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This study investigated the effects of Lycium barbarum pulp (LBP) on the properties of mixed dough and gluten
protein. The results showed that appropriate addition of LBP (5 %) significantly improved the performance of the
dough, promoted the aggregation of gluten protein, enhanced the water binding ability, and delayed the gela-
tinization of starch during cooking. Compared with the control group, the peak temperature (Tp) of the LBP
sample gradually increased from 63.23 °C to 65.56 °C, the expansion force reduced by about 21.56 %, the ab-

solute Zeta potential lowered by about 18.4 %, and the « -helix content and § -folding increased by 32.36 % and
10.23 %, respectively, indicating the more orderly and stable overall structure. However, LBP did not change the
crystal configuration of starch and still showed typical type A line diffraction. Moreover, the addition of LBP
increased the polyphenol content, which further improved the antioxidant properties and provided the possi-
bility to improve the health potential of the flour.

1. Introduction

Noodles are a staple dish in many Asian nations; in mainland China,
they account for up to 35 % of total food consumption. Fresh noodles are
widely favored by consumers above other types of noodles used globally
due to their ease of preparation and ease of consumption (Wang, Tian,
Chen, & Chen, 2020). As food consumption rises and natural plants are
utilized more often in food production, most recent studies focus on how
essential noodles' quality, flavor, and nutrition are to consumers. In
recent years, the exploration of novel natural additives in food pro-
cessing has gained considerable attention. The amalgamation of natural
plants in dough systems has garnered attention for its potential to fortify
foods with health-promoting compounds. Wang et al. (2020) showed
that the addition of Monkey Head mushroom powder (HEP) signifi-
cantly reduced starch digestibility and digestibility in noodles, and the
antioxidant capacity and pasting temperature were also positively
influenced with HEP addition. It is known that tea polyphenols can
significantly improve dough strength and noodle texture (Han, Ma,
Zhang, Li, & Sun, 2020). In another study of noodle preparation, sorbitol

was mixed with wheat flour which improved the hydrogen bonding with
starch, making it a potential additive to reduce Estimated glycemic
index in starchy foods (Zhu, Guo, & Zhu, 2023).

Lycium barbarum, commonly known as goji berry, has emerged as a
promising candidate due to its rich composition of bioactive com-
pounds, including polysaccharides, vitamins, and antioxidants (Higbee,
Solverson, Zhu, & Carbonero, 2022). According to the Chinese Phar-
macopoeia, L. barbarum has a number of health-promoting benefits for
humans, including enhanced kidney and liver repair and improved
vision (Liu, Cui, & Zhang, 2022). In addition to its reported immune-
enhancing and antioxidant effects, recent studies have shown that L.
barbarum exhibits significant potential for cardiovascular health, neu-
roprotection, and antitumour activity (Hu et al., 2023). The integration
of such natural extracts into food matrices presents an intriguing avenue
to enhance nutritional value while potentially improving the physico-
chemical properties of food products. Incorporating L. barbarum into
composite dough systems presents an opportunity to augment the
antioxidant potential of resulting food products, potentially enhancing
their stability against lipid oxidation and promoting consumer health.
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Hashemi, Mollakhalili-Meybodi, Mohajeri, Fallahzadeh, and Sadrabad
(2024) showed that moderate LBP additions retained the gases produced
during the baking process, which was beneficial in enhancing wheat
bread quality. Fiery red fruit pulp has also shown unique advantages in
probiotic delivery (Suzuki et al., 2024). Moreover, the introduction of L.
barbarum polysaccharide into dough matrices may induce structural
modifications, influencing dough composition and texture (Al-Wraikat
et al,, 2021). Detailed investigations into the secondary structural
changes within the composite dough systems following the addition of L.
barbarum extract are warranted.

Our previous research indicated that the addition of LBP improved
the gluten protein, the starch-gluten composite system, and noodle
quality (Hu et al., 2023). This study endeavors to explore the multifac-
eted effects of L. barbarum on composite dough and gluten proteins,
encompassing antioxidant properties, structural modifications, pasting
behavior, thermal characteristics, rheological properties, and water
migration. Our findings provide valuable insights to develop composite
dough, healthier food that is enhanced with bioactive chemicals by
shedding light on how natural functional plants can be used to improve
the functional and nutritional qualities of the final food products.

2. Materials and methods
2.1. Materials and reagents

L. barbarum was acquired from Zhongning dried Lycium barbarum in
Zhongning County, Ningxia, China, while high-gluten wheat flour was
chosen from Golden Image flour of Hong Kong Flour Mills. In order to
use it for subsequent experiments, we took the following sample prep-
aration steps. A volume ratio of one to three was achieved by adding
dried L. barbarum to water allowed to stand for 1 h, after which it was
pulped, filtered, and stored at —20 °C to finally obtain LBP. For a whole
day, the dough samples were lyophilized at —60 °C. The freeze-dried
samples were ground using food processor (Changsha Charondo Elec-
tronic Technology Co., Changsha, China), which were subsequently
taken out of a 100-mesh sieve. Methanol, Acetone, Oxalate DPPH, ABTS
and Potassium Persulfat were purchased from Aladdin Reagent Co.

2.2. Preparation of dough and gluten

The ingredients (flour, LBP, and distilled water) specified in Table S1
were blended according to Ding, Cheng, et al. (2021) with few modifi-
cations and kneaded until the dough took shape. According to AACC
38-10 (AACC, 2009) method, obtained gluten protein were washed with
water. The dough samples with different LBP concentrations were
labeled as LBP-0 %, LBP-1 %, LBP-3 %, LBP-5 %, LBP-7 %, and LBP-9 %,
respectively, while the gluten protein samples were named G-0 %, G-1
%, G-3 %, G-5 %, G-7 %, and G-9 %.

2.3. Zeta potential

Each gluten sample was made into a 0.1 % gluten suspension with
PBS buffer (pH = 7.0) and Zeta potential was measured using a Zeta
Potential and Particle Size Analyzer (Brookhaven/90Plus PALS). Each
measurement was performed three times (including two cycles) (Chen
et al., 2021).

2.4. Measurements of dough dynamic rheological

The impact of LBP addition on rheological characteristics of dough
was examined using a rotational rheometer (MCR-302). Firstly, a strain
scanning test was carried out with a measurement system consisting of
40 mm diameter test plates with a plate spacing of 1 nm. To prevent the
dough from drying out, a suitable amount was taken, and the edges were
covered with a thin coating of petroleum jelly that was cut and applied.
Strain scanning tests were conducted at a fixed frequency of 1.0 Hz, and

Food Chemistry: X 23 (2024) 101773

a strain range of 0.01 % to 5 % after the dough was allowed to rest for 5
min. Based on the strain scan results, the fixed strain parameter for the
frequency scan was determined (set to 0.1 %), and the elastic modulus
(G, storage modulus) and viscous modulus (G", loss modulus) of the
samples for the test samples were determined by frequency scan tests
carried out at 25 °C in the frequency range of 0.1-40 Hz. Each mea-
surement was considered in triplicates at 25 °C (Chen, Cai, et al., 2019).

2.5. Swelling power

For this, 0.05 g of sample was weighed in a 2 mL centrifuge tube and
added with 1 mL of deionized water and mix well by vertexing. After 10
min at 70 °C in a water bath, the sample was heated to 100 °C in a
boiling water bath with intermittent shaking. Sample was then centri-
fuged for 10 min at 8000 rpm, and the swelling power was expressed as
the ratio of the weight of the wet sediment to that of the sample before
the experiment (g/g) (Butt, Ali, & Hasnain, 2019).

2.6. Differential scanning calorimetry

The thermal phase transition of the dough was analyzed using a
differential scanning calorimetry (DSC) instrument (Q200, TA In-
struments, Schaumburg, IL, USA). The sample (5 mg) and distilled water
(15 pL) were added to an aluminum tray. The discs were sealed and
allowed to acclimate to 4 °C for a day. After that, the samples were
heated at a rate of 10 °C per minute between 10 and 100 °C, with an
empty aluminum disc serving as a reference. After that, the samples
were heated at a rate of 10 °C per minute between 10 and 100 °C, with
an empty aluminum disc serving as a reference (Chen, Ehmke, et al.,
2019).

2.7. Water distribution

The mobility and state of water in fresh dough samples were deter-
mined by a low-field numerical magnetic resonance (NMR) apparatus
(NMI20-015 V-I). Dough samples were first placed in the bottom of a
small glass feeder (to fill 2/3 of the feeder bottle without any empty
space at the bottom) and then they were transferred into a glass tube (25
mm diameter). NMR tests were used to estimate the transverse relaxa-
tion time (T2) of the spaghetti samples using a CarrPurcell-Meiboom-Gill
(CPMG) pulse sequence. The sequence setup parameters were as follows:
number of samples (TD) = 6,000,038, sampling frequency = 200 kHz,
echo time (TE) = 0.3 ms, waiting time (TW) = 1000 ms, number of
echoes (NECH) = 10,000, and the number of cumulative times was 4.
The data were saved at the end of the assay, and then the T; inversion
programme was entered to derive the inverse spectra of the Ty relaxation
time (Zhao, Guo, & Zhu, 2022).

2.8. Fourier transform infrared spectrometer

Infrared spectra of the dough and gluten proteins were obtained
using a Fourier transform infrared spectrometer (GD26-FTIR-650) in
compliance with previously reported method (Chen et al., 2021). The
sample was first pulverized to create a film, and it was then combined
with potassium bromide in a 1:100 ratio. In total, 64 scans were per-

formed in the range of 400-4000 cm™! with a resolution of 4 cm™!.

2.9. X-ray diffractometer

A suitable amount of sample was taken and placed in the sample tank
of the X-ray diffractometer (SmartLab 9kw) with the following param-
eters: tube pressure set at 40 Kv, incident current at 40 mA, scanning
range of 5-40°, step size of 0.02°, scanning frequency of 0.21°/s, and the
crystallinity of the sample was analyzed using Origin (Liu, Yang, Wu, &
Ouyang, 2022).
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2.10. Determination of phenolic compounds content

Based on the method of Ti et al. (2014) with few modifications, 0.2 g
+ 0.0050 g of sample powder was placed in an EP tube. For the first
extraction 1 mL of methanol/water (1: 1, pH = 2) was added and shaken
at 2500 rpm for 20 min. After that, the samples were centrifuged for 10
min at 2400 g and 20 °C, and the supernatant was stored on ice. 1 mL of
acetone/water (7: 3) was added to the precipitate and the above oper-
ation was repeated. After centrifugation, the supernatant was combined
with the methanol extract from the first extraction and 10 mL of the
obtained solution was prepared in deionized water for the determination
of free phenol content.

The precipitate remaining after free phenol extraction was added to
3 mL of methanol/sulfuric acid (9: 1). The hydrolysis reaction was run in
a water bath that was heated to 85 °C for 10 h. After centrifuging the
samples for 20 min at 7000 rpm, the supernatant was poured into a 25
mL container using deionized water, and the obtained solution was used
for free phenol assay. The free phenol content and bound phenol content
were determined by the Folin-Ciocalteu method. Gallic acid was used as
a standard with an R? value of 0.9985.

2.11. Antioxidant activity test

2.11.1. DPPH radical scavenging activity test

For this, 1 mL each of sample extract and 0.1 mM ethanol DPPH
solution were mixed and shaken well and allowed to stand for 30 min
away from light. Then after, the absorbance at 517 nm was measured in
three parallel experiments to average the final value (Abu Bakar,
Mohamed, Rahmat, & Fry, 2009). The clearance rate K; of DPPH was
calculated according to the following formula:
K (%) = (1 —M> *100%

Ao

The absorbance of DPPH solution mixed with the sample was
measured as A;. The absorbance was determined by the same method
using anhydrous ethanol instead of DPPH-solution as Ay, and the
absorbance determined by mixing anhydrous ethanol with DPPH was
Ao.

2.11.2. ABTS" radical scavenging activity test

The freshly prepared ABTS mixture (7.4 mM ABTS' 2.6 mM potas-
sium persulfate) was stored for overnight. Prior to detection at 734 nm,
ABTS mixture was adjusted to 0.70 + 0.01 using distilled water. Sample
extract (1 mL) was combined with the diluted ABTS mixture (3 mL) (Re
et al., 1999). After 10 min under dark conditions, the absorbance at 734
nm was determined. The following formula was used to determine the
clearance K of ABTS:

A, — Ay

K2(%) = (1 )*100%
C
A, is the absorbance value of the ABTS mixture after the addition of
the sample; Ab is the absorbance value of anhydrous ethanol with the
sample; A, is the absorbance value of the ABTS mixture with anhydrous

ethanol.
2.12. Statistical analysis
The test results were displayed using the mean standard deviation

(SD). Using the SPSS program, a one-way ANOVA analysis and a sig-
nificance of differences at p < 0.05 were carried out.
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3. Results and discussions
3.1. Zeta potential

Zeta potential analysis can be used to measure the surface charge of
proteins which is crucial for understanding protein-protein interactions,
especially electrostatic repulsion. The surface charge of a protein de-
termines its behavior in solution, including interactions with other
molecules. At lower absolute values of the Zeta potential, the electro-
static repulsion between the protein particles decreases, and the protein
tends to have more interactions and condensation. The repulsion of the
same charges on the protein surface prevents the protein molecules from
aggregating when the absolute value of the Zeta potential of the protein
solution is relatively high (Han et al., 2020). Low LBP addition (5 %)
allowed gluten molecules to interact and aggregate to help form a
stronger dough. According to Table 1, when the LBP addition was 5 %,
the absolute Zeta potential of the sample decreased by about 18.4 %
compared to the control group. As the amount of LBP increased from 1 %
to 9 %, the absolute Zeta potential increased by 7 % and 9 %, 20.5 %
compared to 3.86 mM in the control group, and 9 %, 4.33 mM by 12.76
%, indicating that when the LBP was more than 7 %, the dilution caused
a significant decrease in the aggregation of protein molecules. This
finding is in line with our previous study (Hu et al., 2023) stating that
excessive LBP addition leads to dilution of the architecture of the system,
which in turn causes a decrease in gluten content.

3.2. Dynamic dough rheological measurements

The quality of the LBP doughs and the rheological characteristics of
the LBP dough were evaluated in order to account for variations in the
viscoelastic characteristics of the polymer network in the dough after
mechanical treatment (Xie et al., 2023). As shown in Fig. 1, G and G’
increased with increasing frequency, which reflected that the response
of the polymer network inside the dough when subjected to external
forces was enhanced with frequency. Throughout the frequency range,
G’ was greater than G’, showing that the dough mainly exhibits elastic
behavior, which is a typical characteristic of cross-linked polymer net-
works. Interactions between starch-starch, starch-gluten association,
intermolecular cross-linking and aggregation of gluten polymers influ-
ence the rheological properties of dough. The addition of LBP may have
further facilitated the formation and stabilization of the network struc-
ture by enhancing these interactions. It was found that the G' and G"
values of the other samples were basically higher than those of the
control group after the addition of LBP, and reached the maximum value
at 9 % LBP. One possible explanation for the high polysaccharide con-
tent of LBP could be its linear chemical structure and progressive
insertion into an aqueous solution that resembles a solid network
structure (Xu et al., 2020). The higher the energy storage modulus after
the addition of LBP, the more entanglement there is between the chains.
On the other hand, LBP has a large number of water-absorbing groups
that can be tightly associated with the water in the dough, reducing the
flow and plasticizing effect of water in the dough matrix, thus increasing
the viscoelasticity of the dough.

Table 1
Zeta potential changes of gluten proteins with different
LBP additions.

Samples Zeta potential(mW)
G-0% —3.86 + 0.14°
G-1% —3.66 + 0.29°
G-3% —3.52 4+ 0.21%°
G-5% —3.15 £ 0.24%
G-7% —4.65 £ 0.17¢
G-9% —4.33 £ 0.26°

Note: a, b, ¢, d indicate a significant difference (p <
0.05).
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Fig. 1. Effect of Lycium barbarum pulp on the (A) storage modulus (G") and (B) loss modulus (G") of dough.

3.3. Swelling power properties

When the dough samples were heated in a sufficient water system,
the crystal structure of starch in the dough were damaged, and the water
molecules combined with the starch in the dough system through
hydrogen bonding, which caused the doughs to absorb water and swell.
The effect of LBP addition on the water absorption and swelling of starch
granules in the dough system can be determined by measuring the
swelling degree of dough prepared by adding different amounts of LBP.
As it can be seen from the Table 2, the swelling degree showed a gradual
declining trend followed by increase with the LBP addition, and reached
the lowest value at LBP-5 %, which was significantly (p < 0.05) lower
compared to the control group, decreasing by about 21.56 %. It has been
demonstrated that a comparatively rich gluten network structure can
prevent starch granules within doughs from absorbing water, expand-
ing, and varying in degree during cooking (Butt et al., 2019). When LBP
was added in moderate amounts, the gluten network structure was
optimized to form a tighter and tougher framework. This structure
formed a physical barrier to the swelling of starch granules, thus
inhibiting excessive water absorption and swelling of starch granules
(Ding, Cheng, et al., 2021). Therefore, the present study illustrates that
the addition of appropriate LBP has a limiting effect on the swelling
power.

3.4. Thermal Stability of Composite Dough with LBP

The energy required for the destruction of the starch granule struc-
ture is considered as the enthalpy of pasting, which is a process of energy
absorption and driven expansion, and refers to the loss of the double
helix crystalline structure of the outer chains of straight-chained starch.
The thermal stability of starch crystal structure is reflected in T, (Ding,

Table 2
Swelling power (g/g) of Lycium barbarum composite dough system and effect of
the addition of Lycium barbarum on the thermal characteristics of composite
doughs.

Samples Swelling power(g/g) AH(J/g8) To(°C)

LBP-0% 7.84 + 0.68° 0.81 + 0.08° 63.23 + 0.47°
LBP-1 % 7.24 +1.07° 1.11 + 0.02° 64.35 + 0.16°
LBP-3 % 7.05 + 0.78% 1.16 + 0.04" 64.3 + 0.22b°
LBP-5 % 6.15 + 0.9° 1.17 + 0.03° 64.41 £ 0.17b°
LBP-7 % 6.75 + 1.42 1.21 + 0.01%° 64.82 + 0.21°
LBP-9 % 6.72 + 0.67° 1.28 + 0.01° 65.56 + 0.81°

Note: a, b, ¢, d indicate a significant difference (p < 0.05).

Wang, et al., 2021), where AH is the energy needed to break the double
helix of starch and destroy the protein structure, reflecting the degree of
crystallinity of starch in relation to protein aggregation (Butt et al.,
2019). The effect of L. barbarum on the thermochemical properties of
starch in doughs can be seen in Table 2. The addition of LBP to wheat
flour increased both the peak temperature and enthalpy change of the
doughs, with the peak pasting temperature of the samples gradually
increasing from 63.23 °C to 65.56 °C, and the enthalpy change was less
pronounced, increasing from 0.81 (J/g) to 1.28 (J/g). Due to the crea-
tion of a denser gluten structure and increased stabilization of starch
microcrystals, the composite dough system with the addition of LBP
inhibited the degree of absorption of water and starch pasting particles
by the doughs during cooking, delaying the degree of starch pasting
during cooking (Xie et al., 2023). However, in another study, Chen et al.
(2021) found that the addition of a small amount of grapeseed meal
increased the denaturation temperature of the dough, while an excessive
amount disrupted the intermolecular structure of the gluten, leading to a
decrease in resistance to heat denaturation.

3.5. Water distribution analysis

The way that water interacts with food's primary ingredients impacts
the functioning and flexibility, and is crucial for food preparation. Food
quality and stability are greatly influenced by the way the principal
ingredients interact with water, which is influenced by changes in their
physiochemical, structural, and conformational states (Zhao et al.,
2022). LF-NMR uses the spin relaxation properties of hydrogen protons
in a magnetic field to examine the shape, distribution, and movement of
water through changes in relaxation time (Zhang et al., 2022). In this
study, the fluidity, composition, and content (phosphate) of water in
fresh doughs with different LBP addition levels were inferred by
measuring the lateral relaxation time (T5) and the ratio of different types
of water (A3). According to Fig. 2, three distinct T, distribution regions
were detected in the fresh dough samples. It also showed that the
addition of LBP caused a certain degree of water molecule movement
inside the doughs. Ty; is a representation of the water that is firmly
bonded to the sample's macromolecules, such as the gluten protein or
starch. Weakly bound water, or Tq, is present between the protein do-
mains of gluten and starch (Zheng et al., 2020). Free water is repre-
sented by T3, which is present independently of carbohydrate and
protein and flows freely.

The effects of LBP on dough relaxation time and peak area ratio are
shown in Table 3. The noodles' ability to hold water increased with their
relaxation time; the shorter the relaxation period, the lower the water
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Fig. 2. T, spectrum of dough with different concentrations of LBP.

freedom, the closer the binding with the substrate (Zhang, Zhang, Liu, &
Wang, 2019). The combined water component gradually decreases,
while the corresponding free water component gradually increases
(glutathione). As it can be seen from the Table 3, the peak area corre-
sponding to Tos (Ca1 and Cyy) changed significantly, the peak area of To;

(C 27) increased from 0.43 % to 1.61 %, and the peak area of Toy
decreased from 83.45 % to 73.07 %, indicating that with the increase of
LBP, the weakly bound water was more converted into deep bound
water (especially at 5 % LBP addition). During the process of absorbing
water, gluten proteins and polysaccharide molecules connect to form a
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Table 3
Effects of LBP on relaxation time T, and peak area proportion of wheat dough.
Samples  Ta; (ms) Ta2(ms) Tas Ca1 (%) Ca2 (%) Cas (%)
(ms)
LBP-0%  0.55 + 97.76 + 8.81 043+ 8345+ 179+
0.02f 3.964" + 0.006° 3.442% 0.48¢
0.346
LBP-1 0.71 + 95.48 + 8.84 068+ 8588+  16.78 +
% 0.029¢ 0.005" + 0.034¢ 1.79° 1.2644
0.294
LBP-3 0.63 + 95.48 + 8.6 + 081+ 7938+ 1911+
% 0.0664% 0.002%¢ 0.352 0.055° 0.874" 1.336°¢
LBP-5 0.83 + 93.34 + 8.81 145+ 7717+  21.38 +
% 0.035¢ 3.701¢ + 0.029" 1.723° 1.758
0.352
LBP-7 1.07 + 95.48 + 9.01 1.48+ 7568+ 2314+
% 0.081° 0.005" + 0.034° 1.701% 1.923°
0.006
LBP-9 1.17 + 102.33 8.61 1.61+ 7307+ 2693+
% 0.046° +0.023°  +£0.35 0.121° 1.688¢ 2.335°

Note: a, b, ¢, d indicate a significant difference (p < 0.05).

gluten network. The cross-link between gluten proteins is impacted by
this interaction, which in turn has an impact on the water distribution
and spatial organization of the gluten network structure (Xu et al.,
2020). However, the peak area of T3 increased significantly when more
LBP was added, especially at 9 % (p < 0.05), which also indicates that
excessive LBP may dilute the whole network structure and convert part
of the weakly bound water into free water.

3.6. Secondary structure analysis

3.6.1. Dough structure analysis

The FTIR spectra of samples of freeze-dried composite dough added
with L. barbarum in the 400-4000 cm ™! range are displayed in Fig. 3A.
Although the intensity of the absorption peaks varied among the sam-
ples, each sample exhibited comparable characteristic peaks at
approximately 3300 em™!, 2900 cm™!, 1660 cm~!, and 995 cm Y,
which indicated that the addition of LBP did not affect the secondary
structure and conformation of starch. Notably, the control group
expressed relatively low-intensity vibrations, suggesting a lack of well-
defined internal structure and disruption of the integrity and well-
ordered starch helical structure. At 1-5 % LBP addition, sample
exhibited high intensity vibrations indicating a tightening of the double
helix stacking density near the surface of the starch granules. Starch-
lipid complexes were presented by FTIR spectra with peaks at 2854
cm ! and 1714 cm™}, while starch-protein complexes were indicated by
peaks at 1538 cm ™. The presence of starch-lipid-protein complexes in
the sample was indicated by these three peaks. The O—H stretching
vibrations concluded by hydrogen bonding are represented by the
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distinctive peaks at 3000-3600 cm™ !, while the C—H vibrations are
represented by the narrow peak at 2928 cm™! (Huang, Sun, Tang, &
Zeng, 2023). These broad bands are typically present in the spectra of
polysaccharides and have been attributed to O—H stretching between
hydrogen bonds and C—H stretching of methylene groups (Chen, Cai,
et al.,, 2019; Wang et al., 2014). As shown in Fig. 3A, the intensity of
polymer hydroxyl stretching vibration was improved with increasing
LBP content from 0 % to 5 %, indicating that the intermolecular in-
teractions increase with the strengthening of hydrogen bonding. This
change could be attributed to the addition of LBP, which caused the
intramolecular and intermolecular hydrogen bonding network of starch
to be affected by the bioactive substances in LBP. The peak hydroxyl
stretching vibration of the polymers gradually decreased with the in-
crease of LBP up to 9 %, which may be due to the negative effect of the
inter- and intramolecular hydrogen bonding network of starch on the
LBP, resulting in a decrease in the degree of gelation.

3.6.2. Protein secondary structure analysis

The Fourier infrared profiles of samples with different LBP additions
are shown in Fig. 3(B). Although the intensity of the absorption peaks
varied for each sample, all samples had similar characteristic peaks at
3451 cm™}, 2922 em™, 1655 cm ™!, and 1070 cm ™. Around 3451 cm ™!
was the characteristic peak of O—H expansion vibration of the hydrogen
bond, which indicates the adsorption water in the amorphous area of
starch. With the increase of LBP, each sample basically showed the
obvious trend of the characteristic peak, while the characteristic peak in
the blank control sample was not noticeable, indicating that the sample
combined with water was the weakest at this time. The peak intensities
around 1655 cm ™! are mostly the absorption peak of glycan hydroxyl
group, and the greater the peak intensity, the larger that of glycan hy-
droxyl group.

The change of protein secondary structure has a significant impact
on the quality of gluten protein and noodle products. Therefore, having
an in-depth understanding of the stability of protein secondary structure
and its influencing factors is crucial to improve the quality of noodle
products. The region in the FTIR spectrum that can be used to determine
the secondary structure of proteins is called the amide I band
(1600-1700 cm ™) (Gao, Koh, Tay, & Zhou, 2017). Studies indicate that
the creation of an ordered secondary structure with high stability is
favored by a-helix and f-folding, whereas random coiling and p-turn
angle are detrimental to the ordering of protein secondary structure and
belong to the disordered structure (Ding, Cheng, et al., 2021). The
relative content of each secondary structure of gluten protein is shown in
Table 4, and both the ordered structure and disordered structure showed
different trends. G-3 % and G-5 % were increased by 25.76 % and 32.36
% than the control group, and the § -folding was increased 10.9 % and
10.23 %. With the increasing addition of LBP, protein structure ordering
was improved. The increased « -helix content represents the formation
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Fig. 3. FTIR spectra of Lycium barbarum composite dough system (A). LBP substitution levels are 1 %, 3 %, 5 %,7 % and 9 %; Fourier infrared spectra of gluten

proteins (B); X-ray diffraction pattern of starch with different additions of LBP (C).
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Table 4
Relative contents of each secondary structure of gluten.

LBP Content
(%)

Relative Content/%

p -sheets Random Coil o -helical f -turn
39.09 + a L 4514+
0 1ssP 9.74 £ 0.53 7.88£097° Ty
42.56 + a 915+ 40.79 +
! 0.74* 8.83 £0.61 0.99% 1.94°
43.35 + be . 3870+
3 1.262 8.04 £ 0.37 9.91+£027° "o
43.09 + . 1043+ 38.86 +
5 1.04° 7:62£0.84 0.25° 1.47°
; 42.20 + 8.58 + 9.09 + 4013 +
0.10° 0.65%¢ 0.50% 0.43°
41.96 £ ab b 40.97 +
9 1.62° 9.02 £ 0.67 8.06 £ 087"

Note: a, b, ¢, d indicate a significant difference (p < 0.05).

of a more stable and elastic protein structure, which helps to increase the
elastic of the dough (Niu, Xiong, Zhang, Jia, & Zhao, 2018). However, as
the disorder decreased, G-3 % and G-5 % decreased the § -turn angle and
random coil content by 14.27 %, 13.91 % and 17.45 %, and 21.77 %,
respectively. However, when the LBP content exceeded 5 %, the oppo-
site trend was observed. The dilution of the gluten network structure, at
high LBP concentrations, caused the transition of the a -helix and p -turn
structures to p -folding and random coiling. The reduction of the « -helix
suggests that LBP weakens the gluten network by reducing the cross-
linked disulfide bond (Niu et al., 2018).

3.7. Crystalline structure

X-ray diffraction pattern was used to analyze and investigate the
effect of LBP on the starch characteristics of compound dough. The
starch granules are composed of crystalline and amorphous zones, and
their crystallization types are generally divided into A, B, C and V. The
addition of LBP did not change the crystal configuration of the starch in
the doughs and still showed the typical type A diffraction pattern (Chen,
Guo, & Zhu, 2023). Fig. 3C displayed the XRD profile, revealing
diffraction peaks at 17° (26) (Type B) and 20° (Type V). The production
of starch-lipid complexes and the rearrangement of starch chains were
ascribed to type V and B crystals, respectively (Geng et al., 2022; Shen
et al., 2021). At low LBP addition (0 %, 1 %, 3 %), more obvious type B
diffraction peak was observed; with the increase of LBP, it was more and
more obvious, probably because LBP caused the original starch structure
rearrangement, reduced type B crystal configuration. V crystal config-
uration was in a more obvious state which might be due to the fact that
LBP contains a certain amount of fat, and wheat flour may form a
relatively stable starch-lipid complex structure (Li et al., 2020).

The proportion of the crystalline region and the long chain ordering
in the starch structure can be characterized by the relative crystallinity.
When the starch is affected by external factors, such as additives or heat
treatment, the crystallinity and the ordering of the chain molecules will
change accordingly (Huang, Wang, Zhang, Zhang, & Zheng, 2020). With
the addition of LBP, the relative crystallinity (RC) was decreased first
and then slightly increased. The small addition of LBP (1 %-3 %)
increased the RC, from 10.38 % of LBP-0 % to 11.38 % and 15.87 %,
respectively. The temperature needed to break the crystalline region
increases with increasing RC because a more ordered chain array results
from greater RC, which reduces the rate of enzymatic hydrolysis of in-
teractions between adjacent helical structure (Chen et al., 2023). While
the reduced RC values usually mean that the starch chain array tends to
be disordered and requires less energy to disrupt the crystallized region
(Liu, Yang, et al., 2022). During the heat treatment, the mobility of the
molecular chain is reduced, which effectively interferes with the binding
process of amylose to amylopectin. Therefore, the crystallinity of the
crystal showed a trend of decrease during this process (Chen, He, Fu, &
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Huang, 2015), in line with the previous DSC determination results.
3.8. Effect of LBP on antioxidant activities of dough

3.8.1. Analysis of polyphenol content

In order to investigate whether the antioxidant activity of the com-
posite dough system is related to the content of phenolic compounds in
L. barbarum, the polyphenol content of the composite dough was
determined. Fig. 4(A) showed the free and bound polyphenol content of
the samples. In the control sample, the free and bound polyphenol
contents were 5.84 and 1.65 mg GAE/g dough, respectively. The con-
tents of various phenols in the samples of each gradient were signifi-
cantly increased (p < 0.05) after the treatment with goji berries. The
increase in polyphenol content was dependent on the amount of LBP
addition. The higher the amount of LBP added, the higher the poly-
phenol content of the composite dough system. L. barbarum is rich in a
wide variety of polyphenol components, mainly including flavonoids (e.
g., quercetin, kaempferol, etc.) and phenolic acids (e.g., gallic acid,
chlorogenic acid, etc.), as well as other phenolic derivatives (Hu et al.,
2023). It is worth noting that the content of phenolic compounds in
L. barbarum can be affected by a variety of factors such as its variety,
origin and treatment, while different extraction methods can also
significantly affect the extraction efficiency of phenolic compounds
(Stagos, 2019). Further comparison revealed that the free and bound
phenolic compounds of LBP-9 % were increased by about 36 % and 1.44
times, respectively, compared to the control. From Fig. 4(A), it is clear
that the bound polyphenol content (BPC) of the samples was signifi-
cantly higher than the free polyphenol content (FPC). This variation
might result from the way phenolic compounds interact with starch,
gluten proteins, and other substances to form non-covalent interactions
(such as hydrogen bonding, hydrophobicity, and electrostatics), leading
to the incorporation of LBP into the dough system during the dough
mixing process. Furthermore, covalent cross-linking contributes to the
preservation of the contact between phenolic compounds and proteins
(Wang et al., 2021).

3.8.2. Free radical scavenging activity of DPPH and ABTS"*

Phenolic compounds exhibit excellent antioxidant properties due to
the inclusion of one or more hydroxyl-carrying aryl rings in their
structure, which enable the formation of resonance-stabilized phenoxy
radicals, which in turn effectively quench free radicals (Han et al.,
2020). Resonance stabilized phenoxy radicals, which are produced by
phenolic compounds containing one or more aromatic rings with hy-
droxyl groups, are used to scavenge free radicals. The primary ways by
which phenolic compounds acquire their antioxidant activity are their
ability to neutralize free radicals or their precursors by providing elec-
trons or hydrogen atoms, or to limit the generation of free radicals
(Stagos, 2019). Alternatively, the antioxidant activity of phenolic com-
pounds may also stem from their metal chelating capacity, which re-
duces the frequency of Fenton reactions and so halts a range of oxidative
processes, including those triggered by hydroxyl radicals.

The antioxidant activity of dough samples was examined using DPPH
and ABTS" radical scavenging. As shown in Fig. 4(A), phenolics showed
a good positive correlation with LBP addition. According to the data
presented in Fig. 4(B), the rate at which DPPH and ABTS™ scavenge free
radicals showed an increasing trend. This change fully demonstrates that
the increase or decrease of polyphenol content has a significant effect on
the antioxidant activity of samples. Variation in polyphenol content is an
important factor affecting the antioxidant activity of dough samples
(Tang et al., 2023). The free radical scavenging rate of ABTS™ was
significantly increased (p < 0.05) compared to that of DPPH when
compared to the doughs made from pure wheat flour. Specifically, the
free radical scavenging rate of DPPH was increased from 40.2 % for LBP-
0 % to 60.27 % for LBP-9 %, whereas the free radical scavenging rate of
ABTS was increased from 27.09 % for LBP-0 % to 97.33 %. However, it is
worth noting that the free radical scavenging rate was not significant at
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groups (p < 0.05).

higher LBP addition. This suggests that although polyphenolic com-
pounds have a positive effect on the antioxidant activity of dough, their
effect is not an infinite increase, but is limited by certain conditions.

4. Conclusion

Based on our data, we speculate that the inclusion of LBP signifi-
cantly changed the protein structure and characteristics of composite
dough. In contrast to the control group, LBP addition resulted in
increased viscoelasticity of the dough, forming a denser gluten structure
and increasing the ordered secondary structures (a-helix and p-folding).
It also prevented water and starch gelatinization particles from being
absorbed during cooking and tightened the double helix around the
starch particle surface, and reduced the relative crystallinity. In addi-
tion, the antioxidant property of the dough was significantly enhanced
by the addition of LBP, which proved that LBP had strong free radical
scavenging ability. Concurrently, the rise in LBP concentration impacted
the cross-linking of gluten proteins, hence influencing the spatial
configuration of the gluten network structure and the distribution of
water. In particular, it was noted that when the LBP addition reached 5
%, the swelling power, thermal stability, moisture distribution and
relative crystallinity of the dough were significantly better than those of
other tested LBP additives, which were considered as the most promising
additives. Moreover, the intermolecular interactions were increased
with the strengthening of hydrogen bond. As a result, this study offers a
rationale for the development of novel pasta products added with nat-
ural products or bioactive compounds. Overall, LBP could improve the
antioxidant, structural, and rheological properties of composite dough,
affecting the moisture distribution and thermal stability of noodles,
resulting in a more stable and ordered gluten structure.
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