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sheets, which have similar lengths and widths, are a crucial 
ingredient in both dumpling and noodle preparations. How-
ever, noodles typically have very narrow widths and longer 
lengths than dough sheets [2]. Dough sheets typically have a 
four-fold symmetry and can resemble circular or rectangular 
shapes, with an approximate thickness of 1 mm. During the 
preparation of dough sheets for dumplings, starch granules 
become embedded in the gluten matrix, which forms a com-
plex polymer. However, in the subsequent boiling process, 
the structure of the protein-starch matrix of dough sheets 
tend to be disrupted or weakened, resulting in reduced 
viscoelasticity of the dough sheets and and an increase in 
cooking loss [3]. Additionally, the presence of large gaps 
in the gluten polymers and an unstable network contribute 
to issues such as cloudy soup and foaming with a soft tex-
ture and poor taste during the boiling process [4]. Therefore, 
there is a significant need for strategies to improve the qual-
ity of dough sheets and overcome undesired changes that 
occur during water boiling.

Hydrocolloids are a type of polymer that consists of long 
chains and hydroxyl groups derived from natural substances, 

Introduction

According to a report from the United Nations Food and 
Agriculture Organization (FAO), the total global wheat pro-
duction in 2021 was 769.7 million tons, with 67% of it being 
consumed as food [1]. Wheat dough is transformed into 
different forms, such as noodles and bread, using various 
cooking methods like steaming, boiling, and baking. Simi-
lar to the preparation and processing of noodles, dumplings 
have been a traditional Chinese delicacy and considered 
as an important staple food for several centuries. Dough 
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including plant roots, algae, microorganisms, and animals 
[5]. The content and hydration properties of hydrocolloids 
added to wheat flour products are crucial for improving 
their quality. Due to the strength and stability of wheat flour 
dough induced by hydrocolloids, the viscoelasticity of the 
dough is improved, and the bread prepared has a stable inter-
nal structure and mouthfeel [6]. In addition, the inclusion of 
hydrocolloids such as xanthan, guar gum, and alginate has 
been used to reduce the cooking loss rate and turbidity in 
noodles during the boiling process [7]. Xanthan gum and 
carrageenan significantly enhance hydrophilic interactions, 
leading to improved cooking yield, while locust bean gum 
enhances the texture of the boiled noodles with an increased 
hardness [8]. Despite the wide range of functions hydro-
colloids perform in enhancing the behavior of bread and 
noodles, there has been relatively little research conducted 
on their impact on dough sheets during the boiling process.

Recently, there has been significant interest in the use of 
phosphate salts to improve the quality of food and industrial 
applications. These salts serve as buffering, chelating, dis-
persing, and water retention agents [9]. Disodium Phosphate 
and sodium pyrophosphate have been found to contribute to 
the peak viscosity of wheat flour. This leads to noodles with 
lower hardness and higher stickiness [10]. Sodium tripoly-
phosphate has been shown to improve the surface color and 
reduce cooking loss in whole wheat noodles after the boil-
ing process. Sodium hexametaphosphate and sodium dihy-
drogen phosphate strengthen the dough network structure 
and increase the boiled noodle hardness [11]. Meanwhile, 
it is necessary to conduct systematic studies on the overall 
quality of dough sheets modified by phosphate salts during 
the boiling process and their impact on the gluten network 
in the microstructure.

To better understand the cross-linking of the gluten 
network and the properties of dough sheets, quantitative 
characterization and calculation of gluten changes can be 
achieved through microstructure observation methods [12]. 
Additionally, an X-ray scan can be used to explore the 
porosity changes and construct a 3D model to evaluate the 
gluten network structure and process quality of wheat pro-
duction [1, 13]. This paper aimed to investigate the impact 
of hydrocolloids and phosphate salts on the development 
of wheat flour dough and the subsequent effects of boiling 
dough sheets. Specifically, we examined the thermomechan-
ical properties, rheological behavior, processing quality, and 
microstructure of the dough sheets with various types and 
additional contents of phosphate salts and hydrocolloids. 
Our study is to determine how these additions impact the 
microstructure of dough and dough sheets during the boil-
ing process.

Materials and Methods

Materials

Wheat flour was purchased from the JinShaHe Group 
(Hebei province, China). The content of protein and ash 
was determined as 12.4% and 0.73%. Hydrocolloids and 
phosphate salts were used in this study, including Xanthan, 
Guar gum, TSPP, and DSP, and were from Henan Quanji 
Bioengineering Co., Ltd. All other chemicals used were of 
analytical grade.

Preparation of the Dough and Sheets

The dough sheets were prepared according to the previous 
report [14]. The control group consisted of 200 g wheat flour 
(14% wet base) and 90 mL deionized water. Each type of 
hydrocolloid and phosphate salt, including Xanthan, Guar 
gum, TSPP, and DSP, was added at levels of 0.1%, 0.3%, 
0.5%, and 0.7% (flour weight basis). Then, the flour was put 
into a mixer (5KSM95CWH, KitchenAid, USA) to form a 
dough at speed 2 for 6 min. The prepared dough was rested 
for 20 min in a wake-up box (JXFD 8, Dongfu Jiuheng, Bei-
jing, China, 35 °C, relative humidity 75%). Then, the rested 
dough was passed into a sheeting machine (DMT-5, Fux-
ing, Yantai, China) for sheeting and folding. Subsequently, 
the folded dough underwent four further reductions with the 
adjustment of the roll gap of the machine (3 mm, 2 mm, and 
1 mm). Finally, the 1.0 mm thick dough sheet was cut into a 
circular piece with a diameter of 70 mm.

Mixolab Measurements

A Mixolab analyzer (Chopin Technologies, France) was 
used to test the mixing and starch pasting properties of the 
dough. The dough sample was prepared by adding hydro-
colloids (Xanthan, Guar gum), and phosphate salts (TSPP, 
and DSP), within the concentrations range of 0%, 0.1%, 
0.3%, 0.5%, and 0.7% (based on the weight of flour). The 
Mixolab measured parameters according to the AACC 
International Approved Method 54–60.01, which include 
water absorption, dough development time, dough stability 
time, weakening of protein network, starch gelatinization, 
and retrogradation [15].

Rheological Measurements

For rheological measurements, the dough sample was pre-
pared at a 1.1 Nm torque value under the Mixolab, followed 
by a creep-recovery test [16]. Dynamic rheology of dough 
samples was analyzed by the rheometer (MCR302, Anton 
Paar, Germany) equipped with a 25  mm diameter probe. 
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For the dynamic oscillatory frequency sweep measurement, 
2.0 g of dough samples were placed onto a test platform. 
The measurement was performed from 0.1 Hz-100 Hz to 
determine the G’ and G’’ of each dough sample at a constant 
strain amplitude (γ = 0.1%) in the linear viscoelastic regime.

Creep recovery tests were conducted following the 
dynamic oscillatory frequency sweep onto the dough. The 
creep compliance Jc(t) of the dough was measured at fixed 
stress (σ0 = 250  Pa) for 180 s, after which the stress was 
removed, and the recovery compliance Jr(t) of the dough 
was analyzed for 360 s. Parameters of G‘(ω), G“(ω), Jc(t), 
and Jr(t) for each dough were done in triplicate.

Power-Law Gel Model and Model Fitting

The dough was identified as a power-law material, and data 
from dough rheology are processed based on the shear mod-
ulus of the dynamic oscillatory frequency sweep tests and 
creep recovery tests. Referring to the previous experimental 
method [17], the data points of G’ and G’’ in the same fre-
quency are fitted to the corresponding power-law gel model 
expression (1) (2) to obtain the model parameters gel inten-
sity (S) and index (n).

G′ (ω) = Γ (1− n) cos
nπ
2

Sωn� (1)

G′′ (ω) = Γ (1− n) sin
nπ
2

Sωn� (2)

Equations  (3) (4) was used to model the Jc(t) and Jr(t) of 
dough to derive the model parameters for the creep and 
recovery phases.

Jc (t) =
tnc

ScΓ (1− nc) Γ (1 + nc)
� (3)

Jr (t) =
tnr − (t − tc) nr

SrΓ (1− nr) Γ (1 + nr)
� (4)

Textural Profile Analysis of Dough Sheets

The boiled dough sheets were cut into a cuboid 
(15 mm×15 mm×1 mm) and were taken into a texture ana-
lyzer (TA. XT-plus, SMS Co., London, UK). The settings 
for the TPA were: Probe: P /36R; Pretest speed: 1 mm/s; Test 
speed: 1 mm/s; Post-test speed: 2 mm/s; Strain: 75%; Pres-
sure: 5 N/ g. The mean values were obtained by conducting 
at least six analyses for each sample.

Cooking Properties of Dough Sheets

The cooking properties were analyzed by a determination 
method [18]. Dough sheets (= 7.2 ± 0.1  g) were cooked 
in sufficient boiling water for 8  min. The boiled sheets 
were removed from the boiled water, cooled with the run-
ning water for 30 s, drained on the kitchen paper to absorb 
the moisture on the surface for 2  min, then weighed and 
recorded. The cooking yield was processed according to 
formula (5). The boiled water was collected in the beaker 
and dried to a constant weight at 105 °C. The cooking loss 
rate can be calculated according to formula (6).

Cooking yield =

M4(Dough sheets weight after boiling)
N(The number of dough sheets)

× 100%

� (5)

Cooking loss =

M2(Beaker weight after baking) − M1(Beaker weight)
M3(Dough sheets weight before boiling)

× 100%

� (6)

Scanning Electron Microscopy (SEM)

The sample particles were observed by scanning electron 
microscopy (TM-3000, Hitachi, Japan). The samples were 
freeze-dried and fixed with conductive adhesive to make 
them evenly dispersed. After vacuum gold spraying treat-
ment, the sample was placed in the electron microscope 
stage at 1500 × magnification.

Confocal Laser Scanning Microscopy (CLSM) Analysis

The network structure of the dough and dough sheets 
was visualized using CLSM. After cryo-embedding with 
Leica Tissue Freezing Medium, the sample was sliced into 
Sect. (20 μm) using a freezing microtome (Leica CM 1850, 
Germany). The sections were stained with Rhodamine B 
(0.025%) for 1  min. Subsequently, the dyed sample was 
rinsed with deionized water and covered with a coverslip 
[19]. The CLSM images and variations in the gluten net-
work structure were analyzed and quantified using the soft-
ware Angio Tool.

Porosity of the Dough

The pore distribution in the doughs, prepared with DSP, 
TSPP, xanthan, and guar gum at a 0.5% addition, was 
observed using an X-ray microscopy scanner. The experi-
ment was carried out immediately after the preparation of 
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water absorption efficiency and gelatinization ability of 
starch. However, the decrease of TSPP led to an increase in 
the interaction between water and solid phase components 
(such as gluten matrix and starch). The mobility of water 
in the dough was reduced, resulting in a decrease in water 
absorption [11].

When the addition content was fixed, the effect of hydro-
colloids and phosphate salts on water absorption showed a 
clear ranking (i.e., Xanthan> Guar> DSP> TSPP). This is 
because the internal structure of xanthan gum contains an 
anionic branched mannoglucuronoglucan, whereas the guar 
gum is composed of neutral branched galactomannan. The 
enhancement of the hydration of the dough is attributed to 
these two soluble high molecular weight substances [23].

The mechanical weakening of the dough (C2) showed a 
clear linear relationship with the addition of hydrocolloids 
and phosphate salts (Fig. 1b). The slope value in the linear 
fitting equation indicates that the dough was more sensitive 
to the addition of xanthan gum, guar gum, and TSPP com-
pared to DSP. Notably, the modifications induced by these 
three additives were more effective than DSP. The starch 
gelatinization (C3) of doughs prepared by the hydrocolloid 
and phosphate salts did not show significant differences but 
exhibited an increasing linear relationship. This indicated 
that the addition of hydrocolloids and phosphate salts pro-
motes starch gelatinization and starch particle swelling. 
Starch gelatinization was changed more dramatically under 
the addition of xanthan and TSPP compared to guar gum 
and DSP (Fig. 1c). During the starch retrogradation period, 
the addition of TSPP, xanthan, and guar gum did not show 
a linear relationship and presented a fluctuation situation 
(Fig. 1d). As the amount of DSP increased, the starch ret-
rogradation (C5) decreased and eventually stabilized. Xan-
than and guar gum both reached a trough at the addition 
content of 0.1%. The changes in C5 values with the addi-
tion of xanthan and guar gum indicated that low content 
of both hydrocolloids exhibited good resistance to starch 
retrogradation in a dough system [24, 25]. With increasing 
hydrocolloid content, the starch retrogradation of the dough 
system has slowly increased, leading to the arrangement of 
starch molecules in an orderly manner and the generation of 
a dense and stable network structure [26].

The gluten strength of the dough was characterized by 
the dough development time (C1 time) and dough stabil-
ity, which were time-dependent parameters. The effect of 
hydrocolloids and phosphate salts on the development time 
of doughs was shown in Fig. 1e, indicating significant varia-
tion. With the increased DSP content, the development time 
continuously increased during the dough formation process, 
indicating that the dough sample became soft and viscous. 
Under these conditions, the system was weakly alkaline 
with partial charges introduced, which made the gluten 

the dough sample. The scintillator had a pixel size of 2 μm/
pixel resolution. The test involved a peak energy of 40 kV 
and a regulated current of 100 µA. The scanning tech-
nique included a 360° rotation with 0.8° rotation steps, and 
each frame for image acquisition had an exposure time of 
0.35 s. Subsequently, Avizo software (version 2020.1, VSG, 
France) was utilized for 3D reconstruction [1].

Statistical Analysis

Each sample mixed with DSP, TSPP, xanthan, and guar gum 
was repeated three times in the experiment. The experimen-
tal data were processed and analyzed using SPSS 23.0 and 
Office 2019. The experimental results were expressed as 
mean ± standard deviation, and different letters in the same 
column showed significant differences (P < 0.05). Origin 
2021 plotting software was used to plot and fit the charts.

Results and Discussion

Effect of the Phosphate Salts and Hydrocolloids on 
the Large Strain Rheological Properties of Wheat 
Flour Dough

To measure the thermal-mechanical properties of dough, the 
Mixolab instrument is commonly used. With the addition 
of hydrocolloid and phosphate salts, changes in the torque 
(N·m) applied to the blade can significantly determine 
the strength of the protein network and the gelatinization 
behavior of the starch in the dough. Experimental results 
have shown that these tests can provide a relatively accurate 
prediction for the quality of dough-based products [20].

Our study found that the water absorption of doughs with 
added hydrocolloids exhibited different trends (Fig.  1a). 
The specific mixolab parameters of wheat flour doughs 
were showed in Table S3. Specifically, the water absorp-
tion of dough sharply increased with the increasing xanthan 
content in the dough, while guar gum did not change sig-
nificantly. The water absorption values with added different 
level of xanthan (ranging from 0.1 to 0.7%) increased from 
59.4 to 62.5%, and for the guar gum the values ranged from 
59.4 to 59.7%. This result confirmed previous farinograph 
assays that demonstrated a positive relationship between 
water absorption and hydrocolloid addition [21, 22]. With 
regard to the two types of phosphate salts, the water absorp-
tion of DSP groups, except for those with 0.1% addition 
content, increased with the increasing addition, while the 
TSPP showed a significant decreasing tendency. This may 
be due to the presence of phosphate in the form of nega-
tive ions and metal ions in the system, which improves the 
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Fig. 1  Effects of phosphate salts and hydrocolloids on the mixolab 
parameters of wheat flour doughs. (a) water absorption. (b) dough 
mechanical weakening (C2), dash lines fitted linear: y = -0.112d 
x + 0.464A, r2 = 0.987 (dark green), y = 0.219b x + 0.451A, r2 = 0.969 
(green), y = 0.10ax + 0.459A, r2 = 0.932 (yellow), y = 0.06c x + 0.450A, 
r2 = 0.811 (orange). (c) starch gelatinization (C3) dash lines fit-
ted linear: y = 0.132d x + 1.672B, r2 = 0.875 (dark green), y = 0.330b 

x + 1.616D, r2 = 0.983 (green), y = 0.447a x + 1.652C, r2 = 0.975 (yel-
low), y = 0.150c x + 1.700A, r2 = 0.983 (orange). (d) starch retrogra-
dation (C5), (e) dough development time (C1 time), and (f) dough 
stability, dash lines fitted linear: y = -2.004d x + 4.473A, r2 = 0.927 
(dark green), y = 10.856a x + 4.870A, r2 = 0.928 (green), y = 7.586b 
x + 4.451A, r2 = 0.959 (yellow), y = 0.621c x + 4.520A, r2 = 0.721 
(orange)
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tests. The linear and non-linear parameters of G’ and G” 
were used to reflect the elastic and viscosity characteristics 
of the dough. The G’ of the dough and G” were determined 
by preparing a dough sample with 0% content, 0.5% xan-
than gum, 0.5% guar gum, 0.5% TSPP, and 0.5% DSP.

The linear viscoelastic behavior of doughs, with G’ 
and G” plotted against angular frequency(ω) was shown 
in Fig. 2. Across the frequency range, G’ was higher than 
G” for all doughs, whether DSP, TSPP, xanthan, and guar 
gum added or not. This result indicated that all doughs pre-
sented a solid-like behavior [28]. The power-law gel model 
was used to linearly fit the dynamic frequency sweep, with 
R2 values ranging from 0.94 to 0.99. For all the types of 
hydrocolloids and phosphate salts, the mean values of G’ 
and G” were 11033–25700  Pa and 4113–7850  Pa over 1 

network structure stretch and relax with increased viscos-
ity and decreased dough strength [27]. This phenomenon 
was also verified by the slope of the linear fitting equa-
tion. The dough stability ranked as TSPP > Xanthan > guar 
gum > DSP when the phosphate salts and hydrocolloid con-
tent were fixed (Fig. 1f). In conclusion, phosphate salts and 
hydrocolloids have a wide range of potential to manipulate 
the viscoelasticity of the dough.

Effect of the Phosphate Salts and Hydrocolloids on 
the Small Strain Rheological Properties of Wheat 
Flour Dough

The rheological characteristics of the doughs were measured 
by using small deformation measurements, specifically 
dynamic oscillatory frequency sweep and creep recovery 

Fig. 2  The G’ and G” shear moduli as a function of angular frequency 
(ω) for doughs prepared by adding a range of phosphate salts and 
hydrocolloids. (Red lines are the fitted curve by power-law gel model 

for the G‘(ω) and G’‘(ω) of doughs with Eqs. (1) and (2), respectively. 
Error bars show ± 1 SD, n = 3)
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characterizing the linear or non-linear viscoelasticity of 
dough with different types of hydrocolloids and phosphate 
salts.

The parameters obtained from the model were used to 
characterize the rheological properties of the dough added 
with different phosphate salts and hydrocolloids (Table S1). 
Gel strength (S) reflects the overall strength of the dough, 
while gel index (n) describes the relaxation behavior of the 
dough. When the wheat dough was mixed with DSP, the 
gel strength S’, S’’, Sc, Sr decreased significantly from 0 
to 0.5%. At low concentrations of DSP, the dough viscosity 
tended to increase due to starch gelatinization. The decrease 
in gel index (n) value, which is opposite to gel strength (S), 
implied that the dough had a slower relaxation time. More-
over, the addition of TSPP resulted in the greatest increase 
in dough strength.

The addition of xanthan and guar gum showed a sig-
nificant increase in dough strength. When the hydrocolloid 
content was fixed, higher values of S’, S’’, Sc, and Sr were 
observed for the dough prepared with xanthan. Dynamic 
oscillatory frequency sweep and creep recovery experi-
ments of dough rheology properties confirm a positive cor-
relation trend between gel strength and dough strength [17]. 
Compared to the phosphate salts and the hydrocolloids, 
the ranking of dough strength was TSPP > Xanthan > guar 
gum > DSP. The results showed that xanthan gum and guar 
gum had a stronger strengthening effect and a slower relax-
ation time on the dough (Table S1). This could be attrib-
uted to the strong binding affinity of xanthan gum, which 
potentially decreases the mobility of water molecules and 
interferes with gluten-water interactions. The linear exten-
sion conformation of guar gum makes its dough strength 
weaker than xanthan gum. Hence, the type of hydrocolloids 
determines its degree of interaction with water and gluten 
proteins in the system, which affects the relaxation behavior 
and strength of the dough [25]. The strength of the dough is 
determined by the balance between gluten network cross-
linkage and starch gelatinization, which can be modified by 
phosphate salts. The TSPP could improve the numbers of 
disulfide bonds to enhance the protein network structure, 
result the strength of dough. According to the data of n and 
S, the relaxation time of the dough is shortened by the addi-
tion of DSP, leading to an increase in dough stickiness and 
attenuation of strength with a soft texture [33].

Effect of the Phosphate Salts and Hydrocolloids on 
the Texture and Cooking Properties of Dough Sheets

The textural parameters obtained are summarized in 
Table  1. In the phosphate salts group, the effect of TSPP 
was more significant than that of DSP. The hardness of 
dough sheets with DSP and TSPP added did not show a 

Hz. When compared to the control group, the G’ and G” 
were significantly higher with the addition of TSPP, xan-
than, and guar gum, indicating that these additives could 
improve the dough’s elasticity. The increase in G’ may be 
due to the formation of disulfide bonds induced by phos-
phate salts, the polymerization of anions in xanthan gum, 
the linearly extended conformation in the guar gum mole-
cule, and the amino group of the gluten protein, which could 
further promote cross-linking of protein molecules [29, 30]. 
However, the addition of DSP resulted in lower G’ and G” 
values than the control group, as shown in Fig. 2a. This is 
consistent with the results obtained from mixolab, which 
showed a gradual increase in viscosity. The various types of 
phosphate salts weaken the solid-like properties of the glu-
ten protein system while enhancing its viscosity. Therefore, 
the degree of influence on dough’s rheological properties is 
ranked as TSPP> xanthan> guar gum> DSP.

To investigate the non-linear viscoelastic characteristics 
of doughs, the Jc (t) and Jr (t) of the doughs were measured. 
The variation range of DSP, TSPP, xanthan gum, and guar 
gum at a 0.5% addition amount is consistent with the trend 
of dynamic vibration. The higher the values of the Jc (t) and 
Jr (t), and the weaker the strength of the doughs, the greater 
the deformation of the doughs under stress [31]. The rank-
ing of dough strength is TSPP> xanthan> guar gum> DSP 
(Fig. 3). The power-law gel model was used to fit the creep 
and recovery stages of dough, resulting in slightly discrete 
fits compared to the dynamic frequency sweep (R2 = 0.86–
0.99). However, the non-linear curves were not well fitted 
during the recovery stage (t = 180–200  s). This finding is 
consistent with previous studies on whole wheat dough 
[32]. Overall, the power-law gel model is a useful tool for 

Fig. 3  The compliance as a function of time (t) for doughs prepared by 
adding a range of phosphate salts and hydrocolloids. Red lines are the 
fitted curve by the power-law gel model for the creep compliance Jc(t) 
(0 to 180 s) and recovery compliance Jr(t) (180 to 540 s) of doughs 
with Eqs. (3) and (4). Error bars show ± 1 SD, n = 3
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0.1% xanthan gum content, the cooking yield of the boiled 
dough sheets decreased from 189.68 to 177.96% as the 
amount of xanthan added increased. On the other hand, the 
addition of guar gum did not show a significant effect on 
the cooking yield of the dough sheet. Interacted with water 
through hydrogen bonding, the addition of xanthan and guar 
gum could form a gel to wrap the starch inside. The gel for-
mation could inhibit the swelling and water absorption of 
starch, resulting in a decrease in cooking yield.

Phosphate salts, such as DSP and TSPP, were previously 
thought to strengthen the network structure by promoting 
the formation of disulfide bonds and reducing the leach-
ing of amylose, thus avoiding the dissolution of the con-
tents. However, the alkalinity of DSP and TSPP leads to an 
increase in the pH of the dough sheet when added in higher 
amounts during the cooking process. This elevated pH 
can trigger the dissolution of soluble proteins, specifically 
α-gliadins and γ-gliadins, resulting in an increased cooking 
loss rate [35]. In contrast, the addition of hydrocolloids has 
been shown to reduce the cooking loss. Hydrocolloids form 
strong interactions with gluten proteins and starch granules 
through hydrogen bonding and hydrophobic interaction 
within the dough sheet system. This creates a compact and 
cross-linked of internal network structure, effectively reduc-
ing the dissolution of starch granules and protein during the 
cooking [8, 36].

Effect of the Phosphate Salts and Hydrocolloids 
on the Microstructural Properties of Wheat Flour 
Dough and Dough Sheets

The microstructures of wheat flour dough and boiled dough 
sheets prepared with the addition of 0.5% xanthan and 0.5% 
TSPP were presented in Fig. 4. Compared with the control 
group (Fig. 4a), the SEM images of doughs with 0.5% TSPP 
and xanthan gum showed a more continuous network struc-
ture and a denser gluten protein matrix (PM). Within the 
dough, starch granules (SG) become entrapped within the 
gluten network (Fig. 4b, c). The inclusion of phosphate salts 
and hydrocolloids leads to a stronger interaction between 
gluten proteins and starch granules. Consequently, the starch 
granules are better embedded within the gluten network as 
indicated by previous studies [37].

Within the dough sheets, a gel network was formed as a 
result of the random aggregation of gelatinized starch and 
heat-denatured gluten (Fig. 4d, e, f). The microstructure of 
the control group’s dough sheets showed an obvious net-
work pattern with large cross-sectional pores and an uneven 
distribution. The introduction of phosphate could strengthen 
the gluten network. Furthermore, the incorporation of xan-
than notably enhanced the internal system of the dough 
sheets, creating a compact and smooth network (Fig. 4f).

significantly linear decline, which is slightly different from 
the finding of a previous study [10]. Compared to the con-
trol group, the hardness of boiled dough sheets modified by 
the phosphate salts increased slightly, with the maximum 
values observed at 0.5% addition. The springiness, cohe-
siveness, gumminess, and chewiness showed a downward 
tendency induced by increasing DSP. The effect of TSPP 
on the TPA index of boiled dough sheets fluctuated without 
an obvious linear growth trend. The phosphate salts could 
significantly improve the texture of the noodles with a soft 
taste by strengthening the gelatinizing properties of starch, 
while different types of phosphate salts could enhance the 
gluten network. The results from both mixolab and rheo-
logical tests confirmed that the texture of dough sheets was 
influenced by the effect of the phosphate salts. This suggests 
that the hardness and springiness of the dough sheets were 
determined by the balance between the starch gelatinization 
and the strength of the dough. On one hand, the presence of 
phosphate salts contributes to an augmentation in the number 
of disulphide bonds within the dough, thereby reinforcing 
the gluten network structure. This reinforcement is evident 
as both DSP and TSPP result in heightened hardness and 
chewiness of the dough sheets. While phosphate salts also 
play a role in enhancing the starch gelatinization properties. 
Specifically, TSPP and DSP contribute to an improvement 
in starch pasting viscosity, ultimately imparting a softer tex-
ture to the dough sheets. However, the induction of TSPP 
resulted in a greater degree of hardness enhancement of the 
dough sheets compared to the promotion of starch pasting. 
This finding was similar to the results of previous studies, 
which may be due to the fact that TSPP affects the pH in the 
system, which is similar to the isoelectric point of gluten 
(pI = 7.1) [12].

As for hydrocolloids groups, the addition of xanthan 
gum resulted in an increase in hardness from 7462.99  g 
to 10918.21 g, an increase in gumminess from 5422.85 to 
7346.17, and a significant increase in the springiness, cohe-
siveness, and chewiness. Xanthan and guar gum were found 
to improve the internal network structure of the dough sheets 
by interacting with the gluten network through hydrogen 
bonding and hydrophobic force, ultimately resulting in a 
more compact complex.

Cooking yield and cooking loss rate are important indi-
cators for measuring cooking quality. The addition of DSP 
resulted in a gradual reduction in the cooking yield, with 
the minimum value of 185.15% observed at a 0.3% level 
(Table  1). The changing trend of TSPP was found to be 
similar to that of DSP. It has been reported that the addition 
of a certain amount of phosphate salts could improve the 
water-holding capacity of dough sheets [34]. The addition 
of xanthan gum has a significant impact on the boiling water 
absorption of dough sheets. Except for the dough sheet with 
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TSPP and xanthan exceeded that of the control group by 
50.33 × 103  μm and 47.44 × 103  μm, respectively, in con-
trast to the control group (25.42 × 103 μm). Meanwhile, the 
number of gluten junctions in dough mixed with TSPP and 
xanthan significantly increased from 335.5 to 1185.5 and 
1055 when compared to the control group. This finding is 
consistent with the results of the dough sheet samples mixed 
with TSPP and xanthan. It is noteworthy that the gluten 
length generally was related to an increase in the number 
of gluten connections, which determined the cross-linking 
level of gluten protein [39]. In addition, in the dough mixed 
with TSPP and xanthan, the branching rate was 2.46 × 10− 3 
and 2.33 × 10− 3 higher than the control group’s 1.10 × 10− 3. 
Simultaneously, the values for gluten width decreased from 
11.92 to 9.56 and 9.54, respectively. It’s worth noting that 
the changes in branching rate, gluten width, and lacunarity 
in the dough sheet are comparatively less pronounced than 
those observed in the dough. These findings collectively 
suggest that the gluten network with high branching rates 
and smaller protein widths exhibited a greater degree of 
crosslinking and aggregation. The end-point rate, regarded 
as an indicator to evaluate cohesion and consistency in the 
gluten network, has no significant growth trend.

The presence of pores could be considered as defects to 
disturb the formation of network structure when water and 
protein mix together. This disruption ultimately affects the 
quality characteristics of dough sheets. By using the Avizo 
software, it becomes possible to fill the pores and eliminate 
any irregular shapes outside the dough. As a result, a cube-
shaped 3D model representing the pores in the dough, with 
a 0.5% addition of DSP, TSPP, xanthan, and guar gum was 
successfully established (Fig. 6).

In our results, the presence of pores co-existed with an 
irregular and less compact network structure of the gluten-
filled granules. Compared with the control group (Fig. 6a), 

As shown in Fig. 5(a), the control group of dough had 
large pores and a loose network. Compared to the control, 
the protein network (PN) of the dough with the addition of 
TSPP was more compact with fewer pores. This indicates 
that phosphate salts could help to form highly cross-linked 
and more continuous gluten network structures. The dough 
stability time was prolonged, and the PN structure was 
strengthened by promoting disulfide and hydrogen bond 
formation induced by phosphates salts [11]. With the addi-
tion of TSPP, the PN of the boiled dough sheets was more 
closely crosslinked with large pores. The large pores inside 
the boiled dough sheets and the pores in the structure make 
it difficult to effectively control amylopectin and soluble 
protein, which is also the reason for the high cooking loss 
rate of the phosphate group. The incorporation of hydrocol-
loids also contributed to the reinforcement of the PN, result-
ing in a more uniform and continuous structure. With the 
addition of xanthan, the interaction between water and glu-
ten protein was promoted in the dough system. Meanwhile, 
the complex polymer formatted in the doughs through the 
cross-linking of cluster-like structural domains, which also 
contributed to a compact network [38]. The addition of xan-
than showed a tightly cross-linked and uniformly ordered 
network structure for the boiled dough sheets. A continuous 
and uniform PN could effectively limit water immersion and 
reduce cooking loss [29].

The CLSM images obtained from both the dough and 
dough sheets were subjected to quantitative analysis using 
the ‘AngioTool’ software, as illustrated in Fig.  5. The 
obtained data encompassed nine parameters (Table S2), 
including total gluten length, average protein length, the 
total number of junctions, total number of endpoints, gluten 
width, branching rate, end-point rate, the gluten area and 
percentage area of the gluten network. Notably, the total 
gluten length of the gluten network in dough mixed with 

Fig. 4  Scanning Electron Micro-
scopic (SEM) images of wheat 
flour doughs and dough sheets 
prepared by adding a range of 
phosphate salts and hydrocol-
loids. Doughs: (a) Control, (b) 
0.5% TSPP, (c) 0.5% Xanthan 
gum. Dough sheets: (d) Control, 
(e) 0.5% TSPP, (f) 0.5% Xanthan 
gum. SG: starch granules. PM: 
protein matrix
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distribution of pore bubbles was relatively uniform, result-
ing in an orderly and stable network structure inside.

Conclusion

In this study, the impact of phosphate salts and hydrocol-
loids on the rheological, microstructural, and cooking prop-
erties of dough and dough sheets was investigated. The 
results revealed a linear relationship between the parameters 

the porosity of dough samples containing DSP and TSPP 
was 9.42% and 5.82% (Fig. 6b, c). Notably, the addition of 
TSPP results in a significant enhancement of the gluten net-
work, leading to a reduction in porosity. A high lacunarity 
value indicates the presence of more gaps of varying sizes 
within the internal network. Such high porosity contributes 
to a more irregular and less compact gluten structure [40]. 
Similarly, xanthan gum and guar gum had similar effects, 
with porosities of 6.77% and 7.82%, respectively. The 

Fig. 5  Laser scanning confocal 
microscope (CLSM) images of 
wheat flour doughs and dough 
sheets prepared by adding a range 
of phosphate salts and hydrocol-
loids. Doughs: (a) Control, (b) 
0.5% TSPP, (c) 0.5% Xanthan 
gum and dough sheets, (d) 
Control, (e) 0.5% TSPP, (f) 0.5% 
Xanthan gum, white arrow: Pores 
and protein network (PN)
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