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Abstract: This study investigated the effects of various characteristic components of tea—theaflavins,
catechins, thearubigins, theasinensins, theanine, catechin (C), catechin gallate (CG), epicatechin (EC),
epicatechin gallate (ECG), epigallocatechin (EGC), epigallocatechin gallate (EGCG), gallocatechin
(GC), and gallocatechin gallate (GCG)—on acrylamide formation. The results revealed that most
of tea’s characteristic components could significantly eliminate acrylamide, ranked from highest to
lowest as follows: GC (55.73%) > EC (46.31%) > theaflavins (44.91%) > CG (40.73%) > thearubigins
(37.36%) > ECG (37.03%) > EGCG (27.37%) > theabrownine (22.54%) > GCG (16.21%) > catechins
(10.14%) > C (7.48%). Synergistic elimination effects were observed with thearubigins + EC + GC + CG,
thearubigins + EC + CG, thearubigins + EC + GC, theaflavins + GC + CG, and thearubigins + theaflavins,
with the reduction rates being 73.99%, 72.67%, 67.62%, 71.03%, and 65.74%, respectively. Tea’s
components reduced the numbers of persistent free radicals to prevent acrylamide formation in the
model system. The results provide a theoretical basis for the development of low-acrylamide foods
and the application of tea resources in the food industry.

Keywords: acrylamide; tea’s characteristic components; Maillard model; elimination effect; possible
mechanism

1. Introduction

In the thermal processing of foods, acrylamide is a harmful substance that forms
during the Maillard reaction between reducing sugars and asparagine [1]. Acrylamide is
not naturally present in raw foods, but usually forms during cooking at a high temperature
(over 120 ◦C), especially when starchy and carbohydrate-rich foods are cooked [2]. In
1994, acrylamide was classified as a level 2A carcinogen by the International Agency
for Research on Cancer [3], which caused global concern regarding the substance. In
2015, the European Food Safety Authority provided health-based guidance regarding the
maximum permissible levels of acrylamide in foods [4], and in 2017, the European Union
issued regulations specifying benchmark levels of acrylamide [5]. For example, coffee and
french fries have high acrylamide levels, at 389 and 1499 µg/kg, and their recommended
benchmark levels are 750 and 400 µg/kg, respectively.

An extensive research effort has been expended in attempts to minimize the amount
of acrylamide that forms during food processing. The first step is assessing raw materials.
Different varieties of crops, especially potatoes and cereals, contain differing levels of
reducing sugars and asparagine [6], which are the precursor substances for the synthesis of
acrylamide. Thus, the cultivation and selection of raw materials with low levels of sugar
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and asparagine play a crucial role in reducing the degree of acrylamide formation [3,7].
Second, several processing conditions—including temperature, time, and pH—strongly
influence the likelihood of acrylamide formation during cooking [8,9]. Modifying these
parameters can lead to major reductions in acrylamide levels. For instance, lowering the
cooking temperature [10,11], extending the cooking time [11], and adjusting the pH toward
acidity [12,13] have all been reported to reduce acrylamide levels in food products. Enzyme
technology has also shown potential for acrylamide elimination [14,15]. Furthermore, the
application of food additives, a simple strategy that can be easily implemented, can inhibit
acrylamide formation without requiring a change in the raw materials or processing tech-
nologies that are used. Zamora et al. [11] found that dipalmitoylphosphatidylethanolamine
reduced the amount of acrylamide produced in the glucose–asparagine (Glc-Asn) model
system and that the inhibitory effect was significantly correlated with the concentration of
amino phospholipid [11]. In another study, mercaptan could react with acrylamide to form
stable adducts, whereas under aerobic conditions, no additional products were identified,
but acrylamide formation was noticeably less severe [16].

Many plants’ or extracts’ pronounced antioxidant properties are known to naturally
inhibit the formation of acrylamide. Liu et al. found that soaking french fries in a 1.34%
sodium alginate solution reduced acrylamide production by 76.59% and had no effect
on their sensory properties; this soaking resulted in the formation of a protective layer
on the surface of the fries [17]. In a model system, naringin was found to inhibit acry-
lamide formation at a rate of 20–50%; high-performance liquid chromatography (HPLC)–
tandem mass spectrometry (MS/MS) and nuclear magnetic resonance analyses revealed
that this occurred because naringin reacted with the precursors of acrylamide [18]. Trujillo-
mayol et al. [19] added 0.5% avocado peel extract to beef and vegetarian burgers to reduce
the levels of acrylamide and heterocyclic amines in the cooked burgers [19]. In addition,
a significant reduction in acrylamide was achieved by soaking chicken legs and wings in
green tea extract before they were fried [20]; this reduction was attributed to an interaction
between the precursor substances of acrylamide and the components of the green tea
extract, including catechin and gallic acid. Compared with synthetic antioxidants such
as butylated hydroxyanisole and butylated hydroxytoluene, plant polyphenols are more
acceptable for consumers.

Plant polyphenols, which are phytochemicals, have attracted a great deal of attention
because they are natural antioxidants. Tea is a polyphenol-rich food, and tea polyphenols
have multiple pharmacological and physiological functionalities due to their well-known
antioxidant attributes. China’s overall tea production in 2023 was 3.55 million tons [21];
the production of summer and autumn teas accounts for more than 50% of Chinese tea
production, but the rate of utilization of these types of tea is low because they are bitter
and astringent in taste and have poor aromatic qualities. However, the leaves of these
teas, which contain numerous polyphenols, have considerable potential for use in the
elimination of acrylamide. In the current study, the abilities of the aforementioned teas’
characteristic components—theanine, tea polyphenols and the products of their different
degrees of oxidation (theaflavins, thearubigins, and theasinensins), and catechins—to elim-
inate acrylamide were systematically evaluated, and the possible mechanism underlying
their ability to reduce acrylamide was also explored by monitoring the scavenging of
free radicals.

2. Materials and Methods
2.1. Reagents and Materials

Acrylamide (C3H5NO, ≥99.90%) and 13C3–acrylamide were purchased from Dr.
Ehrenstorfer (Augsburg, Germany) and Beijing Manhage Biotechnology (Beijing, China),
respectively. The asparagine, glucose, Na2HPO4, and K2HPO4 used in this study were ana-
lytical grade and obtained from Merk (Darmstadt, Germany). N-Propylethylenediamine
(PSA) was purchased from Shanghai Anpel Laboratory Technologies (Shanghai, China),
and deionized water (18.2 MΩ cm) was prepared using a Milli-Q Gradient system (Billerica,
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MA, USA). HPLC grade characteristic components of tea—catechin (C), catechin gallate
(CG), epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC), epigallocate-
chin gallate (EGCG), gallocatechin (GC), gallocatechin gallate (GCG), tea polyphenols,
theaflavins, thearubigins, theabrownine, and theanine—were purchased from Shanghai
Yuanye Biotechnology (Shanghai, China). Instant green tea was purchased from Zhejiang
Minghuang Natural Products Development.

2.2. Glc-Asn Thermal Model Reaction

The Maillard model reaction was conducted using a previously described method with
some minor modifications [22]. In brief, an equimolar solution of glucose and asparagine
was accurately prepared in phosphate buffer (0.1 M, pH 6.86), and 4 mL of the solution
was transferred to a 25 mL thick-walled pressurized glass tube in an oil bath (DF-1015,
Shanghai Lichen Instrument Technology, Shanghai, China) at 180 ◦C and kept for 30 min.
The sample was then allowed to cool to room temperature, and 0.1 mL of 13C3–acrylamide
standard solution (10 mg/L) was added. Subsequently, the total volume was adjusted to
100 mL by adding deionized water, and 2 mL was collected and mixed with 0.2 g of PSA.
The mixture was vortexed for 2 min and then centrifuged at 8000 rpm for 5 min at 25 ◦C.
After centrifugation, the supernatant was collected and filtered through a 0.22 µm cellulose
syringe filter before undergoing liquid chromatography (LC)–mass spectrometry analysis.

2.3. Elimination Evaluation of Effects of Tea’s Characteristic Components on Acrylamide in
Maillard Model System

In the Maillard model system, the effects of the following substances on acrylamide
levels were evaluated: instant green tea (0.01, 0.1, 1, 10, and 100 g/mol Asn), tea polyphe-
nols (0.1, 0.25, 0.5, 1, and 2 g/mol Asn), theanine (0.1, 0.25, 0.5, 1, and 2 g/mol Asn), C
(0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn), EC (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn),
EGC (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn), GC (0.05, 0.1, 0.25, 0.5, and 1 g/mol Asn),
CG (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn), ECG (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol
Asn), EGCG (0.025, 0.05, 0.1, 0.25, and 0.5 g/mol Asn), GCG (0.05, 0.1, 0.25, 0.5, and 1 g/mol
Asn), theaflavins (0.05, 0.1, 0.25, 0.5, and 1 g/mol Asn), thearubigins (0.05, 0.1, 0.25, 0.5,
and 1 g/mol Asn), and theabrownine (0.05, 0.1, 0.25, 0.5, and 1 g/mol Asn). The optimal
composition with equal weights of well-behaved characteristic components of tea was then
determined using a comprehensive experimental design.

2.4. LC–Triple Quadrupole (QQQ) MS/MS Analysis of Acrylamide in the Maillard Model System

An LC-QQQ-MS/MS device equipped with an electrospray ionization source (AB
SCIEX, Boston, MA, USA) coupled with a SCIEX high-performance liquid spectrometer
system was used to determine the levels of acrylamide that formed in the Maillard model
system [23]. The analyte was separated on a Waters Acquity UPLC BEH Shield RP18
column (1.7 µm, 1.0 mm × 50 mm, Waters, MA, USA) at 40 ◦C under a flow rate of
0.2 mL/min. The injection volume was 2 µL, and during isocratic elution, the mobile phase
consisted of methanol/0.1% formic acid in deionized water (10:90, v/v). Acrylamide was
identified and quantified using the multiple reaction monitoring mode; the transitions m/z
72→55 and m/z 72→27 indicated acrylamide, whereas m/z 75→58 and m/z 75→29 indicated
13C3–acrylamide.

2.5. Free Radicals in the Maillard Model System

Electron paramagnetic resonance (EPR) was performed to investigate the variation
in the free radicals in the Glc-Asn model system before and after the addition of the
characteristic components of tea and thereby explore the possible mechanism of acrylamide
reduction. The EPR process was as follows: A reacted sample was collected and prepared
as a 1 mg/mL solution, and equal volumes of this solution and a radical scavenger solution
were mixed. Subsequently, a capillary was employed to draw an appropriate amount of
the mixed solution into a quartz tube, and the total spin number was recorded on a Bruker
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EMX plus 6/1 spectrometer (Billerica, Massachusetts, USA) equipped with an Oxford
Instrument. The instrument parameters were as follows: center magnetic field, 3480 G;
scan time and width, 60 s and 50 G, respectively; microwave power, 6 mW; and modulation
amplitude, 3.0 G.

2.6. Statistical Analysis

All experiments were performed at least in triplicate, and the data were statistically
analyzed using IBM SPSS software (version 26.0, SPSS, Chicago, IL, USA). The results
are presented as means ± standard deviations (SDs). Analysis of variance and the least
significant difference test or Dunnett’s test, selected on the basis of the results of Bartlett’s
test for equal variances, were used to determine the differences between means. Significance
was considered at p < 0.05.

3. Results and Discussion
3.1. The Effects of Instant Green Tea on Acrylamide Levels in the Glc-Asn Model System

The effects of instant green tea on the profile of acrylamide in the Glc-Asn model
system are illustrated in Figure 1. The level of acrylamide under the control condition
(i.e., 0 g/mol Asn) was 140.58 ± 13.92 µmol/mol Asn. When the amounts of instant
green tea were 0.1, 1, and 10 g/mol Asn, the levels of acrylamide in the model system
were significantly lower; the rates of inhibition were 13.22–25.48%. However, the low
dose (<0.1 g/mol Asn) and high dose (>10 g/mol Asn) of instant green tea did not have
significantly inhibitive effects. Morales et al., Li et al., and Budryn et al. have reported that
the addition of an aqueous extract of green tea or tea polyphenols could significantly reduce
the levels of acrylamide in fried potatoes, bread, and fried yeast donuts, with maximum
reductions of 62%, 43%, and 15%, respectively [24–26]. However, another study discovered
that the addition of a high amount of green tea extract to fried yeast donuts enhanced the
formation of acrylamide [26].
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Figure 1. The effects of instant green tea on acrylamide reduction in the Glc-Asn model system. The
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Tea can be classified into six basic types on the basis of its degree of fermentation
with polyphenol oxidase and the microorganisms of tea polyphenols: green tea, white tea,
yellow tea, oolong tea, black tea, and brick tea [27]. Green tea has the highest concentration
of total catechins and the strongest antioxidant activity when it is prepared from the dried
leaves of a single Camellia sinensis cultivar [28]. Green tea contains abundant secondary
metabolites, including tea polyphenols and theanine; however, the specific characteristic
component of green tea that contributes to acrylamide reduction remains unclear, as do the
possible synergistic or antagonistic effects.

3.2. The Effects of Tea’s Characteristic Components on Acrylamide Levels in the Glc-Asn
Model System

To better understand the effects of tea’s specific components on acrylamide levels,
different characteristic components of tea—tea polyphenols, theanine, and catechins—were
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investigated in the Glc-Asn model system. As illustrated in Figure 2A,B, neither tea
polyphenols nor theanine (when applied at levels of 0.1, 0.25, 0.5, 1, and 2 g/mol Asn)
significantly affected acrylamide formation (p < 0.05). According to the performance results
for instant green tea, tea polyphenols, and theanine, these substances had clear effects
antagonistic to acrylamide reduction. Tea polyphenols, also called tea tannings or tea
tannins, mainly comprise catechins, flavonoids, anthocyanins, and phenolic acids, with
the content of catechin compounds being the highest; catechin compounds account for
60–80% of the total amount of tea polyphenols. Dozens of studies have reported that
plant polyphenols with different structures have differing impacts on the formation of
acrylamide [1]. Apple extract has been reported to inhibit acrylamide formation, and
dragon fruit and hesperetin have been reported to enhance acrylamide formation [29,30].
Reactive carbonyl groups of plant polyphenols were reported by one study to be the major
sites of acrylamide formation [1]. In the present study, eight catechin monomers were
individually investigated to evaluate their roles in acrylamide elimination.
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Figure 2. The effects of tea polyphenols (A) and theanine (B) on acrylamide reduction in
the Glc-Asn model system. The different letters indicate significant differences at p < 0.05 at
different concentrations.

The effects of nonester catechin monomers (C, EC, EGC, and GC) on acrylamide
levels in the Glc-Asn model system are presented in Figure 3A–D. C (applied at levels of
0.025–0.5 g/mol Asn) and EGC (0.025–0.5 g/mol Asn) did not have an inhibitory effect
(p > 0.05). By contrast, the addition of EC (0.25–0.5 g/mol Asn) and GC (0.1–1 g/mol Asn)
resulted in significantly lower acrylamide content; the highest level of inhibition for EC
was found to be 46.31%, achieved at 0.25 g/mol Asn, and that for GC was discovered to be
55.73%, achieved at 0.5 g/mol Asn. Figure 3E–H present the inhibition performances for
ester catechin monomers (GCG, ECG, CG, and EGCG). The effect of GCG was not sufficient
to achieve a significant reduction in acrylamide levels (p > 0.05, Figure 3E). The additions
of ECG, CG, and EGCG resulted in less acrylamide when they were applied at the levels
of 0.25, 0.05–0.5, and 0.05–0.25 g/mol Asn, respectively; the maximum inhibitions were
37.03%, 40.73%, and 27.37%, respectively. The effects of these catechin monomers were
discovered to not be dose-dependent, implying that the inhibition of acrylamide formation
may be dependent on the structure and concentration of the specific polyphenol. EC and
EGCG were reported to terminate the formation of Maillard products in the model system
and in UHT milk during storage [30]. Hedegaard et al. [31] discovered that 1.0 mM EC
or EGCG decreased the acrylamide content in a model food system, whereas the lower
concentration of 0.1 mM did not. Remarkably, numerous studies have obtained evidence
indicating that the correlation between acrylamide formation and the concentration of
plant polyphenols is nonlinear [1,32]. For example, a phenolic extract from virgin olive
oil was found to efficiently inhibit acrylamide formation in the Glc-Asn model system,
whereas the opposite effect occurred when a higher concentration of the phenolic extract
was employed [33] and when apple proanthocyanidins were applied to fried potato [34].
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The link between antioxidant capacity and elimination effects thus remains unclear. Plant
polyphenols’ prevention of the formation of acrylamide may be attributable to the reaction
of these polyphenols with acrylamide, acrylamide precursors, or intermediates during
thermal processing.
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3.3. The Effects of Tea Polyphenol Oxides on Acrylamide Levels in the Glc-Asn Model System

Tea polyphenols have multiple phenolic hydroxyl groups and are easily oxidized
into theaflavins and thearubigins by polyphenol oxidase; they can also be converted into
theabrownine with the assistance of microorganism fermentation. In the current study, the
ability of tea polyphenol oxides to inhibit acrylamide in the model system was assessed
(Figure 4). The results revealed that oxidation products of tea polyphenols (theaflavins and
thearubigins) had strong inhibitory effects on acrylamide, with maximum inhibitions of
44.91% and 37.36%, respectively, when applied at 0.5 g/mol Asn. Thus, minor oxidation can
improve tea polyphenols’ ability to reduce the amount of acrylamide (Figure 2A). However,
theabrownine did not have an inhibitory effect (p > 0.05, Figure 4C).
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3.4. Synergistic or Antagonistic Effects of Tea’s Characteristic Components on Acrylamide Formation

To investigate the possible synergistic or antagonistic effects of tea’s characteristic
components on acrylamide levels, five characteristic components of tea with inhibition rates
higher than 35% (theaflavins, thearubigins, EC, GC, and CG) were selected and grouped in
26 combinations. Combinations with component levels of 1 g/mol Asn in equal masses
were added to the Glc-Asn model system separately, and the acrylamide content in the
systems with these combinations was determined; the results are presented in Table 1. Both
synergistic and antagonistic effects were discovered for certain combinations. Combinations
3 (theaflavins + thearubigins + EC + CG), 4 (theaflavins + thearubigins + GC + CG), 5
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(theaflavins + EC + GC + CG), 6 (thearubigins + EC + GC + CG), 7 (EC + GC + CG),
9 (thearubigins + EC + CG), 10 (thearubigins + EC + GC), 11 (theaflavins + GC + CG),
and 26 (theaflavins + thearubigins) were discovered to have a synergistic effect, that
is, to result in much lower acrylamide levels than the individual components did. The
acrylamide reduction rates of combinations 1 (theaflavins + thearubigins + EC + GC + CG),
12 (theaflavins + EC + CG), 16 (theaflavins + thearubigins + EC), and 22 (thearubigins + EC)
were only 19.52%, 10.65%, 28.19%, and 21.54%, respectively. These combinations were thus
concluded to have clear antagonistic effects. However, the mechanisms underlying the
synergistic and antagonistic effects of these components remain unclear.

Table 1. Effects of 26 complexes on acrylamide formation in Glc-Asn model system.

Combination
Ingredient AAm Content

(µmol/mol Asn)
Reduction
Rate (%)Theaflavins Thearubigins EC GC CG

Control - - - - - 140.58 ± 13.92 a ND
1 + + + + + 113.14 ± 10.80 bc 19.52
2 + + + + - 74.39 ± 14.61 ghij 47.08
3 + + + - + 55.97 ± 19.74 jkl 60.19
4 + + - + + 51.14 ± 5.22 kl 63.62
5 + - + + + 61.66 ± 3.35 ijk 56.14
6 - + + + + 36.56 ± 1.79 l 73.99
7 - - + + + 50.28 ± 3.93 kl 64.24
8 - + - + + 77.78 ± 13.13 fghi 44.67
9 - + + - + 38.42 ± 3.71 l 72.67

10 - + + + - 45.53 ± 3.64 kl 67.62
11 + - - + + 40.73 ± 2.34 l 71.03
12 + - + - + 125.61 ± 17.96 ab 10.65
13 + - + + - 82.79 ± 2.70 efgh 41.11
14 + + - - + 96.47 ± 5.59 cdef 31.38
15 + + - + - 96.75 ± 4.03 cdef 31.18
16 + + + - - 100.96 ± 14.17 cde 28.19
17 - - - + + 73.94 ± 0.96 hij 47.40
18 - - + - + 91.08 ± 3.86 defg 35.21
19 - - + + - 72.32 ± 1.99 ghij 48.56
20 - + - - + 72.65 ± 13.71 ghij 48.32
21 - + - + - 70.87 ± 11.83 hij 49.59
22 - + + - - 110.30 ± 24.53 bcd 21.54
23 + - - - + 92.51 ± 9.22 defg 34.19
24 + - - + - 91.70 ± 11.91 defgh 34.77
25 + - + - - 86.39 ± 17.54 efgh 38.55
26 + + - - - 48.165 ± 5.3 kl 65.74

Note: The data presented are the means and standard deviations of three samples (n = 3). Lowercase letters
indicate significant differences (p < 0.05); “+” indicates added, “-” indicates not added, and “ND”indicates
observations with no detection.

The elimination rates obtained in this study were compared with those previously
reported. Compared with the rates for other plant polyphenols, the elimination rates of
the tea characteristic components considered in the present study were favorable for their
use for the elimination of acrylamide (Table 2). This provides an effective option for the
high-value utilization of tea resources, especially summer and autumn tea resources.
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Table 2. A comparison of the proposed tea characteristic components and the reported plant polyphe-
nols for AAm elimination.

Plant Polyphenols Matrix Amount Elimination Rate (%) Reference

Tea characteristic
components

Glc-Asn model system

0.25–0.5 g/mol Asn 37.36–55.73

This study
Combinations 1 g/mol Asn

65.74
67.62
71.03
72.67
73.99

Naringin
11.6 mg/mol Asn 20

[18]22.3 mg/mol Asn 40
58.1 mg/mol Asn 60

Apigenin 18.9 g/mol Asn 67.17

[35]

Cyanidenon 20.02 g/mol Asn 84.17
Quercetin 2.11 g/mol Asn 80.11

Glycyrrhizin 0.18 g/mol Asn 88.77
Liquiritin 0.29 g/mol Asn 81.65
Genistein 1.89 g/mol Asn 86.51
Silymarin 3.37 mg/mol Asn 83.99

Garlic powder (freeze-dry) 41.67 g/mol Asn 41
[36]Garlic powder (oven-dry) 37.3

Garlicin 9.1 mg/mol Asn 71.3

Antioxidant of bamboo
leaves

Potato chips 0.1% (w/w) 74.1

[37]
French fries 0.01% (w/w) 76.1

Chinese fried dough stick 0.1% (w/w) 82.9
Fried chicken wings 0.5% (w/w) 59

3.5. The Effects of Tea’s Characteristic Components on Free Radical Generation in the Glc-Asn
Model System

EPR is the most straightforward and practical method for detecting free radicals. In
EPR, different spectral peaks occur when different scavengers are added to samples, and the
nature of the free radicals that are present can be determined by their spectral characteristics.
Figure S1 presents the EPR spectra of the persistent radicals in the Glc-Asn model system
before and after the addition of tea’s characteristic components. The amplitude of the
spectra obtained after this addition is smaller than that of the spectra obtained before the
addition. The total number of spins before addition was 1.37 × 1014; after EC, CG, GC,
and thearubigins were added, the total numbers of spins were 5.60 × 1013, 3.93 × 1013,
4.46 × 1013, and 5.21 × 1013, respectively. This finding suggests that the mechanism through
which acrylamide formation is prevented by tea’s characteristic components may involve
the prevention of the formation of persistent free radicals. The protection mechanism
of plant polyphenols is likely strongly related to the scavenging of free radicals from
the Maillard reaction [26,38]. Plant polyphenols are a large group of naturally occurring
polyphenolic hydroxyl groups, the hydrogen atoms of which can scavenge free radicals
and terminate the propagation of free radical chain reactions [1].

4. Conclusions

The comprehensive influence of tea and its characteristic components on the formation
of acrylamide in the Glc-Asn model system was investigated. Within the selected ranges
of addition levels, all characteristic components of tea, with the exception of EGC, were
discovered to negatively affect the formation of acrylamide in the model system. The
components, ranked from highest to lowest rate, had the following acrylamide reduction
rates: GC (55.73%) > EC (46.31%) > theaflavins (44.91%) > CG (40.73%) > thearubigins
(37.36%) > ECG (37.03%) > EGCG (27.37%) > green tea (25.48%) > theanine (22.54%)
> GCG (16.21%) > catechins (10.14%) > C (7.48%). Combinations 7 (EC + GC + CG),
9 (thearubigins + EC + CG), 10 (thearubigins + EC + GC), 11 (theaflavins + GC + CG),
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and 26 (theaflavins + thearubigins) were found to have favorable negative effects on
acrylamide. These combinations achieved acrylamide reduction rates higher than 65% and
rates that were 11.89–36.63% higher than those achieved for the individual components.
Tea’s characteristic components reduce the amount of acrylamide that forms by preventing
the formation of persistent free radicals. This study provides a practical strategy and useful
guidelines for controlling the amounts of acrylamide in thermally processed foods using
tea and its characteristic components as food ingredients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods13172836/s1, Figure S1: Effects of EC, CG, GC, and thearu-
bigins on free radicals in model system.

Author Contributions: Z.Y.: methodology, formal analysis, investigation, writing—original draft.
H.X.: formal analysis, writing—review and editing. Y.X.: investigation. Z.P.: data curation. H.L.:
writing—review and editing. W.S.: writing—review and editing. R.H.: formal analysis, writing—
review and editing. H.C.: formal analysis, writing—review and editing. C.P.: conceptualization,
formal analysis, data curation, writing—review and editing, project administration, D.L.: writing—
review and editing. All authors have read and agreed to the published version of the manuscript.

Funding: The present work was financially supported by the China Agriculture Research Sys-
tem of MOF and MARA (CARS-19) and Anhui Province Excellent Research and Innovation Team
(2022AH010055).

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Liu, Y.; Wang, P.; Chen, F.; Yuan, Y.; Zhu, Y.; Yan, H.; Hu, X. Role of plant polyphenols in acrylamide formation and elimination.

Food Chem. 2015, 186, 46–53. [CrossRef]
2. Maan, A.A.; Anjum, M.A.; Khan, M.K.I.; Nazir, A.; Saeed, F.; Afzaal, M.; Aadil, R.M. Acrylamide formation and different

mitigation strategies during food processing—A review. Food Rev. Int. 2022, 38, 70–87. [CrossRef]
3. Bertuzzi, T.; Martinelli, E.; Mulazzi, A.; Rastelli, S. Acrylamide determination during an industrial roasting process of coffee and

the influence of asparagine and low molecular weight sugars. Food Chem. 2020, 303, 125372. [CrossRef] [PubMed]
4. EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain). Scientific Opinion on acrylamide in food. EFSA J. 2015,

13, 4104.
5. Commission, E. Establishing Mitigation Measures and Benchmark Levels for the Reduction of the Presence of Acrylamide in

Food. 2017. Eur-Lex. Available online: https://eur-lex.europa.eu/eli/reg/2017/2158 (accessed on 20 November 2017).
6. Capuano, E.; Ferrigno, A.; Acampa, I.; Serpen, A.; Açar, Ö.; Gökmen, V.; Fogliano, V. Effect of flour type on Maillard reaction and

acrylamide formation during toasting of bread crisp model systems and mitigation strategies. Food Res. Int. 2009, 42, 1295–1302.
[CrossRef]

7. Pedreschi, F.; Kaack, K.; Granby, K. Reduction of acrylamide formation in potato slices during frying. LWT—Food Sci. Technol.
2004, 37, 679–685. [CrossRef]

8. Lim, P.K.; Jinap, S.; Sanny, M.; Tan, C.P.; Khatib, A. The influence of deep frying using various vegetable oils on acrylamide
formation in sweet potato (ipomoea batatas L. lam) chips. J. Food Sci. 2014, 79, T115–T121. [CrossRef]

9. Tepe, T.K.; Kadakal, C. Temperature and slice size dependences of acrylamide in potato fries. J. Food Process. Preserv. 2019,
43, e14270. [CrossRef]

10. Chan, D.S. Computer Simulation with a Temperature-Step Frying Approach to Mitigate Acrylamide Formation in French Fries.
Foods 2020, 9, 200. [CrossRef] [PubMed]

11. Zamora, R.; Delgado, R.M.; Hidalgo, F.J. Amino phospholipids and lecithins as mitigating agents for acrylamide in as-
paragine/glucose and asparagine/2,4-decadienal model systems. Food Chem. 2011, 126, 104–108. [CrossRef]

12. Ma, Y.J.; Huang, H.R.; Zhang, Y.; Li, F.; Gan, B.; Yu, Q.; Xie, J.H.; Chen, Y. Soluble dietary fiber from tea residues with inhibitory
effects against acrylamide and 5-hydroxymethylfurfural formation in biscuits: The role of bound polyphenols. Food Res. Int. 2022,
159, 111595. [CrossRef] [PubMed]

13. Mestdagh, F.; Maertens, J.; Cucu, T.; Delporte, K.; Van Peteghem, C.; De Meulenaer, B. Impact of additives to lower the formation
of acrylamide in a potato model system through pH reduction and other mechanisms. Food Chem. 2008, 107, 26–31. [CrossRef]

14. Aiswarya, R.; Baskar, G. Enzymatic mitigation of acrylamide in fried potato chips using asparaginase from Aspergillus terreus.
Int. J. Food Sci. Technol. 2018, 53, 491–498. [CrossRef]

https://www.mdpi.com/article/10.3390/foods13172836/s1
https://www.mdpi.com/article/10.3390/foods13172836/s1
https://doi.org/10.1016/j.foodchem.2015.03.122
https://doi.org/10.1080/87559129.2020.1719505
https://doi.org/10.1016/j.foodchem.2019.125372
https://www.ncbi.nlm.nih.gov/pubmed/31446360
https://eur-lex.europa.eu/eli/reg/2017/2158
https://doi.org/10.1016/j.foodres.2009.03.018
https://doi.org/10.1016/j.lwt.2004.03.001
https://doi.org/10.1111/1750-3841.12250
https://doi.org/10.1111/jfpp.14270
https://doi.org/10.3390/foods9020200
https://www.ncbi.nlm.nih.gov/pubmed/32079076
https://doi.org/10.1016/j.foodchem.2010.10.084
https://doi.org/10.1016/j.foodres.2022.111595
https://www.ncbi.nlm.nih.gov/pubmed/35940761
https://doi.org/10.1016/j.foodchem.2007.07.013
https://doi.org/10.1111/ijfs.13608


Foods 2024, 13, 2836 11 of 11

15. Liu, C.; Luo, L.J.; Lin, Q.L. Antitumor activity and ability to prevent acrylamide formation in fried foods of asparaginase from
soybean root nodules. J. Food Biochem. 2019, 43, e12756. [CrossRef]

16. Hidalgo, F.J.; Delgado, R.M.; Zamora, R. Role of mercaptans on acrylamide elimination. Food Chem. 2010, 122, 596–601. [CrossRef]
17. Liu, H.; Li, X.N.; Yuan, Y. Mitigation effect of sodium alginate on acrylamide formation in fried potato chips system based on

response surface methodology. J. Food Sci. 2020, 85, 2615–2621. [CrossRef] [PubMed]
18. Cheng, K.W.; Zeng, X.H.; Tang, Y.S.; Wu, J.J.; Liu, Z.W.; Sze, K.H.; Chu, I.K.; Chen, F.; Wang, M.F. Inhibitory mechanism of

naringenin against carcinogenic acrylamide formation and nonenzymatic browning in maillard model reactions. Chem. Res.
Toxicol. 2009, 22, 1483–1489. [CrossRef]

19. Trujillo-Mayol, I.; Sobral, M.M.C.; Viegas, O.; Cunha, S.C.; Alarcón-Enos, J.; Pinho, O.; Ferreira, I. Incorporation of avocado peel
extract to reduce cooking-induced hazards in beef and soy burgers: A clean label ingredient. Food Res. Int. 2021, 147, 110434.
[CrossRef]

20. Demirok, E.; Kolsarici, N. Effect of green tea extract and microwave pre-cooking on the formation of acrylamide in fried chicken
drumsticks and chicken wings. Food Res. Int. 2014, 63, 290–298. [CrossRef]

21. NBSC (National Bureau of Statistics of China). Statistical Communiqué of the People’s Republic of China on The 2023 National
Economic and Social Development. 2024. Available online: https://www.stats.gov.cn/english/PressRelease/202402/t20240228_
1947918.html (accessed on 28 February 2023).

22. Knol, J.J.; van Loon, W.A.M.; Linssen, J.P.H.; Ruck, A.L.; van Boekel, M.A.J.S.; Voragen, A.G.J. Toward a kinetic model for
acrylamide formation in a glucose-asparagine reaction system. J. Agric. Food Chem. 2005, 53, 6133–6139. [CrossRef]

23. GB 5009.204; Determination of Acrylamide in Food. SAPRC (Standardization Administration of the People’s Republic of China):
Beijing, China, 2014.

24. Morales, G.; Jimenez, M.; Garcia, O.; Mendoza, M.R.; Beristain, C.I. Effect of natural extracts on the formation of acrylamide in
fried potatoes. LWT—Food Sci. Technol. 2014, 58, 587–593. [CrossRef]

25. Li, D.; Chen, Y.; Zhang, Y.; Lu, B.; Jin, C.; Wu, X.; Zhang, Y. Study on mitigation of acrylamide formation in cookies by 5
antioxidants. J. Food Sci. 2012, 77, C1144–C1149. [CrossRef]

26. Budryn, G.; Żyżelewicz, D.; Nebesny, E.; Oracz, J.; Krysiak, W. Influence of addition of green tea and green coffee extracts on the
properties of fine yeast pastry fried products. Food Res. Int. 2013, 50, 149–160. [CrossRef]

27. Peng, C.Y.; Ren, Y.F.; Ye, Z.H.; Zhu, H.Y.; Liu, X.Q.; Chen, X.T.; Hou, R.Y.; Granato, D.; Cai, H.M. A comparative UHPLC-
Q/TOF-MS-based metabolomics approach coupled with machine learning algorithms to differentiate Keemun black teas from
narrow-geographic origins. Food Res. Int. 2022, 158, 111512. [CrossRef]

28. Xie, G.; Yan, J.; Lu, A.; Kun, J.; Wang, B.; Song, C.; Tong, H.; Meng, Q. Characterizing relationship between chemicals and in vitro
bioactivities of teas made by six typical processing methods using a single Camellia sinensis cultivar, Meizhan. Bioengineered 2021,
12, 1251–1263. [CrossRef] [PubMed]

29. Cheng, J.; Chen, X.; Zhao, S.; Zhang, Y. Antioxidant-capacity-based models for the prediction of acrylamide reduction by
flavonoids. Food Chem. 2015, 168, 90–99. [CrossRef] [PubMed]

30. Oral, R.A.; Dogan, M.; Sarioglu, K. Effects of certain polyphenols and extracts on furans and acrylamide formation in model
system, and total furans during storage. Food Chem. 2014, 142, 423–429. [CrossRef] [PubMed]

31. Hedegaard, R.V.; Granby, K.; Frandsen, H.; Thygesen, J.; Skibsted, L.H. Acrylamide in bread-Effect of prooxidants and antioxidants.
Eur. Food Res. Technol. 2007, 227, 519–525. [CrossRef]

32. Zhang, Y.; Ying, T.; Zhang, Y. Reduction of acrylamide and its kinetics by addition of antioxidant of bamboo leaves (AOB) and
extract of green tea (EGT) in asparagine–Glucose Microwave Heating System. J. Food Sci. 2008, 73, C60–C66. [CrossRef]

33. Kotsiou, K.; Tasioula-Margari, M.; Kukurová, K.; Ciesarová, Z. Impact of oregano and virgin olive oil phenolic compounds on
acrylamide content in a model system and fresh potatoes. Food Chem. 2010, 123, 1149–1155. [CrossRef]

34. Cheng, K.W.; Shi, J.J.; Ou, S.Y.; Wang, M.; Jiang, Y. Effects of fruit extracts on the formation of acrylamide in model reactions and
fried potato crisps. J. Agric. Food Chem. 2010, 58, 309–312. [CrossRef] [PubMed]

35. Yu, Z. Studies on Reduction Mechanism and Structure-Activity Relationship of Acrylamide in Foods by Bio-Flavonoids. Ph.D.
Thesis, Zhejiang University, Hangzhou, China, 2008.

36. Salazar, R.; Arámbula-Villa, G.; Hidalgo, F.J.; Zamora, R. Mitigating effect of piquin pepper (Capsicum annuum L. var. Aviculare)
oleoresin on acrylamide formation in potato and tortilla chips. LWT—Food Sci. Technol. 2012, 48, 261–267. [CrossRef]

37. Huang-you, L. Inhibition of Acrylamide and 5-Hydroxymethylfurfural Formation by Natural Plant Flavonoids in the Maillard
Systems. Ph.D. Thesis, Jilin University, Changchun, China, 2018.

38. Li, X.D.; Teng, W.D.; Liu, G.M.; Guo, F.Y.; Xing, H.Z.; Zhu, Y.H.; Li, J.W. Allicin promoted reducing effect of garlic powder through
acrylamide formation stage. Foods 2022, 11, 2394. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/jfbc.12756
https://doi.org/10.1016/j.foodchem.2010.03.016
https://doi.org/10.1111/1750-3841.15343
https://www.ncbi.nlm.nih.gov/pubmed/32691421
https://doi.org/10.1021/tx9001644
https://doi.org/10.1016/j.foodres.2021.110434
https://doi.org/10.1016/j.foodres.2014.04.003
https://www.stats.gov.cn/english/PressRelease/202402/t20240228_1947918.html
https://www.stats.gov.cn/english/PressRelease/202402/t20240228_1947918.html
https://doi.org/10.1021/jf050504m
https://doi.org/10.1016/j.lwt.2014.03.034
https://doi.org/10.1111/j.1750-3841.2012.02949.x
https://doi.org/10.1016/j.foodres.2012.10.006
https://doi.org/10.1016/j.foodres.2022.111512
https://doi.org/10.1080/21655979.2021.1903237
https://www.ncbi.nlm.nih.gov/pubmed/33904375
https://doi.org/10.1016/j.foodchem.2014.07.008
https://www.ncbi.nlm.nih.gov/pubmed/25172687
https://doi.org/10.1016/j.foodchem.2013.07.077
https://www.ncbi.nlm.nih.gov/pubmed/24001861
https://doi.org/10.1007/s00217-007-0750-5
https://doi.org/10.1111/j.1750-3841.2007.00619.x
https://doi.org/10.1016/j.foodchem.2010.05.078
https://doi.org/10.1021/jf902529v
https://www.ncbi.nlm.nih.gov/pubmed/19925016
https://doi.org/10.1016/j.lwt.2012.03.024
https://doi.org/10.3390/foods11162394
https://www.ncbi.nlm.nih.gov/pubmed/36010398

	Introduction 
	Materials and Methods 
	Reagents and Materials 
	Glc-Asn Thermal Model Reaction 
	Elimination Evaluation of Effects of Tea’s Characteristic Components on Acrylamide in Maillard Model System 
	LC–Triple Quadrupole (QQQ) MS/MS Analysis of Acrylamide in the Maillard Model System 
	Free Radicals in the Maillard Model System 
	Statistical Analysis 

	Results and Discussion 
	The Effects of Instant Green Tea on Acrylamide Levels in the Glc-Asn Model System 
	The Effects of Tea’s Characteristic Components on Acrylamide Levels in the Glc-Asn Model System 
	The Effects of Tea Polyphenol Oxides on Acrylamide Levels in the Glc-Asn Model System 
	Synergistic or Antagonistic Effects of Tea’s Characteristic Components on Acrylamide Formation 
	The Effects of Tea’s Characteristic Components on Free Radical Generation in the Glc-Asn Model System 

	Conclusions 
	References

