 liquid chromatography (LC)
module with a Waters X-Bridge C18 column at 35 °C (2.1 mm x 100 mm; 3.5 pm;
Milford, MA;-USA). The mobile phase consisted of acetonitrile as solvent A and 5 mM
NFPA as solvent B, and gradient elution with a flow rate of 0.3 mL/min was performed
as follows: 0—5 min, 5%—60% A; 5—7 min, 60%—-100% A; 7-9 min, 100% A; 9—10 min,
100%—5% A; and 10-16 min, 5% A. Injection volume was set to 5 pL, and detection
was performed using a Micromass Quattro micro triple quadrupole mass spectrometer
(Manchester, UK) using the electrospray ionization positive mode with the multiple
reaction monitoring (MRM) model. The capillary voltage was 3.5 kV, and the
ionization source and desolvation gas temperatures were 110 °C and 400 °C,
respectively. The nitrogen flow rates were 50 and 600 L/h for the cone gas and
desolvation gas, respectively, whereas the cone and collision energies were 20_V and
18V, respectively. For CML, d,-CML, CEL, and d4-CEL, the fragments m/z 205—84,
m/z209—88, m/z 219—84, and m/z 223—88 were used for quantification, respectively.
CML and CEL quantification was done using isotope internal standard method.
2.5 Analysis of GO and MGO

The a-dicarbonyl compound derivatization was performed with 100 pL of 5 uM o-
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phenylenediamine, as previously described (Scheijen & Schalkwijk, 2014). Reaction
samples were centrifuged at 10,000 <g for 10 min, and the 200-uL supernatant was
derivatized, then 100 puL 2,3-hexanedione (4 uM) was added as the internal standard
and immediately mixed and kept at 4 °C in the dark for 12 h prior to HPLC-MS/MS
measurement.

According to Jiao et al (2019) the quinoxaline derivatives of the a-dicarbonyl
compounds were determined using Waters 2695 LC system interfaced with a
Micromass Quattro micro triple quadrupole mass spectrometer. Separation was
performed on a Waters X-Bridge C18 column (2.1 mm % 100 mm; 3.5 pm) using a
gradient mixture of (A) 1% formic acid in water and (B) methanol at 0.3- mL/min flow
rate. The elution gradient was as follows: 0—5 min, 30%-90% A; 5-8 min, 90%—-100%
A; 8-10 min, 100% A; 10-12 min, 100%-30% A; and 12—15 min, 30% A. The a-
dicarbonyl compound identification was performed using the MRM mode with the
same MS parameters as those used in CML and CEL detection. The fragments m/z of
the quinoxaline derivatives of a-dicarbonyl compounds were m/z 131—77 (GO),
145—77 (MGO), and 187—77 (internal standard).

2.6 Simultaneous determination of acrylamide, harmane, norharmane, amino
acids, and glucose using UHPLC-MS/MS

The reaction sample (150 pL) was added to the-150-_pL internal standard solution
containing 200 pg/mL '3Cs-acrylamide, 500 pg/mL d4-Lys, and 500 pg/mL '3Cs-
glucose, centrifugated at 10,000 rpm for 10 min, and filtered through a 0.22-pm

membrane. The obtained filtrate was collected for UHPLC-—MS analysis as previously
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described by Zhang et al (2011), with slight modifications.

The identification and quantification were conducted using an ACQUITY UHPLC
system equipped with a triple quadrupole mass spectrometer (Waters, Milford, MA,
USA). Analyte separation was performed on a Waters Atlanties dC18 column (250 mm
x 4.6 mm i.d.; 3.0 pm particle size) at 30 °C. The gradient elution was obtained with a
binary mobile phase of 0.1% formic acid (pH 6.8; solvent A) and acetonitrile (solvent
B). The solvent composition was 0—0.1 min, 5% A; 0.1-10 min, 5%-100% A; 10-10.5
min, 100%—5% A; and 10.5-15 min, 5% A. The flow rate was set to 0.5 mL/min, with
a 5-uL injection volume. Mass spectrometric detection was performed in the MRM
mode. The capillary voltage was 3.5 kV, and the ion source and desolvation gas
temperatures were 130 °C and 350 °C, respectively. The fragments used for
quantification were m/z 133—74 (Asn), 147—84 (Lys), 151—88 (d4-Lys), 205—188
(Trp), 72—55 (acrylamide), 75—58 (13Cs-acrylamide), 151—88 (d4-Lys), 169—115
(norharmane), 183—115 (harmane), 383—203 (glucose), and 395—209 (13C¢-glucose).
2.7 HPLC analysis of acrolein

By using a previously reported model with slight modifications (Barman, 2014;
Uchiyama, Inaba & Kunugita, 2011), a 2.5-mL reaction sample was placed in a 10-mL
centrifugation tube. Afterward, 1 mL 2% NaCl-0.7 mol/L HCI solution, 0.5 mL 18%
Na,HPO,, and 0.5 mL 0.2% 2.,4-dinitrophenylhydrazine solution were sequentially
added. Water was added to a volume of 10 mL, and the contents were mixed through
shaking before heating in a water bath at 60 °C for 20 min. Upon cooling to room
temperature, 3 mL of hexane was-were twice added for acrolein extraction, and 1 mL

10



212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

2217

228

229

230

231

232

233

of hexane was filtered through a 0.22-pm organic microporous membrane and subjected
to HPLC analysis.

A LiChrospher® C18 (4.6 mm x 250 mm:-, 5.0 um) column was used to separate
2,4-dinitrophenylhydrazones. The injection volume was set to 10 pL, and the column
temperature was maintained at 30 °C. The solvent flow rate was 1.0 mL/min under an
isocratic water—acetonitrile elution (38:62; v/v) for 20 min. The acrolein derivatives
(2,4-dinitrophenylhydrazones) were detected using a UV detector at 365 nm.

2.8 Headspace gas chromatography analysis of acetaldehyde

According to Qin et al (2020), acetaldehyde analysis was performed with an HS-10
automated headspace sampler (Shimadzu, Kyoto, Japan) and GC-2010 gas
chromatography (Shimadzu, Kyoto, Japan), with a flame ionization detector and a DB-

23 capillary column (+:¢—60 m X 0.32 mm i.d., %-0.25 um_film thickness:-60-s);

Agilent Technologies, Califeraia;—USAFolsom, CA). The 3 mL reaction solution
aliquot was added to a 20-mL vial, sealed, and then heated at 75 °C for 30 min on the
headspace sampler. The transfer line temperature was 120 °C. The gas flow was set to
2.0 mL/min, and the detector and injection temperatures were 260 °C and 205 °C,
respectively. The column was maintained at 35 °C for 6 min and was heated to 185 °C
at an incremental rate of 10 °C/min. Furthermore, the analysis was set to 1:1 split mode.
2.9 Method validation

The proposed method’s linearity, recovery, limit of detection, and limit of
quantification were evaluated. Calibration curve was established by plotting the peak
area ratios or only the peak area of the standards to the internal standard against the

11
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eight analyte concentrations. Sample preparation recoveries were determined by
analyzing blank samples spiked with two concentrations of mixed low and high
standards, and they were calculated as [(levels in spiked samples — levels in blank
samples)/amount added] x 100. The overall method’s precision was determined by
implementing intra-day (repeatability) and inter-day (reproducibility) precision
experiments. Intra-day precision was evaluated at a low spiked level through a recovery
study with three replicates, whereas inter-day precision was evaluated at a high spiked
level through a recovery study that was consecutively carried out for 3 days.
2.10 Multi-response kinetic modeling

A comprehensive reaction mechanism was built, comprising the major formation
pathways of the MR and caramelization (see Fig. 5). The average duplicate analysis
data results were normalized and expressed in millimoles per liter (mmol/L). All
experiment data were made to fit the proposed kinetic model, and the kinetic parameters
(k) were estimated using the non-linear curve fitting function of the Origin 9.0 software

(OriginLab, Northampton, MAYSA) and SAS 8.0 software (SAS Institute Inc., China),

and the-R-squared{R?) values were calculated to determine the fitting performance of
the non-linear fitted models (Yu et al., 2020; Zhang et al., 2015). Furthermore, the

experiments were performed at only one or two temperatures; hence, specific activation

energies cannot be estimated.

12
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2.11 Statistical analysis

The analysis of all components was conducted in triplicate, with values reported as
the mean + standard deviation (SD) of three independent experiments. Statistical
analysis was performed using the general linear model procedure of Statistix software
9.0 (Analytical Software, Tallahassee, FL;-JSA). Analysis of variance of the results
followed by the least significant difference post hoc test was performed to determine
whether-if there were significant differences (p < 0.05) among different MR model

system.

3. Results and discussion
3.1 Reactant concentration during heating

Figure 1 shows the amino acid and glucose kinetic profiles during heating. As
expected, amino acid and glucose concentrations decreased with increased heating time,
which was consistent with a previous report (Zyzak et al., 2003). As shown in Figure
1A, the final Trp, Lys, and Asn concentrations in the Trp/Glu, Lys/Glu, and Asn/Glu
models decreased by 20.7%, 29.1%, and 33.3%, respectively, when heated at 100 °C,

compared with their initial concentrations; however, that-concentrations in the Mix/Glu

model were reduced by 6.0%, 19.3%, and 30.9%, respectively, compared with their

13
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initial concentrations. Trp, Lys, and Asn concentrations in the Trp/Glu, Lys/Glu, and
Asn/Glu decreased by 79.2%, 56.1%, and 52.0%, respectively, when the heating
temperature changed to 130 °C (Fig. 1B). However, Trp, Lys, and Asn concentrations
in the Mix/Glu model were only reduced by 10.9%, 38.7%, and 50.1%, respectively.
The results suggest that Trp and Lys degradation in the Mix/Glu model was
significantly less than that for the Trp/Glu and Lys/Glu models. However, Asn
consumption in the Asn/Glu and Mix/Glu models showed insignificant differences.

Glucose concentration was monitored during heating (Figs. 1C and 1D). Glucose
consumption levels in the Asn/Glu, Mix/Glu, Lys/Glu, and Trp/Glu models were only
24.1%, 28.1%, 15.7%, and 15.8% of their initial concentrations, respectively, when
heated at 100 °C. However, the glucose consumption in each of the Trp/Glu, Asn/Glu,
Mix/Glu, and Lys/Glu models increased by 66.1%, 73.2%, 95.5%, and 63.1%,
respectively, when heated at 130 °C. Glucose reduction levels in the Trp/Glu and
Lys/Glu models were significantly less than that-those for the Asn/Glu and Mix/Glu
models.
3.2 Formation of acrylamide and HAs during heating

The formation of acrylamide was measured and shown in Figure 2A. There was no
acrylamide produced at 100 °C due to the low reaction temperature. This finding is
consistent with previous literature (Zhang et al., 2009). When heated at 130 °C,
acrylamide was generated after 6 min at 130 °C. The content of acrylamide in the
Asn/Glu and Mix/Glu models reached a maximum of 22.9 £+ 2.55 pg/mL and 12.6 £
2.80 pg/mL, respectively. In comparison, the production of acrylamide was

14
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significantly reduced by 45.2% (p < 0.05) when Trp and Lys were involved in the
reaction. This is consistent with previous studies by Koutsidis (2009) and Mestdagh et
al (2008), who reported that Trp and Lys may reduce the concentration of acrylamide.

Two HAs, harmane and norharmane, were undetectable when the model mixtures
were heated at 100 °C (Fig. 2A). Several published studies have reported that HAs were
generated at temperatures generally higher than 125 °C (Gibis, 2016). When the models
were heated at 130 °C, norharmane could be detected after 6 min, and its highest
concentrations reached in the Trp/Glu and Mix/Glu models were 27.9 + 2.03 ng/mL
and 22.6 £ 1.74 ng/mL, respectively. Norharmane content in the Trp/Glu model was
significantly higher (p < 0.05) than that in the Mix/Glu model; however, harmane was
detected only after 15 min of heating time in the Trp/Glu and Mix/Glu models (Fig.
2B). Harmane content in the Trp/Glu model ranged from 13.5 = 0.90 to 13.9 + 0.68
ng/mL and was significantly increased (p < 0.05) by 6.6%—13.1% in the Mix/Glu model,
which was exactly in contrast to the norharmane results.
3.3 Formation of AGEs and melanoidins in the model systems

As shown in Figure 2D and 2E, CML and CEL were generated at both 100 °C and
130 °Csrespeetivelyy. CML contents in the Mix/Glu and Lys/Glu models were 5.11 +
1.03 pg/mL and 11.6 + 2.21 pg/mL, respectively, when heated at 100 °C, whereas
thatose of CML in the same models were 9.06 + 1.89 pg/mL and 27.2 = 2.31 pg/mL,
respectively, when heated at 130 °C. Furthermore, CEL content was 8.30 £ 3.15 pg/mL
for the Mix/Glu model and 10.6 £+ 0.49 pg/mL for the Lys/Glu model when heated at
100 °C. Moreover, it significantly increased to 31.9 + 8.09 ug/mL and 51.7 + 8.74

15
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pg/mL for the Mix/Glu and Lys/Glu models, respectively, when heated at 130 °C. These
results show that CML and CEL contents generated at 130 °C were higher than their
contents at 100 °C. CML formation in the Mix/Glu model was significantly lower (p <
0.05) than that for the Lys/Glu model.

Melanoidins, generated by aldol condensation and carbonyl compound
polymerization, were-are considered the main products in the final MR stage (Martins
et al., 2000; Wang, Qian & Yao, 2011). Generally, melanoidin generation in all groups
exhibited a minimal increase during heating (Fig. 2F and 2G), and melanoidin content
reached a maximum at the end of the reaction. The highest melanoid concentrations
was-were observed in the Mix/Glu model (at 3.37 = 0.94 mmol/L and 30.8 £+ 0.75
mmol/L) when melanoidins were heated at 100 °C and 130 °C, whereas the lowest
concentrations was-were found in the Trp/Glu model.

3.4 Formation of a-dicarbonyl compounds

The a-dicarbonyl compounds, including GO and MGO, are highly reactive
intermediates that play an important role in MR (Martins et al., 2000). They are mainly
produced by thermal glucose degradation and Schiff base decarboxylation, which reacts
with amino acids to form a series of MRHPs (Chen & Kitts, 2011). Figure 3 shows the
GO and MGO amounts that were detected. A higher GO concentration can be found at
130 °C than at 100 °C. The GO concentration in different model systems increases with
reaction time, except for the Trp/Glu and Lys/Glu models, which showed a maximum
GO concentration at the initial stage, but significantly decreased when heated at 100 °C
and 130 °C, respectively. A comparison of the different model systems showed that the
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Lys/Glu model has the highest GO contents when heated at both 100 °C and 130 °C,
with a range of 3.01 £ 0.50 to 7.38 + 1.54 ng/mL and 8.33 = 1.81 to 35.1 £ 0.43 pg/mL,
respectively, followed by the Mix/Glu model.

A significant increase in MGO concentration was observed with increased reaction
time, reaching a relatively high value at the end of the reaction (Figs. 3B and 3D).
Similar to GO, higher temperatures induced easier MGO formation-e+MGO. MGO
generation in the different model systems varied-relatively. The MGO levels produced
in the Mix/Glu and Lys/Glu models were higher than that-those in other systems whes
heated at 100 °C. However, the Mix/Glu and Asn/Glu models showed the highest MGO
content when heated at 130 °C.

3.5 Formation of aldehyde compounds

Aldehydes are also important MR intermediates and are known as glucose
degradation products at high temperatures (Martins et al., 2000; Van Boekel, 2006).
Lys/Glu had higher reactivity levels and generated more ethanalacetaldehyde than the
other models at the two heating temperatures (Figs. 4C and 4D). The
ethanalacetaldehyde contents in the Lys/Glu model system was-were 3.02 = 0.12 pg/mL
at 100 °C and 13.1 + 1.13 pg/mL at 130 °C. Moreover, Asn/Glu also produced a higher
ethanalacetaldehyde content of 12.2 + 1.53 pg/mL when heated at a higher temperature.

Acrolein is an important intermediate compound that can form acrylamide via the
acrolein pathway, which is mainly produced by ethanalacetaldehyde oxidation
(Becalski et al., 2003; Zyzak et al., 2003). The acrolein content showed an-ia non-
significant difference among the model systems when heated at 100 °C (Fig. 4A).
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366  However, the highest acrolein concentration was observed in the Lys/Glu and Trp/Glu
367  models, which ranged from 0.06 + 0.01 to 1.29 = 0.12 pg/mL and from 0.20 £ 0.09 to
368  1.25+0.09 pg/mL, respectively, when heated at 130 °C (Fig. 4B).

369 3.6 Validation of the proposed analytical methods

370 The characteristics of the proposed method were demonstrated by a validation
371 procedure of the linearity, LOD, LOQ, recovery, and precision of the method. The
372 linearity was evaluated by injecting different concentrations of standards and plotting
373  the peak areas versus the concentrations (Yan et al., 2014). As shown in Supplemental
374  Tables 1 and 2, the detector response for individual compounds was linear over a broad
375  concentration range, with coefficients higher than 0.991. The LODs and LOQs, which
376  are respectively defined as the amount of an analyte producing a signal-to-noise ratio
377  of >3 and >10, were determined using standards. The recoveries of compounds in the
378  model system ranged from 87.1% to 116% at a low spiked level and from 83.1% to 123%
379  at a high spiked level. The precisions, which are expressed as relative standard
380  deviations (RSDs) were lower than 15.3% (14.6%) for intraday (interday) studies. By
381  summarizing all of these method validation results, the developed method proposed
382 here can be regarded a potent quantification method that could be successfully applied
383  to the analysis of reactants, products, and intermediate compounds in a Maillard
384  reaction model system corresponding to the kinetic study, with appropriate recoveries
385  and excellent method repeatability.

386 3.7 Reaction kinetic modeling and related parameters

387 Referring to the general mechanisms of MRHPs reported in previous literature (Gibis
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et al., 2016; Srey et al., 2010; Yaylayan et al., 2003; Zyzak et al., 2003), the reaction
scheme was simplified into an apparent scheme (Fig. 5) by keeping only the reactants
(Lys, Trp, Asn, and glucose), aldehydes, and ketone intermediates (acrolein,
acetaldehyde, GO, and MGO), and final products (CML, CEL, harmane, norharmane,
acrylamide, and melanoidins). Due to the different reaction rate constants, several
intermediates showed higher uncertainty and, thus, could not be estimated in this
interval, such as AP which could not be quantified analytically. Kinetic data were fitted,
and the related kinetic parameters (k1—k;;) were calculated by the non-linear least
squares regression, according to previous studies (Yu et al., 2020; Zhang et al., 2015).
R? values were calculated to evaluate the model-fitting performance. As shown in Table
1, most models showed high R? values, ranging from 0.80-0.99, which reflected good
fitting to the proposed reaction scheme.

Table 1 shows the k values for the formation and elimination of the reactants,
intermediates, and MRHPs. The k values generally increased with temperature in all
the model systems, which may be due to the enhanced molecular mobility at high
temperatures, and this was consistent with the general rule of kinetics (Martins et al.,
2000). Mel formation in all models showed the highest £ value. Furthermore, owing to
the lower heating temperature (100 °C), acrylamide, harmane, and norharmane were
not detected; hence, the values of ks, kg, ko, and ko were considered zero.
Simultaneously, comparing the rate constants of the different model systems at 100 °C
revealed that another & value in the Lys/Glu model was significantly higher than that
for the other model systems, although the k11 value of the Lys/Glu model is lower than
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that of the Mix/Glu model. The results indicated that the MR in the aqueous model
system mainly involved a reaction with Lys and glucose to form CML and CEL when
heated at 100 °C, which may be due to the high activity of Lys in the MR, dependingent
on the number of carbon (C) atoms and its epsilon amino group in the amino acid
molecule (Claeys et al., 2005; De Sa et al., 2010). Moreover, compared with the
Lys/Glu model, the lower k values for GO, MGO, CML, and CEL (ky, k,, k3, and k) in
the Mix/Glu model indicated that the decreased CML and CEL concentrations in the
Mix/Glu may be attributed to Asn and Trp competing with Lys for the GO and MGO
in the MR when heated at 100 °C.

The comparison of kinetic parameters between the Lys/Glu, Asn/Glu, and Mix/Glu
models when heated at 130 °C revealed that the £ values for CML, CEL, and acrylamide
(ks, k4, and ks) and those for a-dicarbonyl compounds (k; and k,) in the Mix/Glu model
system were significantly lower (p < 0.05) than that-those in the Lys/Glu and Asn/Glu
model systems. Previous studies found that adding Lys to the Asn/Glu model can
significantly reduce the acrylamide production due to the high Lys activity in the MR
from competing with Asn for the reducing sugar (Koutsidis et al., 2009; Mestdagh et
al., 2008). However, those studies have not considered CML and CEL formation,
except for the competitive inhibition between Lys and Asn on acrylamide formation.
Several studies have reported that Lys could decrease acrylamide formation via adduct
formation (Claeys et al., 2005; Friedman et al., 2003). These adducts are due to the
electrophilic double bond of acrylamide, which can participate in nucleophilic reactions
with active hydrogen-bearing functional groups, such as the —NH, group of Lys.

20



432

433

434

435

436

437

438

439

440

a1

442

443

444

445

446

447

448

449

450

451

452

453

Furthermore, the adduct reaction between Lys and acrylamide not only decreased
acrylamide formation but may also reduce CML and CEL generation by Lys
consumption. Furthermore, the significantly decreased CML, CEL, and acrylamide
formation may be due to their competition for a-dicarbonyl compounds between Asn
and Lys (particularly GO) (Amrein et al., 2006).

The k values for norharmane (k¢) and acrylamide (kg) in the Mix/Glu model were
significantly reduced, compared with the Trp/Glu and Asn/Glu models. Previous
studies reported that Trp may compete with Asn for reducing sugars, and a non-covalent
interaction occurred between acrylamide and Trp (Koutsidis et al., 2009). Therefore,
adding Trp to the Asn/Glu model can significantly reduce acrylamide production
(Koutsidis et al., 2009). However, a significant increase in harmane content that-was
generated—in the Mix/Glu model was observed. Table 1 shows that acetaldehyde
formation (k) in the Mix/Glu model was significantly increased, compared with the
Trp/Glu model, which contributed to harmane formation, because acetaldehyde is an
important intermediate for B-carboline HA formation. The details of this reaction show
that acetaldehyde can be used to form THRC through Pictet—Spengler condensation,
and can further generate harmane through THPC oxidation (Herraiz, 2000). The &
values of acetaldehyde and acrolein in the Mix/Glu model were significantly decreased,
compared with the Asn/Glu model, and the resulting £ value of acrylamide (kg)
produced by the acrolein oxidation pathway was significantly reduced. Therefore, we
speculated that the competition for acetaldehyde between Asn and Trp and further
inhibition of acrolein formation may be the reason for the increased harmane content
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and decreased acrylamide content in the Mix/Glu model when heated at 130 °C.

4. Conclusions

In this study, aqueous MR model systems, including Asn/Glu, Lys/Glu, Trp/Glu, and
Mix/Glu, were established to investigate simultaneous acrylamide, CML, CEL,
harmane, and norharmane formation. The results indicated that only CML and CEL
were generated when heated at 100 °C, and they would compete with Lys for GO and
MGO in the presence of Asn and Trp, thus leading to significantly decreased CML and
CEL concentrations. aerylamideAcrylamide, CML, and CEL were similarly reduced
when heated at 130 °C because of the competition between Asn and Lys for glucose
and a-dicarbonyl compounds. However, harmane levels were increased through Pictet—
Spengler condensation when Trp reacted with acetaldehyde in the Mix/Glu system.
Moreover, it would further reduce acrolein formation by consuming acetaldehyde, thus
inhibiting acrylamide formation via the acrolein oxidation pathway. Therefore, this
study revealed the effects of Asn, Lys, and Trp on simultaneous AGEs, B-carboline
HAs, and acrylamide generation. Further studies are warranted to examine the obtained
insights regarding the complex interactions and key factors that affect MRHP
generation in real food systems, which in turn will influence the identification of

mitigation strategies during food processing.
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Figure captions

Figure 1. Kinetic profiles of glucose and amino acid (Lys, Trp, and Asn) in the-different
amino acid/glucose model systems when heated at 100 °C (A, C) and 130 °C (B, D).
Asn/Glu: asparagine and glucose model system, Trp/Glu: tryptophan and glucose
model system, Lys/Glu: lysine and glucose model system; Mix/Glu: asparagine,
tryptophan, lysine and glucose model system.

Figure 2. Kinetic profiles of Maillard reaction harmful products ielades-including
acrylamide (A), harmane (B), norharmane (C), CML (D), CEL (E), and melanoidins (F
and G) in the different amino acid/glucose model systems when heated at 100 °C and
130 °C. Different alphabetical symbols shows significant differences (p_< 0.05) in the
content of acrylamide, CML, CEL, harmane and norharmane. Asn/Glu: asparagine and
glucose model system, Trp/Glu: tryptophan and glucose model system, Lys/Glu: lysine
and glucose model system; Mix/Glu: asparagine, tryptophan, lysine and glucose model
system.

Figure 3. Kinetic profiles of a-dicarbonyl intermediate compounds, including glyoxal
and methylglyoxal, in the different amino acid/glucose model systems when heated at
100 °C (A, C) and 130 °C (B, D). Asn/Glu: asparagine and glucose model system,
Trp/Glu: tryptophan and glucose model system, Lys/Glu: lysine and glucose model
system; Mix/Glu: asparagine, tryptophan, lysine and glucose model system.

Figure 4. Kinetic profiles of major aldehyde intermediate compounds, such as acrolein
and acetaldehyde, in the-different amino acid/glucose model systems when heated at
100 °C (A, C) and 130 °C (B, D). Asn/Glu: asparagine and glucose model system,
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Trp/Glu: tryptophan and glucose model system, Lys/Glu: lysine and glucose model
system; Mix/Glu: asparagine, tryptophan, lysine and glucose model system.

Figure 5. Postulated reaction scheme for simultaneous acrylamide, CML, CEL,
harmane and norharmane formation ef-in asparagine, tryptophan, lysine and glucose
Maillard reaction model system.

Supplementary Figure 1. Rate equations derived from the kinetic mechanism. [Glu]
= glucose, [Lys] = lysine, [AAs] = amino acids, [Acr] = acrylamide, [Go] = glyoxal,
[MGO] = methylglyoxal, [Trp] = tryptophan, [AP] = Amadori product, [Acro] =
acrolein, [Ace] = acetaldehyde, [Asn] = asparagine, [CML] = N&-
(Carboxymethylcarboxymethyl)lysine, [CEL] = N¢-(Carbexyethylcarboxyethyl)lysine,
[Har] = harmane, [Nor] = norharmane, [Mel] = melanoidins. k;—%;; = rate constants
(see Table 1).

Supplementary Figure 2. (A) Chromatograms for the determination of CML, CEL,
GO and MGO; (B) Chromatograms for the determination of harmane, norharmane and
glucose; (C) Chromatograms for the determination of lysine, asparagine and tryptophan;

(D) Chromatograms for the determination of acrylamide acrolein and acetaldehyde.
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630  Table 1. Estimation of kinetic parameters among different amino acid model systems.

Kinetics parameters?

Group/T (°C)
K, (10) R K> (102) R K5 (10%) R K4 (102) R K5(102) R
Lys-Glu/100 °C 8.34 0.91 0.66 0.95 2.94 0.82 0.25 0.81 -
Trp-Glu/100 °C 0.02 0.78 0.20 0.96 - - -
Asn-Glu/100 °C 1.80 0.93 0.16 0.99 - - -
Mix-Glu/100 °C 5.58 0.89 0.68 0.95 1.19 0.90 0.19 0.93 -
Lys-Glu/130 °C 8.15 0.76 3.70 0.93 6.11 0.81 1.25 0.91 -
Trp-Glu/130 °C 3.15 0.91 1.55 0.94 - - -
Asn-Glu/130 °C 4.43 0.79 3.16 0.95 - - 6.05 0.81
Mix-Glu/130 °C 4.67 0.83 4.05 0.89 1.91 0.83 0.77 0.93 1.09 0.89

631 a Data were expressed as mean = SD in triplicates (n = 3) and fit by the non-linear curve fitting method
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635

Table 1. Continued

Kinetics parameters?

Group/T (°C)
K, (10) R K> (102) R K5 (10%) R K4 (102) R K5(102) R K, (103) R
Lys-Glu/100 °C 0.27 0.88 1.50 0.77 - - - 1.41 0.98
Trp-Glu/100 °C 0.16 0.77 0.94 0.79 - - - 0.11 0.83
Asn-Glu/100 °C 0.15 0.81 0.63 0.75 - - - 0.59 0.99
Mix-Glu/100 °C 0.19 0.80 0.79 0.79 - - - 1.76 0.98
Lys-Glu/130 °C 1.58 0.98 11.4 0.79 - - - 1.58 0.94
Trp-Glu/130 °C 1.09 0.96 9.58 0.80 - 4.47 0.78 8.35 0.87 0.65 0.97
Asn-Glu/130 °C 5.77 0.98 445 0.77 4.41 0.92 - - 1.21 0.95
Mix-Glu/130 °C 5.03 0.92 405 0.83 4.02 0.88 4.79 0.77 7.84 0.90 1.66 0.92
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Highlights

1. CML and CEL were formed in a model system heated to 100 °C

2. Asn and Trp competed with Lys for GO and MGO when heated to 100 °C
3. Harmane formed v/a Pictet-Spengler condensation between Trp and

acetaldehyde
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674 4. Asn competed with Lys for glucose, GO and MGO when heated at 130 °C
675 5. Trp inhibited the formation of acrylamide v/a the acrolein oxidation
676 pathway

677

678
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