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Abstract

This study investigated the quality changes and their underlying mechanisms in wheat-stewed dough during
storage at 4°C for various durations. Total plant count (TPC), pH, water activity (A, ), water distribution, texture
properties, brightness (L*), microstructure; contents of free sulthydryl groups (SH), disulfide bonds (S-S), glute-
nin macropolymers (GMP), secondary protein structure, and turbidity were evaluated. With prolonged storage
time, the TPC of wheat-stewed dough increased by 8.53%, whereas pH and L* decreased gradually, with increase
in free water content. On the first day of storage, A was the highest, whereas pH decrease fastest at 1.47%. On the
third day of storage, maximum breaking distance (119.25 mm) took place. Conversely, the contents of S-S bonds,
GMP, and B-sheets exhibited an initial increase, followed by a decrease. The B-sheet content peaked on the fifth
day (28%), coinciding with the lowest contents of S-S bonds and random coils. GMP content transitioned from
accumulation to degradation on fifth day. The turbidity of noodles also reached its minimum on the fifth day. On
the seventh day of storage, hardness, springiness, cohesiveness, and recovery of wheat-stewed dough decreased by
34.40%, 16.22%, 42.32%, and 28.58%, respectively. Based on the changes in S-S bond breakage, GMP depolymer-
ization, B-sheet transformation, and turbidity, the critical point of dough proofing was established in 5 days.
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Introduction

Noodles have been popular in China since ancient times.
Noodles mainly consists of a basic recipe of flour, water,
and salt, which are then shaped by kneading, proof-
ing, rolling, and cutting into strips (Chen et al., 2024).
Noodles are one of the main flour-based products con-
sumed in China, Japan, and South Korea (Li et al., 2020,
Xu et al, 2019). According to storage requirements,
noodles are classified as dried and fresh wet noodles.
Fresh wet noodles are made when flour is processed

into dough and cut into strips of appropriate size and
packaged immediately. They typically have a moisture
content of approximately 28—32% with a smooth, chewy
texture (Chen et al., 2023). Stewed noodles, as a typical
food made from Chinese handmade fresh wet noodles,
mainly consist of high-gluten flour and are produced
through the process of ‘kneading and resting the dough
three times each’ (Gu et al., 2024). As a common prac-
tice in Chinese restaurants, the prepared stewed dough
is left to rise for a certain period, then cooked and sold
on the spot. However, when stored at room temperature,
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the dough undergoes browning because of its high mois-
ture and rich nutrient content. The main external manifes-
tations are the darkening of the surface color and irregular
color distribution, which diminish the edibleness of noo-
dles (Wang et al., 2023a). Compared with storing at room
temperature, low-temperature storage could lower water
activity (A,) and reduce the activity of both microorgan-
isms and enzymes, thus prolonging the shelf life of noo-
dles (Kondakci et al., 2015). Yan et al. (2012) studied the
effects of storage at 25°C, 4°C, and —18°C on the quality
of fresh wet noodles and found that storage at —18°C suf-
ficiently retained the quality of noodles, even after 8 days
of storage. Generally, the quality of the noodles remained
good with storage under 4°C. However, long-term frozen
storage can cause detrimental effects, including mechan-
ical damage caused by ice crystals, moisture migration,
and yeast inactivation (Liu et al., 2022).

Although low temperatures can maintain the edible qual-
ity of fresh wet noodles to a certain extent, the quality
of noodles nevertheless changes. Furthermore, the dough
would still be rising during the early stage of storage.
Several food additives are used to improve noodle qual-
ity. Wang et al. (2015) found that adding 2%—-3% of glu-
ten could improve the tensile strength of wheat-stewed
dough and significantly increased the sensory score,
hardness, adhesiveness, and chewiness of stewed noo-
dles. Yao et al. (2024) found that thymol could inhibit
the growth of spoilage bacteria and reduce cooking loss
rate of fresh wet noodles. Furthermore, a composite
improver comprising chitosan, nisin, and tea polyphenols
can extend the shelf life of fresh wet noodles from 12 h to
48 h (Ma et al., 2024).

In a previous preliminary study, we investigated extruded
wheat bran and the effects of adding gluten, glucose oxi-
dase, or guar gum on the quality of bran-fortified stewing
noodles (Li et al., 2022). We found that the bran-forti-
fied stewing noodles had better tensile characteristics,
brightness, and sensory scores if the wheat gluten, glu-
cose oxidase, and guar gum contents were 6.67%, 28 mg/
kg, and 0.22%, respectively (Li et al., 2024). However,
the quality changes of wheat-stewed dough containing
these additives during storage at 4°C remained unclari-
fied. Moreover, few studies have specifically investigated
the low-temperature storage of wheat-stewed dough and
stewed noodles. We hypothesized that low-temperature
storage would maintain dough quality up to a critical
proofing point identifiable by biochemical and textural
markers. Therefore, this study investigated the quality
changes and underlying mechanisms in improved stewed
dough during storage at 4°C for 0, 1, 3, 5, and 7 days to
determine the critical point of dough proofing. The find-
ings of this study would provide a theoretical basis for
quality control, storage, and transportation of fresh wet
noodles.

Materials and Methods
Materials

High-gluten wheat flour, comprising 11.46% protein
and 13.65% water, was purchased from the Yihai Kerry
Arawana Holdings Co. Ltd. (Shanghai, China). Wheat
bran was supplied by Sanjie Co. Ltd. (Wuhan, China).
Gluten powder, glucose oxidase (100,000 units/g), and
guar gum were supplied by Henan Wanbang Chemical
Technology Co. Ltd. (Zhengzhou, China). Iodized refined
salt (Hubei Salt Industry Group Co. Ltd., Shanghai,
China) was obtained from a local supermarket in Wuhan,
China.

Preparation of samples

Extruded wheat bran

Extruded wheat bran was prepared as described by
Li et al. (2022). A twin-screw extruder (FMHE-24 type;
Hunan Fuma Food Engineering Technology Co. Ltd.,
Hunan, China) was used. The feed moisture content,
feeding speed, and rotation speed were 17%, 17 kg/h,
and 160 rpm, respectively. Temperatures of heating
zones were maintained at 60°C, 90°C, 120°C, 140°C,
and 130°C. The extrudate was placed in an oven (DHG-
9240A; Shanghai Jinghong Laboratory Equipment Co.
Ltd., Shanghai, China) and dried at 40°C for 24 h. Then,
it was cooled to 25°C, crunched, and passed through an
80-mesh sieve.

Wheat-stewed dough and stewed noodles

The mixing flour (300 g) included 6% extruded wheat
bran over 80 mesh, 6.67% gluten, 28-mg/kg glucose oxi-
dase, 0.22% guar bean gum, and high-gluten wheat flour.
The optimal compounding ratio of the three improvers
was determined through preliminary quality enhance-
ment experiments on wheat-stewed dough (Li et al,
2024). This involved evaluating wheat-stewed dough
based on tensile properties, color characteristics, and
sensory scores, using single-factor testing, response
surface methodology optimization, and a comprehen-
sive weighted scoring method. The wheat-stewed dough
was prepared as described by Li et al. (2024). Mixed
flour (300 g) was poured into an automatic mixer (SPI-
11, VMI, Montaigu-Vendee, France), followed by 153-g
water and 6-g salt. The ingredients were stirred at a con-
stant speed (100 revolutions/min) for 10 min until the
powder was blended completely and a smooth dough was
formed. The dough was kneaded into cylindrical strips
with a diameter of 25 mm, height of 20 mm, and weight
of 30 g. The dough strips were arranged in a proofing box
for proofing, performed thrice, and rolling, performed
twice. The proofing conditions were as follows: tempera-
ture, 30°C; humidity, 80%; and duration, 30 min. For the
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first rolling, the roller width was 5 mm, while for the sec-
ond rolling, it was 3 mm. Rolling was performed continu-
ously for five times for both first and second rollings.

The prepared wheat-stewed dough was cut into noodles
with a width of 2 cm, thickness of 1.2 mm, and length of
10 cm.

Low-temperature storage

The wheat-stewed dough and fresh wet noodles were
placed in food-grade trays, covered thoroughly with plas-
tic wrapper, and stored in a refrigerator at 4°C for 0, 1,
3, 5, and 7 days. To avoid temperature fluctuations in
the refrigerator, only experimental samples of this study
were stored in the 4°C compartment for storage period.
The sampling process was conducted by minimizing door
opening range and maximizing sampling speed while
guaranteeing that no other personnel would open the
refrigerator.

Determination of total plant count (TPC)

The TPC of wheat-stewed dough was determined
according to the method described by Xing et al. (2021).
Samples (20 g) were stretched and mixed with 225 mL of
0.85% sterile physiological saline. Then the mixture was
homogenized for 60 s using a stomacher (Lab-b Lender
400; Seward Laboratory, China). A series of dilutions was
prepared with 0.85% sterile physiological saline, from
which 1 mL was collected and transferred onto a ster-
ile plate count agar plates for TPC detection. The plates
were incubated at 36°C for 48 + 2 h.

Measurement of pH

Wheat-stewed dough (10 g) was placed in a sterile
homogenization bag and added with 90-mL deionized
water. The sealing mouth was pressed shut, and the
dough was homogenized for 60 s using a homogenizer
(JX-05, Shanghai Jingxin Industrial Development Co.
Ltd., Shanghai, China). The pH value was determined
using a pH meter (ST5000, Ohaus Instruments Co.
Ltd., Changzhou, Chang). pH calculations were cali-
brated using distilled water before measuring the pH
(Hong et al., 2021).

Determination of texture properties
The texture properties of wheat-stewed dough were

determined using a texture analyzer (TA-XTPlus; Stable
Micro Systems Ltd. London, UK). Wheat-stewed dough

was cut into 2.5 cm x 2.5 cm squares (mass difference
<0.1 g). Tensile tests were performed with P/45 probe at
pretest, test, and post-test speeds of 1 mm/s, 0.2 mm/s,
and 1 mm/s, respectively. The run program was set up for
a trigger force of 5.0 g, the strain was set at 50%, and the
interval time was 5 s (He et al., 2018). Each sample was
tested for 10 times.

A Surface Plasmon Resonance (SPR) probe was used to
determine tensile properties. The optimal test condi-
tions were as follows: pretest speed, 1.0 mm/s; test speed,
1.0 mm/s; post-test speed, 10 mm/s; and distance, 160 mm.
Each sample was tested for 10 times (Shao et al., 2019).

Determination of brightness

The color of wheat-stewed dough was measured using a
colorimeter (CS-10; Hangzhou Chroma Technology Co.
Ltd., Hangzhou, China). Each sample of stewed dough was
cut into three pieces. The upper, middle, and lower pieces
were measured for three times and for nine times in parallel.
The L* value obtained indicated the degree of brightness.

Determination of water activity

Sample’s A was measured using LabMaster-Aw
(Novasina, Lachen, Switzerland). Wheat-stewed dough
was cut into 1-g pieces with a particle size of approx-
imately 1-2 mm. The optimal test conditions were as
follows: temperature, 25°C and relative humidity (RH),
75%. After the instrument was fully balanced, each sam-
ple was measured for three times (Allan et al., 2019).

Determination of water distribution

Wheat-stewed dough was flattened into a circle with a
diameter of 3.5 cm and weighing approximately 3.0 g (mass
difference < 0.1 g). It was wrapped with a special nuclear
magnetic film and quickly placed into a 40-mm diameter
low-field nuclear magnetic resonance analyzer tube (Q001,
Suzhou Niumai Analytical Instruments Co. Ltd., Suzhou,
China) with the following measurements: Sweep width
(SW) = 200 kHz; Time window (TW) = 1,000 ms; Time
domain (TD) = 59,996; Echo time (TE) = 0.10 ms; Echo
Count (EC) = 3,000; and Number of scans (NS)= 8 (Yan and
Luy, 2021).

Determination of free sulfhydryl group (SH) and disulfide
bond (S-S) contents

The contents of free SH group and S-S bonds were
measured as described by Sun et al. (2021) with slight
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modifications. The wheat-stewed dough was dried in a
vacuum freeze-drier (EYELA, Tokyo, Japan), crushed
into powder, and passed through a 0.150-mm sieve.
Prepared powder (50 mg) was dissolved in 1-mL buffer
(0.086-M Tris, 0.092-M glycine, 0.004-M ethylenedi-
aminetetraacetic acid [EDTA], pH 8.0), added with 4.7-g
guanidine hydrochloride, and further diluted to 10 mL
with buffer.

The free SH content was determined by mixing together
1 mL of the prepared solution, 4 mL urea—guanidine
hydrochloride solution (8-M urea and 5-M guanidine
hydrochloride), and 0.05-mL 5,5'-dithio-2-nitrobenzoic
acid (DTNB; 4% w/v in buffer). The absorbance of the
mixture was measured at 412 nm. To determine total
SH content, 1 mL prepared solution was added to 4-mL
urea—guanidine hydrochloride solution and 0.05-mL
2-mercaptoethanol. The mixture was reacted for 1 h and
centrifuged at a rotational speed of 5,000 rpm for 10 min.
Supernatant was discarded and precipitate was washed
twice with 5 mL of 12% trichloroacetic acid and centri-
fuged at 5,000 rpm for 10 min. The precipitate was dis-
solved in 10 mL of 8 mol/L urea; then it was added with
0.08-mL DTNB with a mass concentration of 4 mg/mL.
Al1-mL aliquot of this solution was collected and added
with 5 mL buffer solution. The absorbance of the mixture
was measured at 412 nm. The SH and S-S contents were
calculated according to Equations 1 and 2, as follows:

SH[&OI]:B.SBXAMZB, ),
g C

where A, is the absorbance of the sample at 412 nm;
C is the protein concentration of samples (mg/mL); and
D is the dilution coefficient.

ss{”m"l] :@, ),
g

where N, is the volume of total SH groups, and N, is the
volume of free SH groups.

Determination of secondary protein structure of
wheat-stewed dough

The secondary protein structures of gluten were deter-
mined using a Fourier transform infrared (FTIR) spec-
trometer (IS-10, Thermo Nicolet Corp., Madison,
WI, USA). The sample was combined with potassium
bromide (mass ratio 1:100) at a scanning range was
400-4,000 cm™!, with a total of 32 scans. The data
were processed using the Omnic 8.0 software (Thermo
Fisher Scientific, Madison, WI, USA) and Peakfit 4.12
(Systat Software, San Jose, CA, USA). The absorbance

peak positions and areas in the amide I region (1,600—
1,700 c¢m™') were determined using Fourier self-
deconvolution and second derivative methods. The
secondary structure components of the samples were
calculated using the ratio of the corresponding area to
the total amide I band area. The test was performed at
least in triplicate.

Determination of glutenin macropolymers (GMP)

The sample (0.5 g) was dispersed in 10 mL of 1.5%
sodium dodecyl sulfate (SDS) extraction solution,
and the protein was extracted by constant tempera-
ture oscillation at 30°C for 1 h. The extract was centri-
fuged at 9,500 xg at 20°C for 15 min. The supernatant
was removed, and the extraction process was repeated.
Precipitate’s protein content was determined using
the Kjeldahl method for approximate GMP content.
Each group of samples was measured thrice in parallel
(Weegels et al., 1996).

Scanning electron microscopy (SEM)

The wheat-stewed dough was freeze-dried, cut to an
appropriate size, and pasted onto the sample stage.
Observed under a scanning electron microscope
(EVO MA 15, Carl Zeiss AG, Jena, Germany) after ion
sputtering and gold spraying. The section magnification
was 500x.

Determination of turbidity in stewed noodles

Stewed noodles (10 g) were placed in 250-mL water,
boiled for an optimal time, removed, and then rinsed
thrice with water. The noodle soup was cooled to room
temperature and transferred into a 250-mL volumetric
bottle for constant volume mixing. The light absorp-
tion value was determined at 460 nm with an ultravio-
let spectrophotometer (UV-1800PC, Shanghai Mapada
Co. Ltd. Shanghai, China) as described by Wang et al.
(2023b).

Statistical analysis

Data were analyzed by one-way analysis of variance,
followed by Duncan’s multiple range test using the
SPSS 17.0 Statistical Software Program (SPSS Incorp.,
Chicago, IL, USA). Probability p < 0.05 was considered
statistically significant. The data were plotted using the
Origin2019b software (OriginLab Inc., USA). Results
were expressed as mean + standard deviation (SD) of
triplicate experiments.
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Results and Discussion
Analysis of TPC and pH

Changes in the TPC and pH of wheat-stewed dough
during storage at 4°C are shown in Figure 1. The TPC
showed an increasing trend with prolonged storage
period. On the seventh day, the TPC increased by 8.53%
at 3.80 1g CFU/g. Microorganisms in wheat-stewed dough
were mainly contained in wheat flour and introduced
during the production process (Jiang, 2019). Part of the
flour was replaced by extruded bran, which reduced the
survival rate of microorganisms after extrusion, thereby
reducing the number of microorganisms introduced
into the raw material powder. During first 3 days of stor-
age, the TPC increased slowly because of the inhibitory
effect of low temperature on growth of microorganisms
as well as competition between microorganisms for the
same nutrients. On the fifth day of storage, the TPC
increased faster; this could be due to the emerging dom-
inance of some microorganisms in dough (Gram et al.,
2002). Ghaffar et al. (2009) recommended 6 lg CFU/g as
the cutoff point for the level of incipient spoilage in fresh
noodles. According to NY/T 1512-2014 ‘Green Food—
Uncooked Processed Food Made of Cereal, the TPC
limit is <3.0 x 10° CFU/g (equivalent to 5.45 lg CFU/g).
Exceeding this threshold indicates that fresh wet noodles
have reached their shelf-life limit. Under experimen-
tal conditions, the TPC of stewed dough samples was
below this threshold, demonstrating compliance with the
safety standards for microbial indicators in fresh noodle
consumption.

Potential of Hydrogen (pH) is a key indicator of food
spoilage. In the study, the pH showed a decreasing trend

with prolonged storage period, and the highest decrease
rate on the first day was 1.47%. On the last day of storage,
the pH of wheat-stewed dough decreased from 6.25 to
6.01. The change in pH was related to microbial metabo-
lism. During storage, microorganisms continued to grow
and metabolize via carbohydrate metabolism in dough
to produce acidic substances, thereby decreasing the pH
(Huang et al., 2022). During prolonged storage, the pH
did not change significantly, which might be ascribed to
the accumulation of acidic substances in stewed dough
combined with low temperature, thereby restrain-
ing the growth and metabolism of microorganisms.
Consequently, the production of acidic substances and
change in pH decreased (Li et al., 2011). pH decreased
significantly on the seventh day because of the increased
number of microorganisms in dough.

Analysis of water activity (A,) and water distribution

The A of wheat-stewed dough during storage is shown
in Table 1. A increased significantly on the first day of
storage, but no significant changes were observed with
increasing storage period. Early during storage, the num-
ber of microorganisms was relatively low, with increased
free water content. With time, the number of microor-
ganisms proliferates significantly, consuming the mois-
ture present in dough, resulting in decreased A . The
quality and stability of fresh noodles are closely related
to the moisture content (Carini et al., 2010). T,,, T,,, and
T,, represented the relaxation time of bound, weakly
bound, and mightily bound water (Chen et al., 2020). The
transverse relaxation time reflected the binding capac-
ity with water, and a shorter relaxation time indicated a
stronger binding capacity with water (Liu et al., 2019).

45r [.=-] Total plant count —pH 163
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Figure 1. Total plant count and pH of wheat-stewed dough during storage. Different superscripted alphabets indicate

significant differences (p < 0.05).
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As shown in Table 1, with increasing storage time, T, T,,,
T,, and A,, of wheat-stewed dough showed a decreasing
trend, whereas A, and A,, showed an increasing trend.
These patterns indicated that the weakly bound water
was converted to strongly bound and free water, and
the gluten network structure was strengthened during
storage. These changes showed that the dough structure
was adequately maintained and was constantly proofing
during the storage period. Moisture in the dough was
tightly bound to the gluten network, gradually enhancing
water-binding capacity.

Analysis of texture and brightness properties

The textural properties of wheat-stewed dough,
namely, hardness, springiness, adhesiveness, recov-
ery, and break distance during storage are shown in
Table 2. The hardness, springiness, cohesiveness,
and recovery values decreased by 34.40%, 16.22%,
42.32%, and 28.58%, respectively, similar to the results
obtained by Huang et al. (2022). In the early stage of
storage, the reproduction rate of microorganisms was
high, with a large number of microorganisms affect-
ing protein peptide chain and destroying gluten net-
work structure. Furthermore, the hydrolase generated
by microbial metabolism may catalyze the decompo-
sition of high molecular weight proteins and destroy

protein structure, thereby diminishing the texture
characteristics of dough (Baik et al, 1994). In the
later stage of storage, the contents of S—S bond and
B-folding in dough decreased, reducing the strength
of gluten network and its ability to wrap starch par-
ticles, thereby reducing the quality of texture proper-
ties (Li, 2014). The breaking distance of wheat-stewed
dough increased initially and then decreased, reaching
maximum value on the third day of storage and signifi-
cantly decreasing on the fifth day of storage (p < 0.05).
This may be caused by S-S bonds, which serve as
primary covalent ‘scaffolding’ within gluten network.
Their increase enhances protein connectivity, creating
a structure that efficiently resists and recovers from
deformation and requires significant force and elonga-
tion to break. Conversely, loss of S-S bonds dismantles
this scaffolding, leading to a network incapable of elas-
tic recovery that ruptures easily under minimal exten-
sion (Wang et al., 2023c).

Browning is an important process affecting the storage
and palatable quality of fresh wet noodles. The color of
noodles directly affects consumers’ judgment on noo-
dle quality (Morris, 2013). The L* value of wheat-stewed
dough decreased significantly on the first day of storage,
indicating that browning begins on the first day of stor-
age. However, the L* value did not change significantly
with further increase in storage period, signifying that

Table 1. Water activity (A, ) and water distribution of wheat-stewed dough during storage.
Storage time/d A, T,, (ms) T,, (ms) T,, (ms) A,, (%) A,, (%) A, (%)
0 0.94 +0.00° 0.14 £ 0.00° 12.33+£0.002  333.52 £ 68.76° 7.63 £ 0.36° 92.31+£0.342  0.06 +0.03
1 0.95 £ 0.00° 0.11+£0.01° 10.72 £ 0.00° 145.39 £ 6.60° 12.58 £0.142 86.39£0.17¢  1.03 + 0.042°
3 0.95 £ 0.00° 0.10 £ 0.00° 10.72 £ 0.00° 159.58 + 7.59° 9.73 £ 0.47° 89.13+£0.49°  1.14 +0.042°
5 0.95 £ 0.00° 0.10 £ 0.00° 10.72 £ 0.00° 83.20 £ 3.78° 11.68 £ 0.53? 87.70+0.38°  0.62 +0.16°
7 0.95 £ 0.00° 0.10 £ 0.00° 9.79 £ 0.47° 7942 £3.78° 10.18 + 0.38° 88.98£0.37°  0.84 £ 0.05>

Note: Different superscripted alphabets in the same column indicate significant differences (p < 0.05). Data are expressed as mean + standard

deviation (SD).

Table 2. Texture and brightness of wheat-stewed dough during storage.

Storage Hardness (g) Springiness Cohesiveness  Adhesiveness (g) Recovery Break L* value
time (d) distance (mm)

0 3577.86 + 29.382 0.37 £0.01° 0.44 +0.022 15691.70 + 42,912 0.07 + 0.002 100.66 + 3.37° 70.46 £ 0.412
1 3409.37 £ 87.712 0.34 £ 0.01° 0.42 £ 0.013° 144583 £42.30°  0.07£0.00%® 112,92 +3.54%>  68.56 + 0.30°
3 2584.02 + 91.02° 0.36 £ 0.00° 0.46 £ 0.012 1176.75 £ 10.56°  0.06 £ 0.00°¢  119.25 + 3.58° 68.59 £ 0.16°
5 2378.45+62.27°¢  0.31+0.00° 0.42 £ 0.023° 998.70 £24.02¢  0.06+0.00°¢  117.51 + 1.65° 68.62 £ 0.21°
7 2347.15 £ 44.05° 0.31£0.02° 0.39 + 0.02° 918.06 + 68.58°  0.05 + 0.00¢ 115.02 £ 6.87° 68.16 £ 0.16°

Note: Different superscripted alphabets in the same column indicate significant differences (p < 0.05). Data are expressed as mean tstandard

deviation (SD).
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the color could be maintained, and browning could be
inhibited to a certain extent. Studies have shown that
when the L* value of noodles was more than 45, it did not
affect people’s perception of noodle quality and noodles’
shelf life (Wang, 2000). Thus, if the L* value of dough was
>60 during storage, the perceived quality of noodles was
not affected.

Analysis of scanning electron microscopy

The microstructure of wheat-stewed dough is shown in
Figure 2. The continuous part of SEM shows the pro-
tein network of dough. Here, the initial gluten network
structure can better wrap starch particles. On the third
day of storage, the gluten network structure became
denser, indicating that the dough was still rising and
the gluten network was still strengthening. On the fifth
day of storage, small holes appeared on the surface of
dough, and up to the last day of storage, more starch
particles were exposed and the visible gluten network
structure became more discontinuous and porous. This
was because the strength of gluten network and con-
sequently its ability to wrap starch granules decreased
during storage, causing crumbling of starch granules
(Liet al., 2024).

Analysis of S-S bond and SH group

S-S bonds are important for the formation of gluten
network in dough. S-S bonds, SH groups, and mutual

transformation between them have a significant
impact on dough quality. When S-S bonds are trans-
formed into SH groups, the gluten network structure
becomes loose, causing a decrease in the quality of
dough and flour products. Therefore, the strength of
gluten network and protein stability is characterized
by measuring S—S bond and SH group contents (Xiao
et al., 2021).

As shown in Figure 3, the SH group content showed an
increasing trend with increasing storage period, indi-
cating that the degree of cross-linking of S-S bond
in dough decreased during storage, which adversely
affected the tensile properties of dough. The S-S
content increased initially but then decreased. This
was because during the early stage of storage, the
dough was still rising, promoting S-S cross-linking
S-S and the formation of a more compact gluten net-
work structure, thereby improving the tensile char-
acteristics of dough. However, during the later stage
of storage, the S—S content decreased continuously.
This was because the pH of dough during the later
stage of storage decreased, and the ionization of SH
group, which generates -SH anions (-S-), was inhib-
ited to a certain extent, reducing the -S- content and
its participation in the formation of S-S bond and
the exchange reaction rate between S-S bond and SH
group (Koehler, 2003). Therefore, the formation of
S-S bonds decreased, which weakened protein net-
work integrity, thus weakening the formation of glu-
ten network and reducing the tensile characteristics
of dough.

Figure 2.
on 0, 1, 3, 5, and 7 day of storage.

Scanning electron microscopy (SEM) of wheat-stewed dough during storage. (A-E) Images of dough structure
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Analysis of protein secondary structure

According to the position of spectral peak, the protein
structure was divided into four types by fitting the FTIR
spectroscopy data. The wavelength ranges of B-folding,
random curling, a-helix, and B-turn are mainly found
in 1620-1640, 1640-1650, 1650-1658, and 1660—
1700 cm™, respectively (Huang et al., 2023). Of these,
the B-folding and a-helix have highly ordered struc-
tures, which increased protein disorder, p-turn, and
random curling structures (Niu et al., 2018). Changes
in the secondary structure of stewed dough protein
during low-temperature storage are shown in Figure 4.

During storage, the -sheet content showed an overall
downward trend, the random curling content showed
an overall increasing trend, and the a-helix and B-turn
contents showed no observable changes, indicating
unfolding of the ordered B-sheet structures into less
ordered random coils.

Analysis of glutenin macropolymers
The gluten network structure is mainly composed of

wheat glutenin and gliadin. As a component of glutenin,
the GMP content reflects the degree of aggregation of
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Figure 3. S-S disulfide bond and free sulfhydryl (SH) group contents of wheat-stewed dough during storage. Different

superscripted alphabets indicate significant differences (p < 0.05).
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Figure 4. Secondary protein structure of wheat-stewed dough during storage. Different superscripted alphabets indicate

significant differences (p < 0.05).
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glutenin (Su et al, 2023). Changes in the GMP content
of wheat-stewed dough during low-temperature stor-
age is shown in Figure 5. With increasing storage period,
the GMP content of wheat-stewed dough increased
initially but then decreased, with the maximum value
obtained on the third day of storage. This was consistent
with the change in S-S bond content, confirming that the
dough had the best tensile characteristics on third day.
This behavior was primarily caused by the gradual shrinkage
and subsequent aggregation of proteins into a larger poly-
mer when the dough rose in the early stage of storage. This
indicates an increase in the degree of cross-linking of -S—S—,

which increased GMP content and promoted the formation
of a more continuous and dense gluten network structure.
In the later stage of storage, microorganisms and proteases
in dough destroyed connections between protein subunits,
reducing the degree of —S—S— cross-linking S-S (Wang
et al., 2012), thereby reducing the GMP content.

Analysis of turbidity

Change in turbidity during storage is presented in Figure 6.
With prolonged storage period, the turbidity decreased
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Figure 5. Glutenin macropolymer content of wheat-stewed d
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Figure 6. Turbidity of stewed noodles during storage. Different

superscripted alphabets indicate significant differences (p < 0.05).
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initially, then increased. The turbidity of stewed noodles
was lowest on the fifth day of storage. Initially, turbidity
decreased due to improved gluten cohesion. During the
later stage of storage, the S—S and GMP contents in dough
decreased, the number of microorganisms increased, the
damage to the gluten network structure increased, with a
large amount of starch dissolved into noodle soup during
cooking, resulting in increased turbidity.

Conclusions

The present study explored the quality change mecha-
nism and proofing critical point of wheat-stewed dough
during storage at 4°C for 0, 1, 3, 5, and 7 days. The results
indicated that with the prolongation of storage, the
TPC of wheat-stewed dough increased gradually and
lead to decreased pH from 6.25 to 6.01. On the first day,
A, increased significantly, but no significant changes
occurred with increasing storage time (p < 0.05). With
increased storage time, the bound water in wheat-stewed
dough was released gradually, and the content of free
water increased to 0.84%. Furthermore, the hardness,
springiness, cohesiveness, and recovery decreased by
34.40%, 16.22%, 42.32%, and 28.58%, respectively. On
the third day of storage, the maximum breaking distance
(119.25 mm) occurred. Conversely, the contents of S-S
bonds, GMP, and B-sheets exhibited an initial increase,
followed by a decrease. The [-sheet content peaked on
the fifth day (28%), coinciding with the lowest contents of
S-S bonds and random coils. GMP content transitioned
from accumulation to degradation on fifth day. The tur-
bidity of noodles also reached its minimum on the fifth
day. Moreover, holes began to appear on the surface of
wheat-stewed dough, and the gluten network structure
decreased gradually. These findings demonstrated that
the quality of wheat-stewed dough was retained during
storage at 4°C for 5-7 days. Based on the changes in S-S
bond breakage, GMP depolymerization, -sheet trans-
formation, and turbidity, the critical point of dough
proofing was established in 5 days.
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