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In this study, the mechanisms by which sanxan protected the quality of salt-free frozen-cooked noodles (SFFCNs)
were investigated, with a focus on the composition and structural properties of gluten. The results showed that
sanxan facilitated the formation of glutenin macropolymer and maintained the stabilization of glutenin subunits
in freeze—thaw cycles (FTs). In terms of protein structure, sanxan weakened the disruption of secondary structure
caused by FTs and increased the proportion of gauche-gauche-gauche (g-g-g) conformations in the disulfide (5—S)

bonds bridge conformation. Simultaneously, sanxan reduced the exposure degree of tryptophan (Trp) and
tyrosine (Tyr) residues on the protein surface. Moreover, the intermolecular interaction forces indicated that
sanxan inhibited S—S bonds breakage and enhanced the intermolecular crosslinking of gluten through ion in-
teractions, which was crucial for improving the stability of gluten. This study provides a more comprehensive
theoretical basis for the role of sanxan in improving the quality of SFFCNs.

1. Introduction

With the improvement of people’s living standards, noodles have
gradually evolved to become more convenient, nutritious, and with
optimal and diverse flavors. Frozen cooked noodles (FCNs) are a new
type of convenient noodles product developed in recent years. They
consist of cooked noodles that have been cooled and frozen quickly for
long-term storage and can be consumed after briefly reheated (about 90
s) (Obadi, Zhang, Shi, & Xu, 2021). The addition of NaCl has been re-
ported to affect the rheological properties of dough by improving non-
covalent gluten cross-linking, competing for water absorption,
reducing protein solubility by covering polar groups and strengthening
the structure of the gluten network (Reissner, Wendt, Zahn, & Rohm,
2019). The addition of NaCl facilitates the aggregation of gliadin and
glutenin through intermolecular hydrogen bonding or ionic bonding,
facilitating the cross-linking of more proteins to form a tightly net-
worked structure, thereby reducing the adverse effects of frozen storage
on the quality of FCNs (Ukai, Matsumura, & Urade, 2008). However,
excessive salt intake can have adverse impacts on an individual’s well-
being.

In recent years, there has been an increasing focus on health issues
related to high salt intake, including hypertension, cardiovascular
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disease, and strokes (Chen, Hu, & Li, 2018). The Dietary Guidelines for
Chinese Residents (2022) stipulate that daily salt intake for adults
should not exceed 5 g; however, the salt consumption per capita in China
(9.3 g/d) far exceeds this recommended limit. Therefore, it is crucial to
reduce salt intake in China, and the development of salt-free frozen-
cooked noodles (SFFCNs) holds great promise. However, the lack of
NaCl affects gluten hydration at the kneading stage, resulting in differ-
ences in the gluten microstructure and changes in the molecular
conformation and network structure. As a result, it impacts the physi-
cochemical properties of the dough, ultimately reducing the quality of
the FCNs, particularly affecting gluten and its network structure. How to
eliminate the effects of NaCl deficiency on gluten and its network
structure is the key to improving the quality of SFFCNs.

The addition of modifiers is one of the strategies to improve the
quality of FCNs. Among them, hydrophilic colloid is a better modifier for
quality improvement. Enhancements in FCNs quality were observed
when hydrophilic colloids such as xanthan, curdlan, guar gum, and
pullulan were incorporated (Hong et al., 2021; Liang et al., 2020; Obadi
et al., 2021; Pan, Ai, Wang, Wang, & Zhang, 2016). Among them, cur-
dlan has the characteristics of heating glue, which can reduce the
deterioration of the quality of FCNs during freezing storage by affecting
the denaturing behavior of gluten and the rearrangement behavior of
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the structure of the gluten network during the maturation process (Liang
et al., 2022). Xanthan, guar gum, and pullulan have gelling properties of
cold water that remain unchanged after heating and are used to influ-
ence the hydration of gluten and the formation of gluten networks
during the preparation of raw noodles, thus affecting the overall quality
of FCNs. However, the factors that caused the deterioration of FCNs
frozen storage quality were the two stages of raw noodles cooking and
making. The formation and rearrangement of the structure of the gluten
network and the hydration and denaturation of gluten were the key
factors that affected the degree of gluten depolymerization and the
quality of FCNs during frozen storage. Therefore, how to control the two
stages at the same time is the most efficient way to slow the degradation
of the quality of FCNs during frozen storage. Unlike other colloids,
sanxan exhibits shear-thinning properties at high temperatures and also
forms gels with good freeze-thaw stability at low temperatures (Wu
etal., 2017). Based on this, the cross-linking aggregation of gluten inside
the noodles is not hindered during the cooking process of SFFCNs.
Moreover, during low-temperature storage, sanxan can effectively
restrict the flow of water and thus inhibit the formation of ice crystals,
which improves the resistance and stability of SFFCNs. Therefore, we
believe that sanxan can affect gluten and its network structure during
the production and cooking stages of raw noodles from SFFCNs, to
attenuate quality deterioration in the freeze-thaw cycles (FTs), and is
considered an efficient quality improver for SFFCNs. On the basis of the
gel characteristics of sanxan, we established the multistage regulation
technique for the quality of FCNs in the previous study and explored the
effect on quality during FTs. However, it is not yet clear how sanxan
affects gluten and its network structure in SFFCNs; so far, no relevant
reports have been found. The unfolding and cross-linking of gluten form
a dense network structure, which can enhance the shape and texture
properties of salt-free FCNs. Therefore, it is important to study the effect
of sanxan on gluten and its network to elucidate the potential mecha-
nism of sanxan to improve the quality of SFFCNs during FTs.

According to the results of our previous experiments, the addition of
1.2 % sanxan was found to have the best modification effect on SFFCNs,
but its effect on the composition and structural properties of gluten in
SFFCNs has not been systematically analyzed (Liang et al., 2023).
Therefore, the main objective of this study was to investigate in depth
the cryoprotective effect of the addition of sanxan on SFFCNs, focusing
on the effect of sanxan on the composition and structural properties of
the gluten of SFFCNs during FTs. The molecular weight distribution and
the subunit distribution of gluten mediated by the addition of 1.2 %
sanxan were systematically investigated (Sodium dodecyl sulpha-
te—polyacrylamide gel electrophoresis (SDS-PAGE) and reversed-phase
high-performance liquid chromatography (RP-HPLC)); secondary and
tertiary structural changes were elucidated by using Fourier-transform
infrared (FT-IR) spectroscopy and Raman spectroscopy; and covalent
bonding, non-covalent bonding, and interaction forces between surface
hydrophobic molecules were explored. This study provides a more
comprehensive theoretical basis for the fortification effect of sanxan on
the improvement of the quality of SFFCNs from the perspective of
gluten, contributing to enhancing their overall quality.

2. Materials and methods
2.1. Materials

The sanxan sample (Purity > 99 %), with a molecular weight of 408
kDa and a polydispersity index (Mw/Mn) of 1.07, was purchased from
Xinhe Biochemical CO., Ltd., Hebei, China. The Zhongliang Flour In-
dustry Co., Ltd. provided wheat flour (with a moisture content of 12.70
%, an ash content of 0.35 %, and a protein content of 13.20 %)
(Zhengzhou, China) for the study. Except for the chemicals mentioned
above, all experimental substances were of analytical grade quality.
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2.2. Preparation of SFFCNs

The procedures used to prepare SFFCNs were consistent with the
methodology outlined in our previous research (Liang et al., 2020). Mix
100 g of flour with 0 g (control group) and 1.2 g (experimental group) of
sanxan (w/w, on flour basis) evenly, then add it to a dough mixer
(JHMZ200, East Fude Technology Development Center, Beijing, China)
along with 40 g of distilled water. Mix and knead the dough for 7 min,
then securely cover it with plastic wrap. Allow the dough to rest at room
temperature for a period of 20 min. Finally, use a noodles machine
(JMTD-168/140, Beijing Dongfu Jiuheng Instrument Technology Co.,
Ltd., Beijing, China, and dia 10.0 mm) to cut it into noodles with a width
of 2.00 mm. Take 30.0 g of the noodles mentioned above and cook them
in 300 mL of boiling water for 7 min, then remove and drain. Subse-
quently, the noodles were first frozen at —50 °C for 2 h, followed by
further freezing at —18 °C for 46 h before being removed and thawed at
room temperature for 2 h, which was a FT of 0 (frozen for 2 h), 2, 4, 6, 8
and 10 FTs. Subsequently, the noodles were subjected to a freeze-drying
process and subsequently pulverized for further analysis and
determination.

2.3. Sodium dodecyl sulphate - polyacrylamide gel electrophoresis (SDS-
PAGE)

According to the method of Wang, Liang, Wang, Zhang, and Wang
(2021), SDS-PAGE electrophoresis was performed to analyze alterations
in the distribution of gluten molecular weight within SFFCNs and
appropriate adjustments were implemented. The SFFCNs sample (100
mg) was dispersed in 1.0 mL of Tris-HCI buffer (0.0625 mol/L, pH 6.8,
20 % glycerol, 2.0 % SDS, 0.1 % bromophenol blue). For further anal-
ysis, the supernatant was obtained by extracting samples for 3 h through
agitation at 25 °C (200 r/min), followed by heating in a boiling water
bath for 5 min and centrifugation at 10,000 r/min for 10 min. 5 %
p-mercaptoethanol should be added to the above buffer for SDS-PAGE
under the reduction condition. The treated sample (10 uL) was injec-
ted into the swim lane of a vertical electrophoresis plate containing a 10
% separation gel concentration (pH 8.8) and 5 % concentrated gel (pH
6.8). At a steady 100 V voltage, electrophoresis ceased when the bro-
mophenol blue indicator reached the bottom of the separation gel and
the gel was taken out. After a 1 h staining period with Coomassie bright
blue dye, the gel was then transferred to the solution for decolorization.

2.4. Revered-phase high-performance liquid chromatography (RP-HPLC)

According to the method of Wang, Guo, and Zhu (2016), SFFCN
samples were processed. The 200 mg samples were accurately weighed
and extracted twice with 3 mL of phosphate buffer solution (0.05 mol/L,
pH 7.6, containing 0.4 mol/L sodium chloride) and the supernatant was
discarded. Then extract with 3 mL of deionized water twice, discarding
the supernatant; the precipitation was extracted with 3 mL of 60 % (v/v)
ethanol three times and the supernatant was collected after centrifuga-
tion (10000 r/min). The precipitation was further extracted with Tris-
HCI buffer solution (0.05 mol /L, pH 7.5, containing 50 % (v/v) iso-
propyl alcohol, 2 mol/L urea, 0.1 % (w/v) dithiothreitol (DTT)) three
times, 3 mL each time. After centrifugation (10000 r/min), the super-
natant was collected to form the glutenin extraction solution. The
gliadin and glutenin extracts were filtered by 0.45 um filtration mem-
brane, respectively. Agilent HPLC was used to analyze the extract of
SFFCN samples. Nucleosil 300-5 C8 (250 x 4.6 mm), mobile phase:
acetonitrile containing 0.1 % (v/v) trifluoroacetic acid and water con-
taining 0.1 % (v/v) trifluoroacetic acid, elution conditions: gradient
elution (acetonitrile concentration increased from 24 % to 56 % (0-50
min), 56 % to 24 % (50-60 min), flow rate is 1 mL per minute, column
temperature is set at 50 °C, and wavelength used for detection is 214 nm.
The gluten subunits were separated by different retention times during
elution as a result of their varying polarities. Reference was made to the
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method of Wieser, Antes and Seilmeier (1998) to differentiate the sub-
units, and then the change in content was estimated based on the peak
area corresponding to each subunit.

2.5. Fourier transform infrared (FTIR) spectroscopy

A Fourier infrared spectrometer was employed to assess the sec-
ondary structure of the SFFCNs. According to the method proposed by
Zhang, Ma, Yang, Li, and Sun (2022b), the freeze-dried SFFCNs sample
was homogeneously mixed with potassium bromide in a 1:100 (w/w),
and then thoroughly ground using an agate mortar before being pressed
into transparent rounds. Potassium bromide was used as the background
to scan the infrared spectrum of the sample. The spectrum scanning
range was 400-4000 cm ™!, with a total of 16 scans conducted and a
resolution set at 4 cm™!. The spectra of amide I at 1650-1659 cm ™,
1610-1640 cm ', 1660-1700 cm ™' and 1640-1650 cm ™ were o-helix,
B-sheet, B-turn and random coil, respectively. Quantification of the
secondary structure content involves determining the proportion be-
tween the area of the amide I region and the total area. The spectral
analysis was carried out using the software Peakfit v4.12.

2.6. Fourier transform (FT)-Raman spectroscopy

The conformation of disulfide bonds and aromatic amino acid
SFFCNs was analyzed using confocal Raman spectroscopy (RFT-6000FT,
JASCO, Europe) (Wang et al., 2020). The spectra were acquired within
the range of 400-3500 cm ™! using a 1064 nm laser with a resolution of
1 cm ™. Baseline correction was performed using Origin v8.0 (Origin
Lab Inc., MA, USA), followed by normalization based on the peak
phenylalanine at 1003 ¢cm™*. Raman spectra before and after normali-
zation (Fig. S2). The spectral region ranging from 490 to 560 cm ™' was
subjected to S—S conformation analysis using Peak-fit 4.12 software
(Systat Software, Chicago, USA) with the application of deconvolution
techniques.

2.7. Free sulfhydryl (SH) and disulfide (S—S) bonds ratio

The method used to determine the levels of free sulfhydryl (SH) and
disulfide (S—S) bonds in the SFFCNs was based on the method of Wang,
Zhang, Xu, and Li (2020) with some adjustments made for our specific
study.

In brief, the lyophilized sample (75 mg) was dissolved in 1.0 mL of
Tris-Gly buffer (86 mmol/L, pH 8.0), which contained 10.4 g/L Tris, 6.9
g/L glycine, and 12.0 g/L EDTA. Subsequently, guanidine hydrochloride
(4.7 g) was added to the solution, followed by fixing the volume at 10 mL
with the same Tris-Gly buffer and stirring for 3 h at a temperature of
25 °C and a speed of 150 rpm while vortexing for one minute every half
hour interval. Finally, centrifugation was performed at a speed of
10,000 r/min for 10 min to obtain the supernatant.

The determination of the total SH content involved mixing 1 mL of
supernatant with a solution consisting of 4 mL of urea-guanidine hy-
drochloride (prepared by dissolving 4.8 g of each urea and guanidine
hydrochloride in 10 mL of Tris-glycine buffer containing 0.05 %
f-mercaptoethanol mixture) was stirred at a temperature of 25 °C for a
duration of 3 h. Subsequently, to the mixture, 10 mL of trichloroacetic
acid (13 %) was added and allowed to stand for an hour in an incubator
set at a temperature. After centrifugation (9000 r/min, for a period of 10
min), the resulting supernatant was discarded and two washes were
performed using each time a 5 mL solution of urea trichloroacetic acid.
To dissolve the precipitate, we used a solution containing 10 mL of urea
(8 mol/L). Finally, Ellman’s reagent (DTNB) was introduced by precisely
adding 0.04 mL to the dissolved precipitate followed by measuring its
absorbance at wavelength A4;5. The total SH content (pmol/g) was
calculated using Eq. (1).

The determination of the free SH content was performed by mixing 1
mL of supernatant with 4 mL of a solution of urea-guanidine
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hydrochloride (prepared by dissolving 4.8 g of each urea and guani-
dine hydrochloride in 10 mL of Tris-glycine buffer) and adding 0.05 mL
of Ellman’s reagent (DTNB, 4 mg/mL). The absorbance at 412 nm (A412)
was then measured. Free SH content (pmol/g), S—S bonds content
(pmol/g), and free SH to S—S bonds ratio were calculated using Eq. (2),
Eq. (3), and Eq. (4), respectively.

D

Total SH content = 73.53 x Ay X c (@D)]
D

Free SH content = 73.53 X Ay, X e 2

total SH tent — fi SH tent
S-S bonds content — Ot conten . Tee conten 3)

free SH content
F H - o = — >
ree SH and S - S bonds ratio S-S bonds content 4

where D and C denote the dilution factor and the sample concentration
(mg/mL), respectively.

2.8. Determination of chemical interactions

The determination of the non-covalent bond interaction forces was
slightly modified according to the method of Wang, Luo, Zhong, Cai,
Jiang, and Zheng (2017). Based on 0.05 mol/L phosphate buffer (pH
7.0), the following solutions were prepared: 0.05 mol/L NaCl (S1), 0.6
mol/L NaCl (S2), 0.6 mol/L of NaCl + 1.5 mol/L of urea (S3), and 0.6
mol/L of NaCl + 8 mol/L of urea (S4). Freeze-dried samples of SFFCNs
(200 mg) were dissolved in 10 mL of four solutions, shaken (200 r/min,
25 °C) for 3 h, centrifuged (10,000 r/min, 10 min). Quantification of
protein concentration in the supernatant was performed using the
Coomassie brilliant blue technique, where bovine serum albumin served
as the standard reference. The concentration of soluble protein was
measured as mg/mL.

2.9. Determination of surface hydrophobicity

The surface hydrophobicity was determined using the bromophenol
blue (BPB) method with appropriate modifications (Tang et al., 2019).
The sample (50 mg) was thoroughly mixed with 1 mL of a sodium
phosphate buffer (pH 7.0) at a concentration of 20 mmol/L, followed by
the addition of 200 pL of BPB solution (1 mg/mL). The mixture was then
gently oscillated at a speed of 200 r/min and maintained at a temper-
ature of 25 °C for a duration of 1 h. After centrifugation (4000 r/min, 10
min), 100 pL of supernatant was aspirated and 900 pL of sodium phos-
phate buffer was added. The absorbance was measured by an ultraviolet
spectrophotometer at 595 nm, zeroed with phosphate buffer, and the
solution without sample was used as a blank control. Surface hydro-
phobicity was quantified on the basis of the fixation of BPB with non-
soluble proteins and binding of BPB. The amount of BPB binding (pg)
was given by Eq. (5):

(Acomml - Acxpcrimcnlal) % 2 x 10,4 (5)

Aconll‘ol

BPB binding =

Where A is the absorbance at 595 nm.

2.10. Statistical analysis

All data were presented as mean =+ standard deviation of at least
three independent experiments and were subjected to statistical analysis
using SPSS software (version 13.0 for Windows, SPSS Inc., Chicago, IL).
The significance of the differences was assessed by a one-way analysis of
variance (ANOVA) with the Tukey post hoc test. A significance level P <
0.05 was considered to indicate a statistically significant degree of
variation. Each experiment involved measurements in triplicate.
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3. Results and discussion

3.1. Effect of sanxan on the change of molecular weight of gluten in
SFFCNs during FTs

The effects of sanxan on the relative molecular weight of gluten in
SFFCNs were analyzed by SDS-PAGE, as shown in Fig. 1.

In gel electrophoresis, there is an inverse relationship between the
migration rate of protein subunits and their relative molecular weights
(Wang, Wu, Rasoamandrary, Jin, & Xu, 2015). Under non-reducing
conditions (Fig. 1A), during FTs, the strength of the band correspond-
ing to 180 kDa in the control group was weakened, indicating that FTs
would cause depolymerization of aggregates. Liu et al. (2024) also
reached a similar conclusion that depolymerization of aggregates occurs
during freezing and storage. However, the intensity of the aggregate
bands was significantly increased with the addition of sanxan. This
suggests that sanxan was beneficial in maintaining structural stability
during FTs, even after 10 FTs, it remained similar to the control group
with 0 FT. This indicates that gluten formed more aggregates at an early
stage, and sanxan had a favorable effect on the aggregation of gluten
during the cooking stage. These results indicate that sanxan had a
certain inhibitory effect on the formation of cross-links between SDS-
insoluble macromolecules and their entanglement with SDS-soluble
proteins. The absence of sulfhydryl groups in both w-gliadin and
a/p-gliadin prevents them from polymerization through disulfide bonds
(Wang et al., 2014; Wang et al., 2016). This may contain two potential
mechanisms: one is that the interaction between sanxan and gluten
directly strengthens the gluten matrix, while the other is that sanxan
inhibits water mobility, reducing ice crystal formation and thereby
preventing destruction of gluten by ice crystals (Li et al., 2022). Thus,
sanxan promoted the formation of aggregates to some extent through
some non-covalent interactions. In the HMW-GS and low to medium-
molecular weight range, the intensity of the bands did not vary signifi-
cantly between lanes. When the sample was treated with a reducing
agent (B-mercaptoethanol), a portion of the highly aggregated protein
could be extracted once again. Under the reduction condition (Fig. 1B),
it could be observed that there were no significant alterations in both the
quantity and intensity of the protein bands, suggesting that the addition
of sanxan and frozen storage did not exert any impact on the reduced
protein subunits.

3.2. Effect of sanxan on changes in the gluten subunit in SFFCNs during
FTs

According to the polarity difference of the gluten subunits, the gluten
subunits were separated by reverse-phase high-performance liquid
chromatography. The distribution of protein subunits is shown in
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Fig. 2A and C (gliadin subunits) and 2B and D (glutenin subunits).
Fig. S1 illustrates the proportions of the gliadin and glutenin subunits
and the percentages of total gliadin and total glutenin. The subunits of
gliadin can be classified into three groups: sulfur-poor o- gliadin, sulfur-
rich a- and y- gliadin; glutenin subunits can be classified into four main
types: high molecular weight glutenin subunits (HMS) and low molec-
ular weight glutenin subunits (B/C-LMS and D-LMS) (Aghagholizadeh
et al., 2017).

As the number of FTs increased, the relative content of D-LMS in the
control group appeared to increase, the content of y-gliadin subunits
decreased, and the content of the HMS, B/C-LMS, a-, ®1,2- and ®5-
gliadin subunits did not change significantly. However, compared to the
control group, the percentage of D-LMS in the SFFCNs in the experi-
mental group decreased, while the content of y -gliadin subunit
increased. As shown in Fig. S1, with the increase in the number of FTs,
the glutenin content gradually increased from 69.76 to 77.46 (control
group) and 60.22 to 71.86 (experimental group), while gliadin
decreased from 30.27 to 22.54 (control group) and 39.78 to 28.14
(experimental group). Compared to the control group, samples con-
taining 1.2 % sanxan exhibited a significant reduction in gliadin content
under identical FTs. During FTs, gluten was significantly affected by the
water phase transition, particularly in terms of ice crystal formation and
recrystallization. Therefore, the presence of ice crystals caused signifi-
cant degradation of the cross-linking network of disulfide bonds within
the gluten system due to mechanical damage. Combined with SDS-
PAGE, it was found that the content of glutenin increased as FTs
increased in the presence of sanxan. This could be attributed to an in-
crease in the total amount of gluten monomers resulting from depoly-
merization of glutenin macropolymer. Additionally, sanxan helped
maintain stability of gluten subunits within FTs. Compared to the con-
trol group, the presence of sanxan, promoted the formation of intra-
molecular disulfide bonds among glutenin subunits. Glutenin
participated in the polymerization, which led to a decrease in the
extraction rate.

3.3. Effect of sanxan on the secondary structure of gluten in SFFCNs
during FTs

The conformational change of gluten, which plays a crucial role in
the formation of its network structure, is directly indicated by its sec-
ondary structure (Li, Sun, Han, Chen, & Tang, 2018). Among the nine
distinctive absorption bands, the amide I region (1700-1600 em ™)
demonstrates the highest sensitivity to discerning the secondary
conformation of proteins. Table 1 presents the alterations in the sec-
ondary structure content of gluten within SFFCNs treated with sanxan
compared to the control group during FTs.

With increasing FTs, the content of a-helices in the control group

B Mv o 2 6 Clo S0 S2 S6 S10
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Fig. 1. SDS-PAGE images of gluten in SFFCNs under non-reduced (A) and reduced (B) conditions. Note: C: Without sanxan addition; S: Sanxan addition 1.2 %; 0, 2, 6,
and 10 represent the number of FTs, respectively. Abbreviations are: SFFCNs, salt-free frozen-cooked noodles. FTs: freeze-thaw cycles.
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Fig. 2. Reversed-Phase HPLC chromatogram of gliadin (A, C) and glutenin (B, D) subunits extracted from SFFCNs with 1.2 % (C, D) and without (A, B) sanxan. Note:
C: Without sanxan addition; S: Sanxan addition 1.2 %; 0, 2, 6, and10 represent the number of FTs, respectively. Abbreviations are: SFFCNs, salt-free frozen-cooked

noodles. FTs: freeze-thaw cycles.

Table 1
Effect of sanxan on the secondary structure of gluten of SFFCNs during FTs.

Sanxan FT Secondary structures (%)
(%) (cycles) ,
a-Helices B-Sheets B-Turns Random
coils
0 0 15.45 + 25.06 + 40.30 + 19.19 +
0.24% 0.36¢ 0.35% 0.234
2 12.03 + 28.27 + 40.26 + 20.45 +
0.01%4 0.33%* 1.16% 0.84A
6 10.94 + 26.60 + 37.87 + 24.59 +
0.36™ 0.34%A 1.22%4 0.52°4
10 10.74 + 27.68 + 35.26 + 26.53 +
0.21° 0.13%°A 1.06"* 0.33%
1.2 0 16.16 + 23.95 + 40.70 + 19.19 +
0.60% 0.14% 0.32% 0.42%
2 15.58 + 26.23 + 40.93 + 17.26 +
0.36°° 1.13% 0.51% 0.62°®
6 15.22 + 25.40 + 40.47 + 18.90 +
0.00%® 0.40°* 0.21%* 0.51%%8
10 15.03 + 24.97 + 39.77 + 20.23 +
0.1828 1.09%A 0.72% 0.19%8

Note: Data are expressed as mean + standard deviation (n = 3). Different
lowercase letters indicated significant difference under the same dosage and
different FTs (P < 0.05); Different capital letters indicated that sanxan had
significant differences under different dosage and same FTs (P < 0.05). Abbre-
viations are: SFFCNs, salt-free frozen-cooked noodles. FTs: freeze-thaw cycles.

decreased significantly (P < 0.05), while the content of the random coil
increased significantly. Since the a-helices structure is more ordered
than other secondary structures (Georget & Belton, 2006), this suggests
that gluten tends to be disordered. Hydrogen bonding plays a crucial
role in maintaining the stability of the protein’s secondary structure.
With the increase in the number of FTs, temperature fluctuations cause
water migration and recrystallization, leading to the destruction of
hydrogen bonds in the protein structure. As a result, polypeptide chains
tend to stretch, gradually exposing the hydrophilic and hydrophobic
regions of proteins to new environments, resulting in new molecular
cross-linking within and between protein molecules, thereby altering
the secondary structure of proteins (Liang,et al., 2022).

With the addition of sanxan, the a-helices content decreased gradu-
ally but was significantly higher than that of the control group with the
same FTs. The content of the random coil gradually increased with FTs,
but was significantly lower than that in the same FTs control group. The

change in p-turns was not significant. These results indicate that sanxan
can reduce the damage of the gluten structure caused by ice crystals to a
certain extent and stabilize the secondary structure of gluten during FTs.
Comparable findings were discovered in the literature documented by
Liang et al. (2022), a-helices increased after adding curdlan, suggesting
that curdlan enhanced the hydrogen bond of gluten during frozen
storage, thus stabilizing the secondary structure during frozen storage.
In addition, the addition of sanxan enhanced the hydration of gluten and
contributed to the formation of the protein-water bond in gluten. The
increased ductility of protein molecules helps increase the chance of
interaction between molecules, so each secondary structure in protein
has a relatively stable state.

3.4. Effect of sanxan on conformation changes of disulfide (S—S) bond
bridges of gluten in SFFCNs during FTs

The presence of S—S bonds plays a crucial role in the preservation of
the tertiary conformation of the protein. The conformational change can
be evaluated by measuring the S—S bonds stretching vibration (Wieser,
2007). The configuration of the carbon atom within the S—S bonds
bridge significantly influences the symmetric stretching motion of the
S—S bonds. Based on the distinct atomic arrangements of C—S—S—¢C, it
is possible to classify the three configurations within the 490-550 cm ™!
range: gauche-gauche-gauche (g-g-g) (510 cm™Y), gauche-gauche-trans
(g-g-t) (525 cm’l) and trans-gauche-trans (t-g-t) (540 cm’l) (Brandt,
Chikishev, Golovin, Kruzhilin, & Zalevsky, 2014).

As shown in Table 2, with the increase in the number of FTs, the g-g-g
configuration content of the sample showed an increasing trend, and the
g-g-g configuration content of the control group increased by 5.11 %
(from 72.31 % to 77.42 %) and that of the experimental group increased
by 3.96 % (from 72.78 % to 76.74 %). The content of the g-g-t confor-
mation and the t-g-t conformation exhibited a notable decrease. The g-g-
g conformation is the most stable structure, the lowest energy, and the
least ductile (Zhou et al., 2014). Combined with the decrease in S—S
bonds content, it is reasonable to speculate that the increase in g-g-g is
due to the structural instability of the breaking of g-g-t and t-g-t in FTs.
The presence of sanxan effectively prevents the breakdown of the g-g-t
and t-g-t structures, thereby promoting the preservation of the stable
structure of gluten and offering a protective effect in delaying gluten
contraction.
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Table 2
Effects of sanxan on the microenvironment of gluten amino acids and confor-
mational changes of disulfide bond of SFFCNs during FTs.

Sanxan FT Aromatic amino acid  Disulfide bridges conformations
(%) (cycles) environment
I7ss Igs4/Ig30 888 t-g-g (%) t-g-t (%)
(%)
0 0 0.24 + 421 + 72.31 21.51 + 6.18 +
0.01¢A 0.06%* + 0.02% 0.28%
0.47A
6 0.39 + 4.67 + 75.48 19.59 + 4.93 +
0.03% 0.08°* + 0.07°* 0.53%
0.55"4
10 0.51 + 5.25 + 77.42 18.44 + 414 +
0.0134 0.10% + 0.82¢4 0.02°®
0.17%A
1.2 0 0.21 + 416 + 72.78 21.08 + 6.14 +
0.04%4 0.10°4 + 0.02%8 0.50°*
0.51°4
6 0.33 + 427 + 75.93 19.47 + 4.60 +
0.01%4 0.04%%8 + 0.37%°A 0.22°8
0.15%
10 0.40 + 4.68 + 76.74 18.56 + 470 +
0.074 0.16°® + 0.50°4 0.30°*
0.223A

Note: Data are expressed as mean + standard deviation (n = 3). Different
lowercase letters indicated significant difference under the same dosage and
different FTs (P < 0.05); Different capital letters indicated that sanxan had
significant differences under different dosage and same FTs (P < 0.05). Abbre-
viations are: SFFCNs, salt-free frozen-cooked noodles. FTs: freeze-thaw cycles.

3.5. Effect of sanxan on the micro-environment of aromatic amino acid of
gluten in SFFCNs during FTs

The gluten structure was analyzed using Fourier transform Raman
spectroscopy (FT-Raman), which facilitated the detection of changes in
the conformational states of amino acids by examining the positions and
intensities of the absorption peak (Wang et al., 2020). The alteration in
the intensity of the 755 cm~! band (I755) can be used as a means to
evaluate the strength of hydrogen bonds and to assess the level of
exposure experienced by tryptophan (Trp) residues. Badii and Howell
(2006) suggested that the decrease indicated a tendency for Trp residues
to be located within a hydrophobic microenvironment, resulting in the
formation of a more disordered structure. On the contrary, an increase in
I755 indicated that Trp residues were exposed to a hydrophilic envi-
ronment. As shown in Table 2, with an increase in the number of FTs, the
value of I7s5 in the control group increased from 0.24 to 0.51, indicating
that the hydrophobic polymerization of Trp residues was weakened
when exposed to a hydrophilic environment. After the addition of 1.2 %
sanxan, the I755 value increased from 0.21 to 0.40, and the change (0.19)
was smaller than in the control group (0.27). This indicates that the
presence of sanxan reduces the exposure of Trp residues, impedes the
recrystallization of ice crystals in the FT process, and decreases the
water’s phase transition.

The presence of a bimodal ratio (Igs4/Ig3g) in the vibrational fre-
quencies of tyrosine (Tyr) at 854 and 830 cm™! provides compelling
evidence for the involvement of phenolic hydroxyl groups in hydrogen
bonding. The decrease in Igs4/Ig3o values corresponds to an increase in
hydrogen bonding (Nawrocka et al., 2015). As shown in Table 2, the
Igs4/Ig30 ratio in the control group increased from 4.21 to 5.25 with the
increase in FTs. This occurrence demonstrates the reduction in hydrogen
bond content following FTs, which is further supported by the decrease
in p-sheet content within the secondary structure. After adding 1.2 %
sanxan, the Igs4/Ig3o ratio increased from 4.16 to 4.68, and the change
(0.52) was smaller than in the control group (1.04). This indicated that
the addition of sanxan inhibited the reduction of hydrogen bonds in the
FT process and the hydroxyl group in sanxan combined with gluten to
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form a hydrogen bond, which inhibited the overdevelopment of protein
and delayed the depolymerization of gluten.

3.6. Effect of sanxan on the ratio of free sulfhydryl (SH) and disulfide
(S—S) bonds of gluten in SFFCNs during FTs

As shown in Fig. 3A, the SH/S—S bonds ratio exhibited a significant
increasing trend in the control group with the increase in the number of
FTs, especially the number of 8, 10 times FTs increased significantly
from 2.66 to 4.27. This indicated that the ice crystals were relatively
active, causing relatively large damage to the proteins and showing a
relatively high degree of depolymerization. During the FTs, the ratio of
the experimental group also increased gradually but was always lower
than that of the control group. These results indicated that the addition
of sanxan could effectively inhibit the breakage of some S—S bonds, thus
alleviating the depolymerization of gluten during the FTs. The 8, 10
times FTs in the addition of sanxan still maintained a low growth rate,
indicating that sanxan inhibited the severe activity of the ice crystal.
These results indicated that the partial S—S in the SFFCNs system broke
with increasing number of FTs. During FTs, the migration of water and
recrystallization of ice crystals caused by temperature fluctuations
enhance gluten extrusion and intermolecular interactions of gluten,
resulting in an uneven distribution of the electron cloud density of the
S—S bonds, further compromising its bonding efficacy (Zhao et al.,
2013). Partial cleavage of intermolecular disulfide bonds can cause
gluten depolymerization (Zhang, Jia, Ma, Yang, Sun, & Li, 2022a). The
water retention ability of sanxan can enhance the proportion of non-
freezable water in SFFCNs and hinder the ability of the ice crystals to
undergo recrystallization, thereby increasing the system’s viscosity and
mitigating the detrimental impact of ice crystals on S—S bonds
destruction.

3.7. Effect of sanxan on the non-covalent interaction force of gluten in
SFFCNs during FTs

In addition to the presence of S—S bonds, gluten structure and
characteristics were influenced by non-covalent interactions, including
ionic, hydrogen, and hydrophobic interactions (Li et al., 2019). The
solubility of gluten in different solvents, as shown in Fig. 4, was used to
assess the dynamic alterations of the intermolecular interactions be-
tween sanxan and gluten within SFFCNs during FTs. The solubility of the
samples in Sland S2 was low, indicating that the ionic bond in SFFCNs
gluten was weak (Wang, Zou, Tian, Gu, & Yang, 2018). The observed
phenomenon could be attributed to the presence of amino acids that
have side chains that could ionize at low concentrations. The low con-
centration of amino acids with ionizable side chains is responsible for
the observed phenomenon. The observed phenomenon can be attributed
to the low concentration of amino acids that possess ionizable side
chains (Wieser, 2007). During FTs, the solubility of gluten in S1 and S2
in the control group increased by 6.60 % and 7.61 %, respectively. The
solubility of the samples with sanxan increased by 6.25 % and 5.73 % in
S1 and S2, respectively. This indicated that with the increase in the
number of FTs, the organizational structure of gluten is disrupted by the
expanding ice crystals, resulting in the deterioration of the secondary
bonds responsible for maintaining the gluten structure. Alteration in the
spatial configuration of wheat gluten could potentially result in an in-
crease in small soluble molecular proteins, thereby enhancing solubility.
Sanxan can significantly increase the solubility of gluten in S1 and S2,
which may be due to the steric hindering effect of sanxan that can
prevent the contact of ionizable amino acid residues on the molecular
chain of gluten. As a result, the ionic interaction of gluten becomes
weaker.

Gluten contains more hydrophilic groups and hydrophobic amino
acids, and due to its unique amino acid composition, gluten contains a
larger hydrophobic interaction region within the molecule and lower
solubility. The solubility of the samples exhibited a significant increase
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Fig. 3. (A) Effect of sanxan on the ratio of free sulfhydryl and disulfide bonds in gluten of SFFCNs during FTs; (B) Effect of sanxan on surface hydrophobicity of gluten
of SFFCNs during FTs. Note: Different lowercase letters indicated significant difference under the same dosage and different FTs (P < 0.05); Different capital letters
indicated that sanxan had significant differences under different dosage and same FTs (P < 0.05). Abbreviations are: SFFCNs, salt-free frozen-cooked noodles. FTs:
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Fig. 4. Effect of sanxan on non-covalent bond interaction force of gluten of SFFCNs during FTs. Note: Different lowercase letters indicated significant difference
under the same dosage and different FTs (P < 0.05); Different capital letters indicated that sanxan had significant differences under different dosage and same FTs (P
< 0.05). Abbreviations are: SFFCNSs, salt-free frozen-cooked noodles. FTs: freeze-thaw cycles.

when immersed in S3 and S4, since the presence of urea effectively
disrupted the hydrogen bonding and hydrophobic interactions, thus
facilitating gluten dissolution within the solvent (Si et al., 2021). The

urea concentration in the S4 solution was much higher than that in the
S3 solution, so the non-covalent interactions between gluten molecules
were completely disrupted and the solubility of the samples in the S4
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solution was further increased. The solubility of the control group in S3
and S4 increased by 26.02 % and 9.94 % before and after freeze-
thawing, respectively, while the samples with the addition of sanxan
increased by 6.08 % and 7.07 %, respectively. This indicates that the
freeze-thaw stability of sanxan plays a crucial role in minimizing the
damage caused by ice crystals to the structure of the gluten network
during FTs, restricting the extent of dissociation in gluten side chains
and consequently decreasing solubility. On the other hand, the presence
of sanxan can enhance the hydrophobic interactions of gluten, so that
the gluten maintains a relatively stable spatial structure and reduces the
mechanical damage to the gluten network induced by ice crystals, thus
exhibiting a lower solubility. Therefore, the hydrogen bond changes of
gluten in SFFCNs under the action of sanxan are consistent with those of
the 3.5 mirco-environment of aromatic amino acids.

3.8. Effect of sanxan on the surface hydrophobicity of gluten in SFFCNs
during FTs

Surface hydrophobicity serves as an indicator of the ability of protein
molecules to interact with each other, which significantly influences the
extent of protein molecule aggregation and solubility (Wagner, Sor-
gentini, & Anon, 2000). The solubility of the protein was influenced by
the interaction between its hydrophilic and hydrophobic characteristics,
along with the spatial arrangement of amino acids on its surface (Moure,
Sineiro, Dominguez, & Parajo, 2006).The rearrangement of hydropho-
bic components from the molecular surface to the hydrophobic region
results in modifications in amino acid composition, leading to a decrease
in interaction with water molecules, an increase in hydrophobicity, and
a reduction in protein solubility (Jiang et al., 2015).

There was a positive correlation between the amount of BPB binding
and the number of FTs. As shown in Fig. 3B, BPB binding increased by
7.84 % (from 127.34 to 134.33 ng) before and after FTs in the control
group and by 5.37 % (from 114.29 to 120.43 pg) in the experimental
group. During FTs, the volume of ice crystals in the SFFCNs system ex-
pands with temperature fluctuations, which changes the conformation
of gluten. At the same time, because of the weaker interaction between
proteins, some proteins unfolded, leading to an increase in the exposure
of hydrophobic regions previously concealed within the molecules.
Consequently, this resulted in an increase in the hydrophobic surface of
the proteins.

In contrast to the control group, the experimental group demon-
strated a decrease in BPB binding, suggesting that the gluten’s hydro-
phobic sites were shielded, resulting in a reduced surface
hydrophobicity. Tang et al. (2019) observed a decrease in the surface
hydrophobicity of gluten after incorporation of carboxymethyl cellulose
(CMQ). Kato and Nakai (1980) used hydrophobic partitioning to eval-
uate the surface hydrophobic characteristics of native, unfolded and
surfactant-bound proteins. The findings indicated an inverse relation-
ship between the a-helix content of the proteins and their surface hy-
drophobicity. Other studies have also demonstrated a significant direct
relationship between the content of random coil formations and the
level of hydrophobicity exhibited on their surfaces (Jiang et al., 2015).
Therefore, the sanxan-induced alterations in the gluten surface hydro-
phobicity of the SFFCNs exhibited a similar trend to the variations
observed in a-helix and the random coil composition within the 3.3
secondary structure.

4. Conclusions

In this study, the compositional and structural properties of gluten in
SFFCNs with a proper amount of sanxan were investigated as FTs
increased. The action mechanism of sanxan on gluten was elucidated in
terms of the molecular weight distribution and subunit distribution,
covalent and non-covalent bonds, secondary structure, conformation of
S—S bonds bridge, micro-environment of amino acids, and surface hy-
drophobicity. The results showed that sanxan had the ability to regulate
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the molecular weight distribution and subunit composition of gluten.
Additionally, the addition of 1.2 % sanxan increased the total amount of
glutenin and decreased the total amount of gliadin, thereby promoting
gluten aggregation compared to the control group. Analysis of the pro-
tein conformation showed that after 10 FTs, the content of a-helices in
the control group decreased rapidly from 15.45 % to 10.74 %, while the
content of random coils increased significantly from 19.19 % to 26.53 %.
In contrast, the sanxan with 1.2 % addition only changed by 1.13 % and
1.04 %, respectively, indicating that sanxan was able to enhance the
freeze-thaw stability of SFFCNs. In addition, the presence of sanxan
retarded the breakage of the S—S bonds and contributed to an increase
in the percentage of g-g-g structure in the S—S bonds bridge (3.96 %). In
conclusion, the addition of sanxan increased the viscosity of the system
and decreased the phase transition in water, thereby delaying changes in
molecular weight, conformation, and protein interactions of SFFCNs
during FTs. These results elucidated the mechanism by which sanxan
enhances the quality of SFFCNs from the perspective of gluten. In
addition, it is necessary to investigate the interaction between sanxan
and starch in SFFCNs during frozen storage and cooking in order to fully
explore the mechanism of improvement.
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