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Te present study sought to evaluate the efects and mechanisms of mannitol and xylitol on the regeneration of spicy wheat gluten
sticks (SWGSs) through texture profle analysis (TPA), Fourier-transform infrared spectroscopy (FTIR), diferential scanning
calorimetry (DSC), X-ray difraction (XRD), and low-feld nuclear magnetic resonance (LF-NMR). Te rate constant of crys-
tallization and the relative degree of crystallinity of SWGS substantially reduced with polyols addition after 4weeks of storage at
4°C.Te peaks near 3385 cm−1 and 1081 cm−1 in FTIR of SWGS became wider with the addition of mannitol and xylitol, indicating
that mannitol and xylitol formed hydrogen bonds by binding to wheat starch. Te DSC experiment results showed that the
addition of mannitol and xylitol could reduce the Tp and ΔH of SWGS powder efectively under diferent storage times. Te NMR
results showed that the water in SWGS was mainly immobile water, and the addition of mannitol and xylitol could increase the
content of bound water and immobile water in SWGS and reduce the water migration.Tese results provided deeper insights into
the action mechanism of mannitol and xylitol in delaying the quality change of starch products during storage, thereby providing
a reference for inhibiting SWGS regeneration.Terefore, it could be inferred that improving the quality of SWGS by adding polyol
might have signifcant application prospects in the food industry.

1. Introduction

Wheat is the world’s second most essential grain after rice
[1], with a global production of 772 million metric tons by
2020/2021. Wheat is often used as a raw material for making
bread, cakes, biscuits, and other baked foods [2]. Of them,
the spicy wheat gluten sticks made by thorough mixing of
raw and auxiliary materials, such as wheat four, salt, and
water, followed by extrusion, are popular among young
people in China. During the processing of extruded noodle
products, a driving force is generated by the rotation of the
extruder screw constantly, which helps themixture turn over
with the rotation of the screw. Meanwhile, the mixture and
the barrel wall are mixed and compressed due to friction and

collision, which increases the pressure and temperature in
the barrel, thereby activating the molten state of the mixture.
As it passes through the mold, the pressure drops dra-
matically, the internal water evaporates, and the starch
expands signifcantly, leading to the forming of a micropo-
rous structure and the formation of a spicy bran bar [3].

As a starchy food, the spicy wheat gluten sticks (SWGSs)
are gelatinized under high-temperature treatment and water,
allowing the particles to absorb water and expand. Water
absorption leads to the collapse of particles and derangement
of polymer chains. Te amorphous chain undergoes hy-
drophobic interaction and rearrangement upon cooling
down of the superheating system, which adversely afects the
product quality [4]. Starch retrogradation severely afects the
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texture, favor, shelf life, and nutritional value of starch-
based products [5]. In the food industry, many additives are
used to delay starch retrogradation. For instance, Laminaria
japonica polysaccharides may form more hydrogen bonds
and interfere with starch reassociation and retrogradation in
bread [6]. Green tea polyphenols reduce the pasting prop-
erties of rice starch by facilitating the hydration of starch
granules, building a cross-linking association between starch
granules, and decreasing the peak temperature and gelati-
nization enthalpy [7]. However, these additives are unstable
under high temperatures and pressure and are not suitable
for SWGS production.

Polyols are a class of carbohydrates with multiple hy-
droxyl groups, possessing good water-holding properties,
and are often used in food processing. It is reported that the
water retention capacity of polyols and their interaction with
gluten proteins and the gluten network in fresh noodles
containing low molecular weight polyols are highly resistant
to water migration and deformation during storage [8]. Te
addition of maltitol could reduce water migration in bread,
the loss of water in bread, and maintain the softness of bread
[9]. Similarly, xylitol could efectively prolong the shelf life of
bread, maintain the softness of bread, and improve the
storage quality of bread. Our previous studies have reported
the efects of polyols on wheat starch retrogradation [10].

To the best of our knowledge, this is the frst study to
report the antiretrogradation efect of polyols on starch
foods so far. Te present study aimed at evaluating the
antiretrogradation efect of mannitol and xylitol on SWGS
and the retrogradation characteristics of mannitol and xy-
litol on SWGS at diferent storage times. In addition, the
infuence mechanism of polyols (mannitol or xylitol) on
SWGS retrogradation was explored through texture profle
analysis (TPA), Fourier-transform infrared spectroscopy
(FTIR), diferential scanning calorimetry (DSC), X-ray
difraction (XRD), and low-feld nuclear magnetic reso-
nance (LF-NMR). Overall, the study results revealed the
relationship between food composition structure and starch
retrogradation, providing insights into the processing of
starch-based products.

2. Materials and Methods

2.1. Materials. Te wheat four used to produce SWGS was
purchased from A Natural Flour Co. Ltd. (Zhumadian,
China), with moisture content, ash content, and crude
protein content of 13.34wt%, 0.75wt%, and 11.26wt%,
respectively. Mannitol (99% purity) and xylitol (99.5%
purity) were purchased from Hunan Xinlvfang Pharma-
ceutical Co., Ltd. and Zhejiang Huakang Pharmaceutical
Co., Ltd., respectively.

2.2. Preparation of SWGS. Te SWGS mainly consisted of
25000 g of wheat four, 0.6% monoglyceride, 6% salt, and
30% water. In addition, 0–5% mannitol or 0–5% xylitol was
added to the four as an additive. Te four, monoglyceride,
salt, and water were mixed using a drum powder machine
(Pingjiang Hongyu Machinery Manufacturing Co., Ltd.,

Yueyang, China). Te mixture was cast using a single screw
extruder (Pingjiang Hongyu Machinery Manufacturing Co.,
Ltd.). Te frst feeding speed was 500 g/min, and the feeding
speed was adjusted to 1800 g/min slowly after the SWGS
coming out of the machine. Te sample was placed on the
conveyor belt and cut into a 15 cm length. Te moisture
content of SWGS varied with the addition of diferent
contents of mannitol and xylitol, ranging from 25.0% to
27.0%. Later, it was cooled down at room temperature for
2min and packaged with sealed bags. Finally, the SWGS
were stored at 25°C for 0, 1, 2, 3, and 4weeks.

2.3. Texture Profle Analysis. Te textural analysis of SWGS
was performed by using a TA.TOUCH Texture Analyzer
(Shanghai Baosheng Industrial Development Co., Ltd.)
equipped with a TA/LKB probe, according to the previously
reported method [11]. Te test conditions were as follows:
pretest speed of 1.0mm/s, a test speed of 2.0mm/s, a posttest
speed of 2.0mm/s, a distance of 20.0mm, and a trigger force
of 100N. All experiments were repeated 15 times.

2.4. Fourier-Transform Infrared Spectroscopy. Te FTIR
analysis was performed according to the previously re-
ported method with slight modifcations [12]. Te mixture
of starch and dried potassium bromide was prepared
using an agate mortar and stirred at 1 : 100 mass ratios.
After grinding, the sample was pressed into fakes and
placed on the sample holder of the FTIR spectrometer
(Nicolette Instruments, USA). Te spectra were set be-
tween 400 cm−1 and 4000 cm−1 using a pure potassium
bromide tablet as the background and scanned 32 times at
4 cm−1 resolution.

2.5. X-Ray Difraction. Te wide angle X-ray difraction
patterns of retrograded starch powder were determined
using an X-ray difractometer (PANalytical B.V., Nether-
lands), according to the previously reported method, with
minor modifcations [13]. Tis test was conducted at room
temperature with a scan rate of 2 °/min and a difraction
angle range of 4–50°. Te target voltage and current were
45 kV and 40mA, respectively.Te relative crystallinity (RC)
of the samples was calculated according to equation (1) and
analyzed by using Jade 6 software.

Rc (%) �
Ac

Ac + Aa
∗ 100, (1)

where Ac is the crystalline area and Aa is the amorphous areas.

2.6. Diferential Scanning Calorimetry (DSC). Te thermal
properties were measured by a diferential scanning calo-
rimeter (TA Instruments, USA) in an ultrahigh purity ni-
trogen environment. About 3mg of starch powder was
accurately weighed into aluminum DSC trays. Te heat
sweep was performed from 35°C to 245°C at a constant
heating rate of 15°C/min [14]. Later, the transition tem-
peratures (To and Tc) and total transition enthalpy changes
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(ΔH) were recorded. Te kinetic properties of starch ret-
rogradation were explored using the Avrami equation [15]:

R � 1 − exp− ktn
, (2)

where R is the crystallization ratio of starch at time t, k is the
rate constant, and n is the Avrami exponent.

In the DSC test, R was calculated using the following
equation:

R �
△Ht −△H0

△H∞ −△H0
, (3)

where ΔH0 and ΔHt are the enthalpy transitions formed at
time 0 and time t, respectively (for the purposes of this study
ΔH0 is zero), as ΔH∞ was the limiting value of the change in
enthalpy (4weeks for all samples).

Equation (4) is the combination and simplifcation of
equations (2) and (3).

ln −ln 1 −
△Ht

△H∞
􏼠 􏼡􏼢 􏼣 � n ln t + ln k. (4)

2.7. Low-Field Nuclear Magnetic Resonance. Te LF-NMR
experiments (Suzhou Newmark Analytical Instruments
Co., Ltd.) were performed according to the previously
reported method with minor modifcations [16]. In order
to prevent water loss during storage, the prepared samples
(as described in Section 2.3) were transferred to an NMR
glass tube (18 mm in diameter) and sealed using paraflm.
Te tubes were stored for 0, 1, 2, 3, and 4 weeks at 4°C. Te
retrograded starches were equilibrated at room temper-
ature (25°C) for 1 h before measurement. Te spin-spin
relaxation time (T2) was determined using the
Carr–Purcell–Meiboom–Gill (CPMG) sequence. As for
CPMG sequence, the number of echoes was 4 and the
number of sweeps (Ns) was 8.

2.8. Statistical Analysis. All the experiments were performed
in triplicate using a completely randomized design to cal-
culate the average and standard deviation. Te curve was
plotted by using ORIGIN 8.5 (Origin Lab Inc.), and the data
were analyzed by one-way analysis of variance and Duncan’s
multiple range test (p < 0.05) using SPSS 19.0 (SPSS Inc.).

3. Results and Discussion

3.1. Texture Profle Analysis. Texture analysis is an analytical
method used to evaluate the performance of SWGS by
simulating the chewing process, in which hardness plays
a vital role in determining food quality [17]. As for SWGS,
the frmness and chewiness were used to mirror the texture
of the product. Te low hardness and good chewiness in-
dicated good quality SWGS.

Figure 1 shows the changes in the hardness of SWGS
stored for 0, 1, 2, 3, and 4weeks at 4°C with and without
mannitol and xylitol. Te hardness of SWGS increased with
increased storage times, which could be mainly attributed to
the retrogradation of wheat starch during storage [18].

Meanwhile, high-density crystalline molecules were formed
during starch retrogradation. Te crystallinity of starch
signifcantly increased with increased storage time, thereby
increasing the hardness [19]. Te addition of 2% mannitol
and 4% xylitol signifcantly decreased the hardness of SWGS
by 42.0% and 42.3%, respectively.Tis might be attributed to
hydroxyl structures of the mannitol and xylitol that formed
hydrogen bonds with starch. Te binding between the
starches prevented the formation of a double-helix structure
and inhibited the rearrangement of starch molecules [20].
Tese results suggested that the addition of mannitol and
xylitol might inhibit starch retrogradation, which was
consistent with the results of previous studies reporting that
the interaction of starch and xylitol could limit the re-
crystallization of wheat starch [21]. In addition, mannitol
and xylitol reduced the free water content in the system by
combining with water through hydrogen bonds and sig-
nifcantly prevented water loss, thus maintaining the soft-
ness of SWGS [22].

Te Avrami equation describing the time dependence of
crystal growth over time during polymer crystallization is
widely used in the study of starch retrogradation kinetic
models. Te recrystallization kinetics of starch was calcu-
lated using the Avrami equation and expressed by R [23] as
follows:

R �
Ft − F0

F∞ − F0
� 1 − exp− ktn

, (5)

where R represents the percentage of starch crystallization to
the total limit of crystallization at time t/%; F0, F∞, and Ft are
the hardness of SWGS at zero time, ∞, and “t” time; k is
a rate constant (this usually takes for the form of 1/k� time
constant to compare frming rate); and n is the Avrami
exponent, a characteristic related to the nucleation of
crystallites and their subsequent growth.

Equation (5) was obtained by equation (6):
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Figure 1: Changes in the hardness of SWGS stored for 0, 1, 2, 3,
and 4weeks at 4°C.
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ln −ln 1 −
Ft − F0

F∞ − F0
􏼠 􏼡􏼢 􏼣 � n ln t + ln k. (6)

Here, the rate of retrogradation of SWGS was calculated
using the hardness of the products instead of the starch
regeneration crystallization rate; n is the Avrami index and
depends on the nucleation mode in the crystal; k is the
crystallization rate constant, which represents the crystal
growth rate; R is the degree to which the equation fts [24].

As can be seen from Table 1, the R2 of the Avrami
equation of all samples was close to 1, confrming the
suitability of the Avrami equation to explain the retrogra-
dation behavior. In the Avrami equation, theAvrami index n
below 1 suggests the crystallization growth process to be
instantaneous nucleation, and when n is above 1, the
crystallization nucleation mode is spontaneous nucleation
[25]. Here, the Avrami exponent was n< 1, indicating that
the nucleation of starch crystals in SWGS was instantaneous.
Tese results were consistent with previous study results,
reporting that the basic mechanism of starch crystallization
was transient nucleation followed by linear crystal growth
[26]. Most crystallization occurred during the frst storage
phase, indicating that starch retrogradation increased during
the earlier phases and decreased during the later phases of
storage. Compared to the blank SWGS, the k-values of
SWGS with mannitol and xylitol were lower, being minimal
in SWGS with xylitol, and stored for 4weeks at 4°C than the
other groups. Te SWGS with xylitol showed a minimum k-
value after 4 weeks of storage at 4°C, which decreased from
0.150 and 0.107 to 0.053 and 0.066, respectively. Te
abovementioned results proved that the addition of xylitol
could inhibit the retrogradation of SWGS more efectively
than mannitol.

3.2. Fourier-Transform Infrared Spectroscopy. FTIR could
observe the changes in the intensity and position of char-
acteristic peaks in starch and enable the analysis of con-
formational changes in the molecular structure of starch
granules [27]. Figure 2 shows the efect of the addition of
mannitol and xylitol on the FTIR profles of SWGS ly-
ophilized powders. All the SWGS produced absorption
peaks from 400 to 4000 cm−1 during storage. For each
sample, broad and strong infrared absorption peaks were
seen in the range of 3385 cm−1, which represented the −OH
stretching vibration inside the starch. Te band representing
the internal −OH stretching vibration of starch was observed
near 3385 cm−1, and the formation of hydrogen bonds co-
incided with this phenomenon [28]. As for the samples with
mannitol and xylitol, the peaks at 3385 cm−1 were broadened
and of high intensity. Tis might be attributed to the in-
teraction of the multiple hydroxyl moieties in both mannitol
and xylitol with the starch [29]. Tis phenomenon impeded
the interaction between the starches and resulted in a change
in the starch structure during retrogradation.

Te characteristic spectral features of starch were in the
range of 800–1300 cm−1, which were sensitive to the con-
formational and crystalline structure of starch. Te −OH
bending vibration of the polymer was signifed by an

absorption band located around 1081 cm−1, indicating that
a hydrogen bond was established [20]. Te samples with
mannitol and xylitol showed signifcantly wider and higher
peak −OH bands than the blanks, which might be attributed
to the increase in the swelled amorphous region and the
chain segments on the crystalline surface. Tese chain
segments interacted with amylose in the heterogeneous
systems [30]. Notably, stronger hydrogen bonds were ob-
served between the molecules, which prevented the in-
teraction of amylose-amylose and reduced the network
structure formation in the continuous phase. Finally, the
addition of mannitol and xylitol signifcantly decreased the
hydrogen bonding between amylose-amylose in the SWGS,
thereby decreasing the retrogradation of SWGS.

3.3. X-Ray Difraction. Figure 3 shows the X-ray difraction
diagrams of fresh and stored SWGS for 4weeks, with
a distinct peak at 2θ∼13°, 20°, which was a typical V-shaped
structure of starch. V-shaped amylose is a compound in the
form of a left-handed helix produced by the interaction of
amylose with several small molecules. Te SWGS peak at
2θ∼13° could be attributed to the monoglycerides, the raw
material used to prepare SWGS, which may also form a V-
shaped starch structure [31]. When mannitol or xylitol was
added to the sample, the position of difraction peaks was
not altered, nor was the type of starch crystallization afected.
During pasting, the semicrystalline structure of the starch
granules is transformed into an amorphous form, and
subsequently, the dextrinized starch is to reconnect with an
ordered crystalline structure during regeneration. Conse-
quently, the relative crystallinity of the starch after pasting is
lower than that of natural starch [32].

Table 1: Efect of mannitol and xylitol on the kinetic parameters of
SWGS.

Sample Avrami n lnk k R2

Control y� 0.618x− 1.900 0.618 −1.900 0.150 0.950
Mannitol y� 0.675x− 2.984 0.675 −2.984 0.051 0.925
Xylitol y� 0.647x− 2.938 0.647 −2.938 0.053 0.926

4000 3200 2400 1600 800 0

Control

Manntiol

Xylitol

Wavenumber (cm-1)

Figure 2: Efects of mannitol and xylitol on the FTIR spectra of
SWGS.
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Te crystallinity of SWGS signifcantly decreased with
mannitol and xylitol. After four weeks of storage, the SWGS
with mannitol and xylitol showed about 25.3% and 27.5%
reduction in crystallinity, respectively, indicating that the
addition of mannitol and xylitol reduced the crystallinity of
SWGS. Te V-type characteristic peak was altered, probably
due to the formation of a new complex between mannitol
and xylitol, amylose, and lipids. In addition, the B-type
crystals were produced during staling by the re-
crystallization of amylopectin and water transfer from the
amorphous phase to the crystalline phase [33]. Terefore, it
can be inferred that the addition of mannitol and xylitol
could minimize the recrystallization of starch by combining
with starch through hydrogen bonds. Tis result was con-
sistent with the infrared experimental results.

3.4. Diferential Scanning Calorimetry. Starch, a major
structure-forming food hydrocolloid, is composed of am-
ylose, amylopectin, and some small amounts of non-
carbohydrate constituents. When starch is heated with
excess water, the molecules in the starch granules experience
a transition from an ordered to a disordered state, which can
be observed using DSC [34].

Te changes in the DSC parameters of lyophilized
powders stored for 0, 1, 2, 3, and 4weeks at 4°C with the
addition of mannitol and xylitol are presented in Table 2.
Here, Tp is the peak temperature of starch retrogradation
and ΔH is an important indicator of retrogradation. A larger
ΔH indicates more recrystallization, which means more
binding between the starch chains, indicating more severe
retrogradation. Tis phenomenon could be attributed to the
slow aging of starch molecules at low temperatures, which
implies the production of more crystalline or amorphous
polymers. Terefore, more energy is needed to break the
crystals during the DSC test [14].

Starch retrogradation involves the reassociation and
recrystallization of amylose and amylopectin, but amylose
retrogradation is quite faster than amylopectin

retrogradation [35]. Te irreversible crystals were estab-
lished during amylose retrogradation. When the tem-
perature exceeded 115°C, these crystals could not be
remelted, leading to an increase in Tp and ΔH [36].
Compared to the samples without mannitol and xylitol,
the samples with mannitol and xylitol showed a signifcant
decrease in Tp and ΔH.Te Tp of SWGS stored for 4 weeks
with mannitol and xylitol reduced from 133.82°C to
131.93°C and 127.71°C, and the ΔH reduced from 239.4 J/g
to 214.0 J/g and 201.0 J/g, respectively. Te enthalpy of
SWGS stored for 4 weeks at 4°C with xylitol was signif-
cantly lower than that of the mannitol sample. Similarly,
the enthalpy of SWGS with xylitol was noticeably smaller
than that of the samples with mannitol following storage
for four weeks at 4°C. Tis could be attributed to the fact
that xylitol contains more hydroxyl groups than mannitol,
which could absorb more water and bind to more starch

Relative
crystallinity (%)

4.88

4.75

4.32

Xylitol

Mannitol

Control

0 3010 20 40 50 60 70
Diffraction angle (°)

(a)

Relative
crystallinity (%)
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Figure 3: Efects of mannitol and xylitol on XRD difraction pattern of SWGS stored at 4°C for 0 (a) and 4 (b) weeks.

Table 2: Efects of mannitol and xylitol on the thermal parameters
of SWGS storage at diferent storage times.

Storage time (week) Samples TP (°C) △H (J/g)

0
Control 120.55± 0.44a 163.2± 0.8a
Mannitol 119.45± 1.47a 163.4± 0.9a
Xylitol 117.44± 2.12a 162.0± 2.7a

1
Control 122.97± 1.84a 177.7± 2.3a
Mannitol 120.79± 1.06a 169.9± 1.5b
Xylitol 121.06± 1.14a 169.9± 1.6b

2
Control 125.58± 1.47a 210.6± 1.1a
Mannitol 123.50± 1.07a 181.8± 2.4b
Xylitol 123.07± 1.28a 167.9± 1.3c

3
Control 129.58± 1.51a 223.9± 1.8a
Mannitol 127.91± 1.27a 208.6± 3.1b
Xylitol 126.52± 1.42a 185.8± 1.7c

4
Control 133.82± 0.36a 239.4± 1.3a
Mannitol 131.93± 1.95a 214.0± 1.7b
Xylitol 127.71± 1.37b 201.0± 2.2c

Note. Diferent letters in the same column or line indicate signifcant
diferences (p< 0.05).
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molecules. Terefore, adding xylitol could efectively in-
hibit the retrogradation of SWGS [37].

3.5. Low-Field Nuclear Magnetic Resonance. LF-NMR is
a potential approach to investigate water distribution and
migration. In this study, starch water transportation during
the retrogradation process was detected by LF-NMR. Te
degree of freedom of water was refected by the T2 relaxation
time. Table 3 shows the T2 relaxation times of SWGS at
diferent storage times. Te composition of the water in T2 is
subdivided into three categories. Te spin relaxation time of
T21 was between 0.1 and 1ms, and in this range, molecules of
water were bounded to the starch in the SWGS by hydrogen
bonding, which was known as bound water. Te spin re-
laxation time of T22 was between 1 and 10ms. Te water
molecules in this range were poorly bound to the starch,
which makes it incredibly hard for them to fow. T23
exhibited spin relaxation times between 10ms and 1000ms.
Te water molecules in this range were not intimately linked
to the starch; instead, they were attached to the surface of the
gel structure, which is called free water [38].

It can be seen from Table 3 that the T21, T22, and T23 of all
the samples signifcantly decreased with the increase in
storage time.Te extent of binding of water molecules in the
sample was observed by the spin relaxation time, and the
tight binding of water molecules in the sample was observed
by the lower spin relaxation time. Tese results suggested
that the interaction between starch and water molecules
enhanced and the fuidity of water restricted with increased
storage time. Terefore, the retrograded starch gel formed
a denser structure. Te addition of mannitol and xylitol
resulted in a noticeable reduction in the T21, T22, and T23
relaxation times, indicating that the synergistic interplay
among mannitol, xylitol, and starch facilitated the formation
of more ordered structures, leading to stronger binding of
the starch molecules to the water molecules. In the early

stage of gel storage, the content of free water in the gel was
the highest, so the water loss was the largest. However, the
water loss of the gel was reduced with the addition of
mannitol and xylitol. Te interaction among mannitol,
xylitol, and starch enabled the starch to combine with more
water [39] molecules [15]. Te decrease in T21 and T22 was
not signifcant, but the decrease in T23 was extremely sig-
nifcant. Te result indicated that the concentration of
mannitol and xylitol had no obvious efect on the migration
of bound water and immobile water but could efectively
reduce the migration of free water [39]. Te fuidity of water
was limited, the mobility of starch molecules was weak, and
the recrystallization of the starch chain was reduced. So, the
starch retrogradation was inhibited [40], which could be
attributed to the structure of mannitol and xylitol.

Te proportion of each component of water is repre-
sented by R21, R22, and R23, respectively. Te moisture in the
SWGS was mostly in the form of immobile water, and the
ratio of the moisture content of the components did not vary
regularly, which might be attributed to the fact that the
moisture in the samples was subjected to a dynamic mi-
gration process.

4. Conclusion

In this study, the retrogradation characteristics of SWGS
stored at diferent storage times with 2% mannitol and 4%
xylitol were investigated. Te following conclusions were
obtained: (1) the addition of 2% mannitol and 4% xylitol
signifcantly reduced the hardness, Tp, and ΔH of SWGS.
Moreover, the addition of xylitol signifcantly reduced the
rate of retrogradation in SWGS. (2) Te addition of polyol
signifcantly reduced the T2 relaxation time, thereby en-
hancing the binding of water molecules. Overall, these re-
sults indicate that the addition of 2% mannitol and 4%
xylitol, especially xylitol, could have positive and improving
efects on the antiretrogradation of SWGS.

Table 3: Efects of mannitol and xylitol on water distribution and water migration of SWGS at diferent storage times.

Time/weeks Samples T21 T22 T23 R21 R22 R23

0
Control 0.43± 0.01a 6.35± 0.03a 198.04± 9.72a 0.07± 0.87b 0.91± 0.76b 0.02± 0.10a
Mannitol 0.37± 0b 5.92± 0.03b 143.76± 1.48b 0.08± 0.52ab 0.89± 0.56ab 0.03± 0.04a
Xylitol 0.36± 0.02b 5.66± 0.11c 145.16± 14.23b 0.09± 0.40a 0.88± 0.85a 0.03± 0.45a

1
Control 0.39± 0.01a 5.96± 0.03a 170.60± 5.96a 0.05± 0.03b 0.93± 0.18a 0.03± 0.14a
Mannitol 0.34± 0.01c 5.61± 0.08b 140.80± 7.89b 0.06± 0.34a 0.91± 1.03b 0.03± 0.69a
Xylitol 0.34± 0.01c 5.58± 0.09b 133.22± 2.83b 0.06± 0.74a 0.91± 0.40ab 0.03± 0.35a

2
Control 0.37± 0.01a 5.81± 0.10a 162.24± 4.04a 0.04± 0.40b 0.93± 0.55a 0.02± 0.15a
Mannitol 0.36± 0.02a 5.51± 0.05b 131.63± 4.64b 0.05± 0.17a 0.92± 0.09a 0.03± 0.26a
Xylitol 0.35± 0.01a 5.40± 0.07b 136.58± 11.65b 0.05± 0.14a 0.92± 0.61a 0.03± 0.47a

3
Control 0.37± 0.01a 5.60± 0.04a 156.20± 1.96a 0.04± 0.16b 0.93± 0.45a 0.02± 0.29a
Mannitol 0.33± 0.02ab 5.20± 0.04bc 123.37± 2.62c 0.05± 0.07a 0.92± 0.15b 0.03± 0.08a
Xylitol 0.31± 0.01b 5.02± 0.14c 120.53± 4.16c 0.05± 0.29a 0.92± 0.09b 0.03± 0.21a

4
Control 0.36± 0.01a 5.55± 0.07a 139.29± 8.75a 0.04± 0.09b 0.94± 0.26a 0.02± 0.18b
Mannitol 0.32± 0.01bc 5.08± 0.06bc 110.57± 6.41bc 0.05± 0.04a 0.93± 0.20bc 0.02± 0.16a
Xylitol 0.32± 0.01c 4.87± 0.07c 107.28± 2.54c 0.05± 0.08a 0.92± 0.13c 0.03± 0.05a

Note. Diferent letters in the same column or line indicate signifcant diferences (p< 0.05).
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[27] C. Pozo, S. Rodŕıguez-Llamazares, R. Bouza et al., “Study of
the structural order of native starch granules using combined
FTIR and XRD analysis,” Journal of Polymer Research, vol. 25,
no. 12, p. 266, 2018.

[28] W. Li, C. Li, Z. Gu et al., “Retrogradation behavior of corn
starch treated with 1,4-α-glucan branching enzyme,” Food
Chemistry, vol. 203, pp. 308–313, 2016.

Journal of Food Quality 7



[29] S. Ding and J. Yang, “Te efects of sugar alcohols on rhe-
ological properties, functionalities, and texture in baked
products-a review,” Trends in Food Science & Technology,
vol. 111, pp. 670–679, 2021.

[30] J. Xiong, Q. Li, Z. Shi, and J. Ye, “Interactions between wheat
starch and cellulose derivatives in short-term retrogradation:
rheology and FTIR study,” Food Research International,
vol. 100, pp. 858–863, 2017.

[31] X. Wu, H. Yu, G. Bao, M. Luan, and C. Wang, “Preparation of
adzuki bean starch-lipid complexes and their anti-digestion
mechanism,” Journal of Food Measurement and Character-
ization, vol. 16, no. 2, pp. 945–956, 2022.

[32] W. Li, F. Cao, J. Fan et al., “Physically modifed common
buckwheat starch and their physicochemical and structural
properties,” Food Hydrocolloids, vol. 40, pp. 237–244, 2014.

[33] I. Demirkesen, O. H. Campanella, G. Sumnu, S. Sahin, and
B. R. Hamaker, “A study on staling characteristics of gluten-
free breads prepared with chestnut and rice fours,” Food and
Bioprocess Technology, vol. 7, no. 3, pp. 806–820, 2014.

[34] P. Kaur, M. Singh, and P. Birwal, “Diferential scanning
calorimetry (DSC) for the measurement of food thermal
characteristics and its relation to composition and structure,”
in Techniques to Measure Food Safety and Quality: Microbial,
Chemical, and Sensory, M. S. Khan and M. Shafur Rahman,
Eds., Springer International Publishing, Cham, Switzerland,
pp. 283–328, 2021.

[35] A. C. Eliasson, “10-gelatinization and retrogradation of starch
in foods and its implications for food quality,” in Chemical
Deterioration and Physical Instability of Food and Beverages,
L. H. Skibsted, J. Risbo, and M. L. Andersen, Eds., Woodhead
Publishing, Sawston, UK, pp. 296–323, 2010.

[36] H. Yang, Y. Fu, Y. Zhang et al., “Evaluation of mannitol and
xylitol on the quality of wheat four and extruded four
products,” International Journal of Food Science and Tech-
nology, vol. 56, no. 8, pp. 4119–4128, 2021.

[37] S. Y. J. Sim and C. I. Moraru, “High-pressure processing of pea
protein–starch mixed systems: efect of starch on structure
formation,” Journal of Food Process Engineering, vol. 43, no. 2,
2020.

[38] L. Chen, Y. Tian, Q. Tong, Z. Zhang, and Z. Jin, “Efect of
pullulan on the water distribution, microstructure and tex-
tural properties of rice starch gels during cold storage,” Food
Chemistry, vol. 214, pp. 702–709, 2017.

[39] Y. Luo, X. Han, M. Shen, J. Yang, Y. Ren, and J. Xie, “Mesona
chinensis polysaccharide on the thermal, structural and di-
gestibility properties of waxy and normal maize starches,”
Food Hydrocolloids, vol. 112, Article ID 106317, 2021.

[40] C. Ma, C. Tan, J. Xie et al., “Efects of diferent ratios of
mannitol to sorbitol on the functional properties of sweet
potato starch flms,” International Journal of Biological
Macromolecules, vol. 242, Article ID 124914, 2023.

8 Journal of Food Quality




