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Abstract As a kind of traditional food, gluten is widely
studied for its physical and chemical properties after pro-
cessing, while little attention is paid to the simulation
cooking processing, digestion and safety. In this paper,
gluten was heated with microwave to study its structural
transformations, nutritional efficiency, and food safety
under Chinese home cooking (CHC). After microwave
treatment, intermolecular and intramolecular cross-linking
of gluten were formed to result in more aggregation. The
secondary structure of gluten changed significantly as well
as the formation of a-helix and B-turn promoted under the
high power input. Treated with 1000 W for 5 min, cross-
linking between amino acids increased, leading the
reduction of total amino acids, in vitro protein digestibility
and the increase of high molecular weight peptides, while
the proportion of essential amino acids kept the same. In
the simulation of CHC, the highest content of 5-hydrox-
ymethyl furfural was observed after adding all condiments
under 1000 W for 5 min. In addition, sugar played a major
role in Maillard reaction to promote the formation of
melanoidin and fructosamine while salt and oil did not
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significantly affect these two Maillard products. Vinegar
inhibited the reaction due to the acidic condition but pro-
vided some melanoidin and fructosamine itself.

Keywords Gluten - Microwave - Structure - Amino acid -
Chinese home cooking - Digestibility

Introduction

Gluten plays a major role as a Chinese daily protein source
for its high quality and low price, which is mainly com-
posed of gliadins and glutenins. As a natural plant source,
gluten is rich in various species of amino acids and car-
bohydrates that meet the daily intake of human body
(Delcour et al. 2012). Microwave heating has vast appli-
cations in the field of food processing for several decades
due to its high heating rates, uniform heating, safe han-
dling, ease of the operation, and low maintenance
(Zielinska et al. 2019). Moreover, microwave heating may
change the flavor and nutritional quality of food in a lesser
extent than conventional heating (Vadivambal and Jayas
2007).

The effect of heating treatment on protein cross-linking
has been widely studied (Lamacchia et al. 2016; Lund and
Ray 2017; Verbauwhede et al. 2018). Cross-linking of
protein is mainly the covalent bonds, including disulfide
and isopeptide bonds, formed among the protein molecular
side chains or intermolecular bonds. It has been suggested
that heating causes the formation of new enzyme resistant
cross-linking within the protein molecules, which reduces
the digestibility and biological availability of the amino
acids (Hurrell and Carpenter 1977). On the other hand,
heating on protein may also induce the formation of
isopeptide bond of the g-amino acid residues of lysine with
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either the carboxyl residues of aspartic acid or glutamic
acid (Rombouts et al. 2011). As the result, protein solu-
bility could be reduced through forming disulfide bond and
promoting the polymerization of gluten protein when the
temperature increases (Singh and MacRitchie 2004). When
the temperature increases to 45 °C, surface hydrophobicity
of gluten would change as well as the solubility decreases
(Stathopoulos et al. 2008). When the temperature increases
further above 80 °C, the content of gliadin decreases
whereas glutenin increases, suggesting that high tempera-
ture contributes to the polymerization of gliadin with glu-
tenin and the involvement of disulfide bond (Verbauwhede
et al. 2018). Regardless of the heating temperature, it
always affects the utilization efficiency of protein by
affecting the formation of disulfide bonds and isopeptide
bonds.

Comparing with the conventional heating, microwave
gradually take a place in modern families, while it is
widely controversial due to its safety on food (Vadivambal
and Jayas 2007). In particular, microwave with high tem-
perature can easily affect the digestibility and nutrition of
protein food, which may include the variations of sec-
ondary structure, hydrophobic protein or cross-linking and
even the occurrence of Maillard reaction (Cabanillas and
Novak 2019). It is reported that after microwave heating,
the gastric protein digestibility and gastrointestinal protein
digestibility of rice protein decreased by 10.3% and 16.8%,
respectively, which is higher than high-pressure heating but
lower than conventional heating (Liu et al. 2019). In
addition, protein physical and covalent aggregation can
undermine efficacy of digestive enzymes and compromise
the release and bioavailability of peptides and amino acids
(Morzel et al. 2006). Besides the disulfide bond,
hydrophobic force and other factors, Maillard reaction also
have a certain impact on the protein nutritional quality.
Several researches have been reported to discuss the effect
of microwave on different Maillard reaction. Li et al.
(2018) used microwave heating on the glucose-ammonium
system, and found the more decrease of pH values, lower
whiteness and chroma, stronger glycation and more flavor
compounds were recorded compared with oil bath heating.
Moreover, some amino acid heterogeneous products such
as 5-hydroxymethyl furfural (5-HMF), frutosamine and
melanin also be produced in Maillard reaction (Kim and
Lee 2008; Song et al. 2019; Zhang et al. 2012). Gluten is
rich in protein and carbohydrate, but in the traditional
Chinese home cooking (CHC) process, the cooking of
gluten is often accompanied by various food additives, in
which the related chemical changes have not been studied.

In this paper, gluten was treated with different micro-
wave power and time to study the changes in its secondary
structure and amino acid composition, thus determine the
effect of microwave heating on protein bioavailability.
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In vitro digestion was investigated after simulating CHC
that adding common condiments into gluten. We also
focused on the digestibility and formation of 5-HMF,
melanoidin, and fructosamine in digestion products to
determine the effect of microwave heating on gluten safety
and protein nutrition.

Materials and methods
Materials and chemicals

Gluten flour (Madala Co., Ltd., Fengqiu Henan, China) and
water were mixed in the ratio of 1:1.3, and the mixture was
placed at 30 °C to allow fermentation for 2 h and acquire
the gluten. The component of gluten are as follows:
62.14% moisture, 11.09% starch, 2.13% ash, 23.47% pro-
tein, and 0.8% fat. Pepsin (3.4.23.1), trypsin (3.4.21.4),
standards and other chemicals agents (analytical or better
grade) used in the present study were purchased from
Sigma-Aldrich Co., Ltd., US.

Treatment

In brief, 50 g of gluten after cut off was placed in the same
position of the microwave instrument. Ten samples were
heated at 200, 400, 600, 800, and 1000 W for 1 and 5 min,
respectively. Samples with no treatment and stewing were
regarded as the control groups. The treated samples were
placed in a freezer at — 80 °C after cooling to room tem-
perature. Afterward, the samples were freeze-dried for
further analysis.

Physical characterization
Scanning electron microscopy (SEM)

SEM was conducted using the method of Liu et al.
(20164, b) with slight modifications. A small portion of the
sample was cut off and stretched to obtain a membrane not
thicker than 1 mm, and the membrane was fixed in 2.5%
glutaraldehyde at 4 °C for 2 h and then washed for four
times with 0.1 mol L™" phosphate buffer (pH 7.2). The
samples were dehydrated using an ethyl alcohol series
(50%, 70%, 80%, 90%, each for one time and then 100%
three times), where each step lasted for 10 min. The sub-
stitution reaction was performed in tert-butanol for 15 min.
The sample was observed in a JSM 6701F SEM (JEOL,
Japan) at an acceleration voltage of 20 kV after freeze-
dried.
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Fourier transform infrared (FTIR) for secondary structure
characterization

The secondary structures were characterized using FTIR
spectra. The dried protein samples were mixed with KBr,
ground, and pressed into a pellet. FTIR spectra were
obtained in the wave number range of 400-4000 cm™'
during 32 scans with 4 cm ™' resolution by using a Nicolet
5700 FTIR spectrometer (Thermo Nicolet Co., USA). Data
were analyzed using Omnic 8.0 software (Thermo Fisher
Scientific Inc., Madison, WI) and Peakfit 4.12 (Systat
Software, San Jose, CA).

Chemical characterization
Treatment

According to the Chinese Balanced Diet Pagoda, the ratio
of gluten to oil to salt to sugar to vinegar is 250:10:3:3:5
(w/w). In brief, 50 g of gluten was added with oil; oil and
sugar; oil and salt; oil and vinegar; oil vinegar and salt; oil,
vinegar, and sugar; and oil, sugar, salt, and vinegar. These
samples were set as the experimental group, which were
heated at 200 and 1000 W for 1 and 5 min, respectively.
The samples in the stewing treatment were set as the
control group. All samples were placed in freezer at —
80 °C after cooling to room temperature, and were freeze-
dried for further analysis.

5-HMF

The content of 5-HMF was measured using the method of
Porretta and Sandei (1991) with some modifications. In
brief, 2 g of grinded sample was placed in a conical flask
and added with 25 mL 10% methanol. The sample was
stabilized for 10 h and labeled as M after weighing. Then
the mixture was ultrasonically treated for 1 h. After that,
10% methanol was added to M, and centrifuged at
5000 rpm for 15 min. The supernatant was filtered using a
0.45 pm film for HPLC. The standard sample of 5-HMF
(Solarbio Science & Technology Co., Ltd., Beijing, China)
is a 1 ppm solution of 5-HMF dissolved in methanol.
HPLC conditions were set as follows: Agilent C18 column
with a dimension of 250 mm x 4.6 mm (5 pm), mobile
phase consisting of methanol and water at a ratio of 1:9,
flow rate at 0.8 mL minfl, column temperature at 30 °C,
wavelength at 284 nm, and injection volume of 10.0 pL.

Fructosamine
Fructosamine was measured using Glycosylated serum

protein assay kit (Jiancheng Bioengineering Institute,
Nanjing, China). OD was measured at 530 nm.

Melanoidin

The sample was measured under the absorbance at 470 nm,
whereas the melanoidin content was computed using
Lamber—Beer law:

c=2 1000
eb

where C is the melanoidin content (mmol Lfl), A is the
absorbance at 470 nm, V is the volume (mL), e is the molar
extinction coefficient of melanoidin (282 L mol™! cm™}),
and b is the thickness of cuvette (0.75 cm).

In vitro digestion

Gluten was digested according to the method of Dupont,
et al. (2010) with some midifications. In brief, 10 g of the
treated sample was mixed with 250 mL distilled water
(40 mg mL ™! [w/v]). The sample was added with
1 mol L™' HCI to adjust the pH to 2.0 and subsequently
preheated for 15 min at 37 °C. Then, 0.5 g of pepsin was
added to the mixture (enzyme:substrate = 5:100 w/w),
which was then placed in a water bath shaker at 37 °C for
2 h. After pepsin digestion, the mixture was added with
1 mol L™"' NaOH to adjust the pH to 7.5, and 0.5 g trypsin
was added (enzyme:substrate = 5:100 w/w). Afterward, the
mixture was placed in a water bath shaker at 37 °C for 2 h.
50 mL samples were taken at 1, 2, 3, 4 h during the
digestion, respectively, the samples were placed in a boil-
ing water bath for 10 min for enzyme deactivation for
further analysis.

Amino acid analysis

The amino acid composition of the samples was studied
with the method of Wang et al. (2008) by using an amino
acid analyzer (Hitachi L-8900, Japan). 2.5 mL digested
sample was hydrolyzed with 10 mL of 6 mol L™' HCI for
24 h at 110 °C in a 20 mL sealed tube filled with N,.
Distilled water was added to 10 mL after hydrolysis. The
analysis was conducted in L-8900 amino acid analyzer
(Hitachi, Ltd., Japan) with column (4.6 mm x 60 mm) and
was carried out at 38 °C, and the detection wavelength
254 nm and flow rate 1.0 mL per minute. Amino acid
tryptophan was not determined.

Identification of free amino groups and digestibility

Free amino groups was determined according to the
method of Denis et al. (2008) with some modifications.
5 mL of digested sample was added into a beaker with the
same amount of distilled water. The mixture was titrated to
pH 7 with 0.05 mol L~! NaOH. Furthermore, 10 mL of
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37% (v/v) formaldehyde was added to the mixture, and
0.05 mol L™' NaOH was titrated to pH 9.2. The con-
sumption after adding formaldehyde was recorded as Vj.
Distilled water without digestion was set as the control
group, and the consumption was recorded as V.

(Vi = V,) x 0.05 x 1000
5

where Cy is the content of free amino groups (mmol Lfl),
V, is the consumption of NaOH from pH 7 to 9.2 (mL),
and V, is the consumption of the control group (mL).

Gluten digestibility was determined according the
method of Adler—Nissen (1979) by using the free amino
acid content.

Cy =

where D is the digestibility of gluten, Cyy is the free amino
group and broken peptide bond contents (mmol g~ ), and
C,o; is total peptide bonds of gluten (8.3 mmol g™ ").

Molecular weight distributions

Molecular weight was determined using the method of You
et al. (2010) with some modifications. The sample was
centrifuged at 5000 rpm for 15 min and filtered through a
0.45 pm filter. HPLC conditions were set as follows:
Agilent PL aquagel-OH 40 column, mobile phase with
ultrapure water, flow rate at 0.5 mL min_l, wavelength at
200 nm during 0-15 min, and injection volume of 10.0 pL.

A molecular weight calibration curve was prepared from
the average elution volume of the following standards:
bacitracin (1422.71 Da), oxidized glutathione (612.63 Da),
reduced glutathione (307.32 Da), and hippuric acid
(179.17 Da).

Statistical analysis

All experiments were carried out in triplicate and result
were expressed as mean value with £ standard deviation
(SD). Statistical analysis was performed using the SPSS®
software (SPSS Statistical Software 23, Inc., Chicago, IL,
USA). The independent sample t test was used to evaluate
the significant differences between two samples (p < 0.05).
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Results and discussion
Gluten microstructure

As can be seen in Fig. 1, gluten in control group had a
scattered surface structure, whereas the structure of the
stewing sample was slightly denser. When treated with the
microwave power at 200 W, the gluten structure was firmer
than the control. However, a smoother surface structure of
gluten was observed in microwave treatment at 200 W for
5 min than at 200 W for 1 min, which might be due to that
heat treatment on protein with low temperature may only
extend the protein without affecting the bonds (Delcour
et al. 2012). The gluten surface structure was significantly
rougher, more irregular, and more aggregated than the
control when the input power increased from 200 to
1000 W. Microwave may promote the cross-linking of
gluten protein molecules, especially the disulfide bonds,
thus fracture intermolecular covalent or non-covalent
bonds (Lamacchia et al. 2016). Therefore, the roughness of
the surface structure may be due to the fractured covalent
or non-covalent bonds, while its aggregation may be due to
the formation of disulfide or isopeptide bonds. With the
increase of both microwave power and heating time, the
gluten surface structure became rougher, and the aggre-
gation degree was significantly deeper. This result may be
caused by the thermal effects of microwaves on the
aggregation. Collisions occur between the polar molecules
and thus lead to aggregation. The aggregation of particles
was due to the intensified collision under high microwave
power.

Gluten secondary structure

Near 3420 cm™' is the N-H stretching vibrational
absorption band of the protein. The characteristic absorp-
tion bands of the protein in the spectrum mainly include
amide bands I (1600-1700 cm™Y), II (1530-1550 cm™ 1),
and III (1260-1300 cm ™). The infrared spectrum of gluten
treated with different microwave powers and treatment
times is slightly offset but not significant (Fig. 2a). Amide
band I is from the C =0 stretching vibration, which
responds to the secondary structure (Ellepola et al. 2005).
First, the coordinates were converted by Omnic 8.0, and
then two points baseline correction, smoothing, deconvo-
lution, second derivative spectrum and Gaussian method
were performed in the range of 1600-1700 cm™' with
Peakfit 4.12 to minimize the residual R% and finally peak
assignment is performed to calculate the relative percent-
age of each peak (Zhao et al. 2012). Figure 2b shows the -
helix, B-sheet, B-turn, and the random coil content of each
sample. The secondary structure of gluten did not change
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Fig. 1 SEM images of gluten microstructure when treated in the microwave using the following conditions: control; stewing; 200 and 1000 W

for 1 min; and 200, 400, 600, 800, and 1000 W for 5 min

significantly when the sample was heated at different times
at 200 W. When the microwave power was 1000 W, the
total a-helix, and B-turn increased with the time increasing,
whereas the B-sheet and random coil decreased signifi-
cantly. The B-sheet and a-helix of the protein molecules
are usually found in the interior of polypeptide chains, and
B-turn is formed due to the reversal of the polypeptide
chain (Lahiri et al. 2018). The result indicates that the
microwave heating can change the secondary structure of
gluten. The promotion of a-helix and B-turn occurred
because microwave heating contributes to the formation of
disulfide or isopeptide bonds (Verbauwhede et al. 2018).

Amino acid analysis

As can be seen in Table 1, after stewing and microwave
treatments, there is no change in gluten amino acid species.
The amino acid sequence of a protein polypeptide chain is
the primary structure of the protein, and heat treatment will
only change the spatial structure and conformation of the
protein without changing the amino acid (Verbauwhede
et al. 2018). However, the content of different amino acids
after the microwave treatment was significantly changed.
The reduction of the cysteine may be due to the formation
of intramolecular disulfide bonds or to the conversion of
cysteine to dehydroalanine residue (Lamacchia et al. 2016).
Moreover, the reduction of arginine and lysine may be due
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Fig. 2 Gluten fourier infrared spectrum (a) and secondary structural
contents (b) in control group, stewing and different microwave
powers and treatment times

to the cross-linking between the side chains of arginine and
lysine or to the participation of the g-amino groups of
lysine and arginine in Maillard reaction (Oh et al. 2018).
With the increasing of input power, more cross-linkings
were created in gluten that reduced the digestibility of
pepsin and trypsin. Interestingly, under the microwave of
1000 W 5 min, the proportion of total essential amino
acids almost kept the same as the former treatments
although more cross-linkings were generated. In another
word, there was no selectivity for the reduction on gluten
essential amino acids by microwave.

Free amino groups and molecular weight
distributions

As shown in Fig. 3a, the content of free amino acid
increased with the extension of digestion time. The control
group showed the highest free amino acids content while
1000 W for 5 min showed the lowest. No significant dif-
ference was found in the free amino groups during pepsin
digestion. After the trypsin digestion, the content of free
amino from control and stewing groups were significantly
higher than those microwave treatment. On the other hand,
the difference among treatments at 200 W for 1 min,
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200 W for 5 min and 1000 W for 1 min was insignificant.
The free amino content of gluten after the microwave
treatment at 1000 W for 5 min was relatively low. This
result may be related to the exposure of enzyme active sites
of gluten after the different treatments as Asp is the cat-
alytic site for pepsin and His, Asp and Ser are the catalytic
active sites for trypsin (Isaksen et al. 2014). Thus the
trypsin active sites were hidden to a certain extent that lead
to the difference. However, the result of the microwave
treatment at 1000 W for 5 min may be due to the high
degree of cross-linking polymerization between amino
acids, such as the decrease in Asp and Ser (Table 1).

The molecular weight distribution can reflect gluten
digestion degree. At the same time, it is related to the
activity and functional properties of biopeptides (Liu et al.
2016a, b). As shown in Fig. 3b, the molecular weight
distributions of the control and stewing groups were nearly
the same. Under the microwave treatment at 200 W, the
proportion of digestion products above 1000 Da increased
slightly compared with the control. When the heating
power was up to 1000 W, the molecular weight distribution
changed significantly with the increase in time. After the
microwave treatment, the changes in the gluten structure
and conformation as well as the formation of isopeptide
and cross-linking reduced the active sites of enzyme that
hindered enzymatic hydrolysis of the polypeptides. At the
same time, the active sites of the enzyme were reduced due
to protein cross-linking. Moreover, the peptide content of
each molecular weight after microwave had been reduced
compared with the control.

Digestibility determination

Protein can be decomposed into small peptides through
pepsin acting on phenylalanine, tyrosine, glutamic and
aspartic acids, and peptides are furtherly decomposed into
amino acids to promote absorption through trypsin acting
on lysine and arginine. The digestibility of gluten increased
with the extension of digestion time. As shown in Fig. 4,
compared with the digestibility of the control group after
4 h digestion was nearly 52%, while the digestibility of
group treated at 1000 W for 5 min was only 34%. These
results showed that the nutritional value of gluten is not as
good as wheat (77%), soybean (78%) and bread (97%) in
terms of digestibility (Gilbert et al. 2011). Factors affecting
protein digestibility include disulfide bonds, other covalent
cross-linkings, isopeptides, changes in the secondary
structure, and other components in the food (Cabanillas and
Novak 2019). As the microwave power and time increas-
ing, cross-linking of gluten proteins and the formation of
isopeptide bonds were promoted by microwave, resulting
in the concealment of the pepsin and trypsin active sites
(Guan et al. 2011). At the same time, the heat treatment
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Table 1 Amino acid compositions of digested gluten samples without tryptophan

Amino acids (umol L™ Control Stewing 200 W, 1 min 1000 W, 5 min
Asp 1.45 4 0.09a 1.41 &+ 0.15a 1.55 £+ 0.06a 0.85 + 0.14b
Thr" 1.25 4+ 0.16a 1.18 + 0.31a 0.93 &+ 0.28ab 0.66 = 0.05b
Ser 2.60 £ 0.10a 2.44 £+ 0.17ab 2.17 £ 0.13b 1.34 &+ 0.30c
Glu 16.61 &+ 1.38a 15.42 + 0.65a 13.02 4+ 0.87b 11.08 = 1.21b
Gly 2.62 £0.37a 243 £ 0.26a 279 £ 0.13a 1.73 £ 0.27b
Ala 1.73 £ 0.22a 1.59 £ 0.17a 1.55 £ 0.19ab 1.18 £ 0.21b
Cys 0.52 & 0.06a 0.48 & 0.09a 0.31 & 0.04b 0.26 &+ 0.08b
Val® 2.11 £ 0.12a 1.92 + 0.06ab 1.86 &+ 0.14b 1.43 &+ 0.07c
Met* 0.52 4+ 0.03a 0.49 £+ 0.02a 0.31 4 0.08b 0.35 = 0.08b
Ile* 1.70 = 0.31a 1.55 & 0.09ab 1.24 £ 0.26bc 1.11 £ 0.11c
Leu* 3.13 £ 0.36a 2.87 £ 0.13ab 2.48 £ 0.18bc 2.12 £ 0.19¢
Tyr 1.11 £ 0.11a 1.04 £ 0.05a 0.93 £ 0.08bc 0.81 £ 0.13¢
Phe* 1.88 £ 0.04a 1.71 £ 0.20ab 1.55 £ 0.07bc 1.37 £ 0.18¢
Lys* 0.75 &£ 0.03a 0.68 & 0.08a 0.62 & 0.10a 0.42 &+ 0.08b
His 0.80 & 0.13a 0.74 £+ 0.17ab 0.62 £ 0.06ab 0.52 %+ 0.09b
Arg 1.24 &+ 0.12a 1.14 & 0.15a 0.93 4 0.09b 0.68 % 0.04c
Total amino acids 40.07 &£ 0.51a 37.11 £ 0.94b 32.89 &+ 1.23¢ 25.92 4+ 0.74d
Total essential amino acids 11.36 £ 0.31a 10.40 £ 0.84b 9.00 £ 0.40c 7.47 £ 0.20d
The proportion of total essential amino acids (%) 28.36 £ 1.07a 28.04 £ 2.02a 27.35 £ 0.76a 28.80 £ 1.43a

*The essential amino acids

may change the amino acid side chain to form lateral
coupling that reduce the contact with digestive enzymes,
resulting in the reduction of digestibility (Hurrell 1977).
Therefore, low-power heating or high-power microwave
with short-time heating are recommended when using
microwave.

5-HMF

The retention time of 5-HMF appeared in 14—15 min, and
some disturbed peaks were observed near the 5S-HMF peak
time. Thus, DAD was used to confirm whether it was the
target substance. As shown in Fig. 5a, no 5-HMF was
observed either after the microwave or stewing treatment
except the microwave treatment at 1000 W for 5 min.
Moreover, in the microwave group at 1000 W for 1 min
(Fig. 5b) and stewing group (Fig. 5¢), no 5-HMF was
found after the addition of oil, salt with oil or sugar with
oil. However, a significant increase of 5S-HMF was found
after adding vinegar, which is probably because the vinegar
itself contains 5-HMF (Falcone and Giudici 2008). In
addition, 5-HMF is mainly produced by the decomposition
of hexose by heating. Hexose strips down three molecules
of water in the acidic conditions to form 5-HMF (Ranoux
et al. 2013). Vinegar changed the reaction pH so that the
5-HMF content increased after adding vinegar. Under CHC
in Fig. 5d, the 5-HMF content produced by the microwave

treatment was higher than stewing. Moreover, the 5-HMF
contents were almost the same in the treatment on the basis
of oil with vinegar and with sugar or salt no matter under
stewing or microwave. This result can be explained by the
fact that vinegar is the main source of 5-HMF. When
gluten was heated by microwave under the conditions with
the addition of all condiments, the 5-HMF content pro-
duced under microwave was almost twice than the other
groups. The formation of 5-HMF is mainly caused by the
dehydration of glucose and fructose to 3-deoxyhexitolone
and then the dehydration of 3-deoxyhexone to 5-HMF,
during which the presence of metal ions could change the
formation of 5-HMF. Metal ions can combine with car-
bohydrates to form highly active fructofuranosyl cation,
and this cation is more effective in decomposing than
3-deoxyhexitolone to form 5-HMF (Fiore et al. 2012).

Fructosamine

The fructosamine content almost kept the same under the
conditions of control, stewing and 200 W treatment
(Fig. Se). However, the content increased significantly
when the power input increased to 1000 W. After adding
the condiments (Fig. 5f), the content of fructosamine
increased under the addition of oil, which may because oil
accelerated the heat transfer of the system to provide a
stable temperature for Amadori rearrangement (Song et al.
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Fig. 3 Effects of the microwave treatments on the free amino content
and molecular weight distributions of gluten digested at different
times
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Fig. 4 Changes in gluten digestibility of different digestion times at
0, 1, 2, 3 and 4 h after the microwave treatment. The six columns of
each time represent the control group, stewing treatment, 200 W for
1 min, 200 W for 5 min, 1000 W for 1 min, and 1000 W for 5 min
from left to right

2019). On the basis of addition of oil, we found that the
addition of sugar promoted the formation of fructosamine,
while vinegar had certain inhibitory effect and salt seemed
had no significant effect. Fructosamine is a glycated protein

@ Springer

Fig. 5 HPLC of 5-HMF in gluten under different heating treatments p
(a) and in CHC glutens under microwave (b) and stewing treatment
(c). 5-HMF content in CHC gluten under stewing and microwave
treatment at 1000 W for 5 min (d). Fructosamine and melanoidin
content in gluten under different treatments (e). Fructosamine (f) and
melanoidin (g) content in CHC gluten under stewing and microwave
treatment at 1000 W for 5 min

formed by non-enzymatic saccharification of protein,
which is formed by Amadori rearrangement of substituted
aldehyde amine cyclized from the Schiff base, which is the
initial production of Maillard reaction. Amino acids and
carbohydrates are the main substances in the Maillard
reaction. Thus, the structures and species of amino acids
and carbohydrates will affect the reaction rate of Maillard.
Alkaline amino acid (Lys, Arg, and His) and other g-amino
or terminated amino acids, as well as saccharides with
terminal steric hindrance (such as aldose), were beneficial
to the rate of Maillard (Lund and Ray 2017).

Melanoidin

As can be seen in Fig. Se, the control group had a certain
amount of melanoidin. The content of melanoidin gradu-
ally increased with the increase of microwave power and
time. The melanoidin content increased significantly when
the microwave power changed from 200 to 1000 W. As the
product in the final stage of Maillard reaction, melanoidin
content depends on the extent of Maillard reaction, due to
the high rate of Maillard reaction under high power input
(Kim and Lee 2008). When simulating CHC, the mela-
noidin content under the microwave treatment was signif-
icantly higher than stewing. Moreover, Maillard reaction is
related to temperature and water activity, the rate of
Maillard reacition is proportional to the temperature, while
inversely proportional to moisture content (Scalone et al.
2015). After the microwave treatment, the moisture content
decreased while the temperature increased rapidly, which
promoting the Maillard reaction to increase the melanoidin
content. In Fig. 5g, the melanoidin content of the sample
under stewing or microwave treatment increased slightly
after adding oil. The melanoidin content was also increased
after the addition of vinegar because vinegar itself contains
a certain amount of melanoidin (Falcone and Giudici
2008). However, vinegar changed the pH of reaction sys-
tem, which may hinder the final stage of Maillard. The
amount of melanoidin after adding sugar was significantly
higher than salt, because Maillard reaction is related to
carbohydrate and protein. The highest content of mela-
noidin was observed after adding all condiments, which
may be due to the fact that the combination of sugar and
salt contributed more than the inhibition of vinegar.
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Conclusion

We did this research to study the effect of microwave
heating on protein bioavailability and safety of gluten
under CHC. With the increase of input power and heating
time of microwave, the internal structure of gluten changed
significantly, including the variation of secondary struc-
ture, increase of cross-linking and formation of isopeptide
bond. And the cross-linking between some specific amino
acids could not be digested, so lead to the reduction of the
total amount of available amino acids and digestibility, and
the increase of average molecule in the digestion product.
When simulating CHC, it was found that the contents of
5-HMF, fructosamine and melanoidin were all increased
with the extension of Maillard reaction, and the enhance-
ment of microwave heating on fructosamine and melanoi-
din was more obvious than stewing. On the other hand, the
contents of the three products were mainly affected by
vinegar (pH), sugar and salt, respectively.
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