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transportation during production, that is, refrigerate the 
semi-finished product, thaw it when used, and then carry 
out the rest of the production process [1]. During long-
term transport storage, freezing and thawing, frozen dough 
undergoes a series of temperature variations, which can 
induce ice crystal growth and recrystallization [2]. Recrys-
tallization during frozen storage can cause mechanical dam-
age to dough tissue, destroying the gluten protein network 
structure, and when storage duration is extended, the struc-
ture and composition of dough protein shrink and break 
[3]. The physicochemical characteristics of starch in frozen 
dough did not change substantially with storage duration, 
showing that low temperature freezing had little influence 
on starch’s freeze-thaw stability [4]. Wheat gluten protein 
is an important part of frozen flour products in addition to 
raw starch and water [5]. In order to understand the mecha-
nism of physical and chemical changes of flour products 
during frozen storage, it is necessary to analyze the changes 
of wheat gluten protein. Wheat gluten protein components 
are linked together by various chemical linkages, which not 
only form a high strength network structure but also offer 
the dough adhesiveness and flexibility [6]. Wheat gluten 
protein has an important influence on the processing and 
production of frozen dough and frozen flour products, and 

Introduction

Frozen dough refers to semi-finished products processed 
by freezing technology in order to facilitate storage and 

Haiyan Gao and Kexin Meng authors contribute equally.

  Haiyan Gao
gaohaiyan127@163.com

Yufen Liu
yufen_liu@163.com

Kexin Meng
mkx15736938616@163.com

Jie Zeng
zengjie623@163.com

Yueqi Qin
qyq19970521@163.com

Yunfei Dai
yunfei_dai@126.com

1 School of Food Science, Henan Institute of Science and 
Technology, 453003 Xinxiang, China

2 College of Life Science, Fujian Agriculture and Forestry 
University, 350002 Fuzhou, China

Abstract
In this paper, gluten proteins in fermented dough were taken as the research object, and the variations in their physico-
chemical properties after storage at subfreezing (-9 °C, -12 °C) and − 18 °C were compared. The soluble protein concen-
tration (beginning: 20.77 mg/g; end of storage: 14.21 mg/g at -9 °C, 11.88 mg/g at -12 °C, 9.38 mg/g at -18 °C), water 
holding capacity (beginning: 5.13%; end of storage: 3.28% at -9 °C, 3.02% at -12 °C, 3.77% at -18 °C), emulsifying 
capacity (beginning: 50%; end of storage: 47% at -9 °C, 45% at -12 °C, 46% at -18 °C), foaming capacity, and foaming 
stability of gluten protein decreased as storage time increased at different temperatures. Wheat gluten protein showed an 
increasing trend in oil holding capacity and emulsifying stability. There was no significant variation in wheat gluten pro-
tein quality between the subfreezing storage group and the − 18 °C storage. The sulfhydryl disulfide bond and SDS-PAGE 
results showed that storage temperature had no significant effect on oxidative denaturation and subunit content of gluten 
protein. In brief, subfreezing storage can effectively maintain the quality of gluten protein close to -18 ℃.
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the product’s ultimate edible value is also connected to its 
quality [7]. Guadarrama-Lezama et al. [8] discovered that 
the viscoelasticity and network structure of wheat gluten 
protein influenced dough water absorption and adhesion. 
Tang and Liu [9] found that the molecular weight of wheat 
gluten protein was substantially linked with dough physi-
cal changes. High molecular weight glutenin subunits are 
thought to be the primary components determining dough 
rheological characteristics [10].

During storage at -18 °C, the recrystallization of water 
will not only damage the gluten protein structure in the 
dough, but also decrease the water holding capacity and gas 
holding capacity of the dough [11, 12]. Subfreezing refers 
to the freezing of free water and some uneasy flowing water 
used by microbial reproduction in food, and the combined 
water is not frozen. The process is straightforward, simple to 
control, and simple to use in industrial production. Previous 
studies discovered that subfreezing storage (-9 °C, -12 °C) 
and − 18 °C storage had no influence on dough quality or 
sensory features [13, 14].

The aim of this study was to investigate the effects of 
different storage temperatures (-9℃, -12℃, -18℃) on the 
physicochemical and functional properties of gluten pro-
tein, so as to provide a theoretical basis for further optimiz-
ing the frozen storage process in frozen flour products.

Materials and methods

Materials

Wheat flour (all-purpose flour) was provided by Yihai Kerry 
Group Co., Ltd., Henan, China. The chemical composition 
of flour: protein 12.8%; lipid 1.6%; wet gluten 32.43%; 
moisture 10.07%; sedimentation value 36.76 ml; ash 0.55%. 
Highly active dry yeast was provided by Angel Yeast Co., 
LTD., Hubei, China.

Preparation of gluten protein

Fermented dough was prepared according to the method of 
Meng et al. [13], and the wheat gluten protein was extracted 
by the method of Day et al. [15]. 100 g flour, 1% yeast, 50% 
ultrapure water and 1% white granulated sugar (based on 
the weight of flour) were put into the dough mixing machine 
(DL-C03, Dongling Electric Co., Ltd., Guangdong, China), 
stirred for 8 min, and then fermented for 40 min at a humid-
ity of 80% and a temperature of 37 °C. Let the dough stand 
in ultrapure water for 30 min and then rinse it with water to 
extract gluten protein.

The prepared wheat gluten protein (360 g) was divided 
into spheres with diameter of 2 cm and wrapped with 

preservative film. These samples were divided into three 
groups and quick-frozen at -32 °C in a cryogenic incuba-
tor (HYC-TH-80DH, Dongguan Hongjin Testing Instru-
ment Co., Ltd., Dongguan, China) to central temperatures 
of -9 °C, -12 °C and − 18 °C, respectively, then transferred 
into other cryogenic incubators with the same temperature. 
Samples at -9 °C were stored for 0, 30, 60, 75, 90, 120, 150 
d, samples at -12 °C and − 18 °C were stored for 0, 30, 60, 
90, 120, 150, 180 d. The sample was taken out, dried by 
vacuum freeze dryer (LGJ-18, Beijing Songyuan Huaxing 
Scientific Instruments Co., Ltd.), then crushed and passed 
80 mesh sieve. Gluten protein extracted from fresh dough as 
control group (CK). The samples stored at -9 °C storage for 
75 d were used to determine the glutenin subunits.

Soluble protein content

Bradford [16] method was used for determination.

Water holding capacity and oil holding capacity

0.10 g of sample was weighed and put into a centrifuge 
tube. 2 g of distilled water was added into the cenetrfuge 
tube and stirred for 30 min on a magnetic stirrer (ZNCL-B, 
Henan Aibot Technology Development Co. LTD, China). 
The solution was centrifuged at 3000r /min for 10 min in 
a refrigerated centrifuge (Multifuge XIR, Thermo, USA). 
Then poured out supernatant and recorded total mass of cen-
trifuge tube and precipitate [17].

The oil holding capacity was measured according to the 
methods of Liu et al. [18] with some modification. Weigh 
0.50 g sample and place it in a centrifuge tube. Record the 
total mass of the sample and the centrifuge tube. Added 5 
mL soybean oil into the centrifuge tube, stirred evenly, and 
centrifuged it at 2200 r/min for 25 min. Then poured out 
supernatant and recorded total mass of centrifuge tube and 
precipitate.

Emulsifying ability and emulsifying stability

A gluten protein suspension was obtained by placing 0.2 g 
of gluten protein into 100 ml of distilled water and stirring 
thoroughly. 20 mL of soybean oil was mixed with 20 mL of 
gluten protein suspension. Then the emulsifying ability and 
emulsifying stability of samples was determined accord-
ing to the method described by Wang et al. [19]. The mixed 
solution was stirred for 1 min in a high-speed shearing dis-
persing emulsifier (Shanghai Fluke Fluid Machinery Manu-
facturing Co., Ltd.) (10,000 r/min). The emulsion obtained 
was transferred to two 10 mL centrifuge tubes, respectively. 
One of them was centrifuged in a centrifuge (3000 r/min) for 
10 min to record the volume of the emulsion layer. Samples 
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that measure emulsifying stability were bathed at 50 °C for 
30 min, then the centrifuge tube was removed and cooled 
to room temperature. Finally, the centrifuge (3000 r/min) 
was centrifuged for 10 min, and the volume of the emulsion 
layer at this time was recorded.

Foaming capacity and foaming stability

0.5 g gluten protein was placed in 100 mL distilled water 
and stirring thoroughly. The foaming capacity and foaming 
stability of the gluten protein were determined according 
to the method of Chen et al. [20]. The mixed solution was 
stirred for 1 min in a high-speed shearing dispersing emulsi-
fier (10,000 r/min). The solution was immediately poured 
into a 250 mL measuring cylinder and the total volume 
of the foam was read out quickly. After the foam was left 
standing at room temperature for 30 min, the total volume 
of the foam and the liquid was recorded.

Sulfhydryl and disulfide bond

 ● Ye et al. [21] and Jo et al. [22] methods were used to 
combine the sulfhydryl groups and disulfide bonds of 
wheat gluten proteins. The 15 mg sample was dissolved 
and mixed with 1 mL Tris-Gly buffer, then 4.7 g gua-
nidine hydrochloride was added, and the buffer was 
diluted to 10 mL. When the sulfhydryl group was deter-
mined, 1 mL of the solution was added with 4 mL of 
urea-guanidine hydrochloride solution and 0.05 mL of 
Ellman ‘s reagent to measure the absorbance at 412 nm. 
When the disulfide bond was determined, 1 mL solution 
was taken, 0.05 mLmercaptan and 4 mL urea-guanidine 
hydrochloride solution were added. After shaking, the 
solution was placed at 25°C for 1 h, 10 mL 12% tri-
chloroacetic acid was added, and the solution was kept 
at 25°C for 1 h. The solution was centrifuged at 3 000 
r/min for 10 min, and the precipitate was washed twice 
with 5 mL 12% trichloroacetic acid. The precipitate was 
dissolved in 10 mL 8 mol /L urea, 0.04 mL Ellman ‘s 
reagent was added, and the light absorption value was 
measured at 412 nm in the dark.

SDS polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was modified by Yu et al. [11] and Wang et al. 
[23]. Due to the excessive samples in the frozen storage 
process, the representative samples at the beginning, middle 
and end of storage (0 d, 75 d and 150d samples stored at 
-9 °C, 90 d and 180 d samples stored at -12 °C, 90 d and 180 
d samples stored at -18 °C) were selected for observation. 

1 g wheat gluten protein sample was mixed with 20 mL Tris-
HCl (pH = 6.8), stirred thoroughly, extracted (25 °C, 2 h ), 
centrifuged (4000 r/min, 20 min). 0.4 mL supernatant and 
the sample buffer were mixed in a micro centrifuge tube. 
The centrifuge tube was heated in boiling water for 5 min 
and cooled to room temperature. The gel consists of 5% 
stacking gel and 20% separating gel. Dye with Coomassie 
brilliant blue R-250.

Statistical analyses

The test data were analyzed by Origin 9.0 and SPSS 16.0. 
Each sample was measured in parallel to three groups, and 
the experimental results were represented by mean ± stan-
dard deviation. ANOVA was used for significance analysis, 
and the significance level (P) was 0.05.

Results and discussion

Soluble protein content

Because wheat gluten protein contains high non-polar amino 
acids and glutamine side chain, it is easy to form hydropho-
bic action and hydrogen bond. The low solubility of gluten 
protein is due to the high content of non-polar amino acids 
in the amino acid composition of gluten protein, which 
is easy to produce hydrophobic interaction. Some amino 
acid side chains are easy to interact with to form hydrogen 
bonds. When dissolving gluten protein, it is necessary to 
destroy both hydrophobic interaction and hydrogen bond 
[16, 24]. Figure 1 shows that the soluble protein content 
was negatively correlated with storage time. This is because 
frozen storage makes the network structure of wheat glu-
ten protein constantly formed and destroyed by growing 
ice crystals [25], resulting in the weakening of secondary 
bonds of wheat gluten and the exposure of internal hydro-
phobic groups to the aqueous phase [26], so the soluble 
protein content of wheat gluten protein gradually decreases. 
The soluble protein content in the control group (CK) was 
20.77%, which was similar to the experimental results of 
Yong et al. [27]. At the conclusion of the prolonged storage, 
the soluble protein content of gluten proteins in subfreezing 
storage (-9 °C, -12 °C) were 14.21%, 11.88%, and that of 
-18 °C was 9.38%, which decreased by 31.56%, 42.8% and 
54.8% respectively compared with the CK. The content of 
soluble protein (-9 was 14.21%, -12 was 11.88%) storage 
at subfreezing temperatures was higher than that storage at 
-18 °C (9.38%). Therefore, storage at -9 °C and − 12 °C is 
conducive to delaying the decline of soluble protein content 
of gluten protein.
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holding capacity as storage time increased. The develop-
ment and recrystallization of ice crystals damages the net-
work structure of gluten protein during storage. In addition, 
the change of wheat gluten conformation causes the expo-
sure of hydrophobic groups, which weakens the binding 
ability of wheat gluten to water molecules, and finally leads 

Water and oil holding capacity

The water holding capacity of proteins is related not only 
to the presence of hydrophilic and hydrophobic groups, but 
also to the physical interception capacity of the protein gel 
network [28]. Figure 2a depicts the steady decline in water 

Fig. 2 Changes of water holding capacity and oil holding capacity of wheat gluten protein at different storage temperatures
(a) water holding capacity; oil holding capacity

Fig. 1 Changes of soluble protein 
content in wheat gluten protein at 
different storage temperatures
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Emulsifying capacity and emulsion stability

Emulsifying capacity and emulsion stability are impor-
tant indexes for maintaining protein properties, which are 
affected by many factors [31]. Foaming stability is affected 
by the rheological properties of protein film. As can be 
seen from Fig. 3, the emulsifying stability and ability of 
wheat gluten displayed the opposite pattern as storage time 
increased, demonstrating a decrease and upward trend, 
respectively. The amount of soluble protein in the wheat 
gluten protein in Fig. 1 is constantly reduced, making it 
difficult for the protein to diffuse to the oil/water interface 
and reducing emulsification. Furthermore, the interaction 
between the wheat gluten protein-water phase and the wheat 
gluten protein-oil phase influences the stability of the emul-
sion layer. Because of the change in protein conformation, 
the interaction between the two phases was strengthened, 
resulting in a more stable emulsion layer [32]. At the end of 
storage, the emulsifying capacity and emulsion stability of 
the subfreezing storage groups were not significantly differ-
ent from those of the − 18 °C storage group (p > 0.05). This 
experiment demonstrated that subfreezing could effectively 
inhibit the decrease of gluten protein’s emulsifying capac-
ity and provide a storage effect comparable to freezing at 
-18 °C.

Foaming capacity and foaming stability

The foaming capacity of proteins is primarily influenced by 
soluble protein content, molecular flexibility and other fac-
tors [33]. Foaming stability is affected by the rheological 

to the decline of water holding capacity of wheat gluten 
[4]. At the end of the storage, the water holding capacity of 
gluten protein under subfreezing temperatures and − 18 °C 
was 3.28%, 3.02% and 3.77%, respectively. At 150 days of 
storage, there was no significant difference in water hold-
ing capacity of gluten proteins between subfreezing (-9 °C, 
-12 °C) and − 18 °C storage, but the difference was signifi-
cant at 90 d and 120 d of storage.

Protein damage exposes hydrophobic bonds and increases 
its oil holding capacity [29]. The oil holding capacity of 
wheat gluten protein increased constantly during the cryo-
preservation procedure, as shown in Fig. 2b. This is due to 
the fact that freezing changes the ice crystal within the wheat 
gluten protein, which in turn changes the protein’s structure 
and exposes more hydrophobic groups, so the oil holding 
capacity of wheat gluten protein increases [30]. Gluten pro-
teins stored at subfreezing temperatures (-9 °C, -12 °C) and 
− 18 °C at the conclusion of the storage period had oil hold-
ing capacities of 2.6, 3.2, and 3.1, respectively. Varying stor-
age techniques showed different effects on the oil holding 
capacity of proteins. Oil holding capacity of wheat gluten 
was significantly larger than that of CK during subfreezing 
storage and − 18 °C storage, however there was no signifi-
cant difference in oil holding capacity between − 12 °C and 
− 18 °C at the later storage stage (p > 0.05). This demon-
strates that the effect of subfreezing storage on enhancing 
the oil holding capacity of gluten protein is comparable to 
that of usual − 18 °C commercial freezing storage, and the 
sample quality remains higher.

Fig. 3 Changes of emulsifying capacity and emulsion stability of wheat gluten protein at different storage temperatures
 (a) emulsifying capacity ; (b) emulsion stability
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was caused by the exchange of sulfhydryl group and disul-
fide bond in wheat gluten protein during freezing storage, 
and the increase in sulfhydryl group content was caused by 
disulfide bond transformation [38]. The continuous oxida-
tion of wheat gluten protein weakens the gluten strength 
over time. Ice crystal damage to the network structure may 
be causing the deterioration of gluten protein quality. The 
contents of disulfide bonds and sulfhydryl groups in gluten 
stored at -12 °C did not differ significantly from storage at 
-18 °C. At the storage end point, the amount of sulfhydryl 
in subfreezing storage (-9 °C, -12 °C) was not significantly 
different from storage at -18 °C. These findings suggest that 
different storage methods have different effects on the oxi-
dative denaturation of proteins. In the subfreezing storage 
group, the degree of protein oxidation was similar to the 
traditional − 18 °C commercial storage effect, and the qual-
ity of gluten protein was maintained well.

SDS-PAGE

It can be seen from Fig. 6 that wheat gluten protein moves 
on the electrophoresis map according to the different molec-
ular weight of its subunit, which is mainly divided into three 
regions: high molecular weight band (molecular weight of 
43,000 Da and above), medium molecular weight band 
(22,000–43,000 Da; Contains 22,000 Da) and low molec-
ular weight bands (below 20,100 Da). By comparing the 
protein bands in Fig. 6, it was found that the number and 
relative mobility of protein bands did not change much in 
the samples of subfreezing (-9 °C, -12 °C) and frozen stor-
age (-18 °C). This conclusion was consistent with the find-
ings of Wang et al. [34] that the content of each subunit of 

properties of protein film. It can be seen from Fig. 4 that 
the foaming capacity and foaming stability of wheat glu-
ten decreased continuously as storage time increased. Dur-
ing storage, wheat gluten protein aggregates and denatures 
gradually during storage due to the formation of ice crystals 
[34], reducing not only the flexibility and soluble protein 
content of wheat gluten protein, but also causing a con-
formational change in wheat gluten protein. As a result of 
the wheat gluten protein failing to fully unfold at the air/
water interface, foamability suffers. The decrease in foam-
ing stability is due to a decrease in protein-water interac-
tion caused by the exposed of hydrophobic groups in protein 
[35]. Through the study of this experiment, it was found that 
there was no significant difference in foaming ability and 
foaming stability at the end of storage between subfreezing 
storage (end of storage at -9 °C is 150d, end of storage at 
-12 °C is 180d) and − 18 °C storage (end of storage at -12 °C 
is 180d), and the storage effect was similar.

Content of sulfhydryl and disulfide bonds

Sulfhydryl and disulfide bonds help proteins maintain their 
tertiary structure by maintaining structural stability and 
functionality [36]. The oxidation degree of protein can be 
expressed by the content of sulfhydryl and disulfide bond. 
Figure 5 shows that the content of the sulfhydryl group in 
the sample is about 2–3 times that of the disulfide bonds, 
which is similar to the results of Fan et al. [37]. And as 
storage time increased, the sulfhydryl content and disulfide 
bond concentration of gluten proteins at different storage 
temperatures showed opposing patterns, gradually increas-
ing and gradually decreasing. The reason for this change 

Fig. 4 Changes of foaming capacity and foaming stability of wheat gluten protein at different storage temperatures
(a) foaming capacity; (b) foaming stability
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production [40], the number of glutenin subunits decreases 
significantly.

gluten and gliadin remained basically unchanged under the 
condition of constant temperature frozen storage, and there 
was no covalent aggregation behavior of each subunit of 
gliadin. It is consistent with the results of Ribotta et al. [39] 
that freezing storage time has a certain effect on the glu-
ten subunits. Because some low molecular weight glutenin 
subunits (B-type) and high molecular weight glutenin sub-
units had been significantly depolymerized during dough 

Fig. 6 Changes of subunits of wheat gluten protein at different storage temperatures. The bands from 1 to 8 were standard protein: 1: marker; 2: 
control; 3: −9 °C, 75 d; 4: −12 °C, 90 d; 5: −18 °C, 90 d; 6: −9 °C, 150 d; 7: −12 °C, 180 d and 8: −18 °C, 180 d, respectively

Fig. 5 Changes of sulfhydryl and disulfide bonds of wheat gluten protein at different storage temperatures
(a) sulfhydryl (SH); (b) disulfide bonds (S-S).
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Conclusion

The soluble protein concentration, water holding capacity, 
emulsifying capacity, foaming capacity, and foaming stabil-
ity of wheat gluten decreased with the increase of storage 
time at different storage temperatures. Oil holding capacity 
and emulsion stability showed an increasing trend. The sulf-
hydryl concentration in gluten protein increased over time at 
different storage temperatures, while the disulfide bond con-
tent gradually decreased. Storage temperature had different 
effects on oxidative denaturation of gluten protein, and the 
lower protein oxidative degree was showed in subfreezing 
storage group. SDS-PAGE results reflected that there is no 
difference in the subunits of gluten protein between sub-
freezing temperature storage and common frozen storage 
(-18 °C). In short, there was no significant difference in pro-
tein properties between the subfreezing temperature storage 
and traditional frozen storage ( -18 °C), that is, subfreezing 
storage (-9 °C, -12 °C) has a similar storage effect to -18 °C 
storage, and it is an energy saving method of frozen storage.
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