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ARTICLE INFO ABSTRACT

Keywords: The effect of ultrasonic treatment on the structure, morphology and antioxidant activity of highland barley
Highland barley p-glucan (HBG) was investigated. Ultrasonic treatment for 30 min was demonstrated to improve the aqueous
p-glucan solubility of HBG, leading to a decrease in turbidity. Meanwhile, moderate ultrasound was found to obviously
K:;iiﬁzgt reduce the particle size distribution of HBG, and transform the entangled HBG molecules into flexible and
Structure extended chains, which reaggregated to form larger aggregates under long-time ultrasonication. The in vitro
Aggregation antioxidant capacity of HBG treated by ultrasonic first increased and then decreased compared to native HBG.

Congo red complexation analysis indicated the existence of helix structure in HBG, which was untwisted after
ultrasonic treatment. Furthermore, ultrasound treatment influenced the glucopyranose on HBG, which weakened
the intramolecular hydrogen bond of HBG. The microscopic morphology showed that the spherical aggregates in
native HBG solution were disaggregated and the untangled HBG chains reaggregated with excessive

ultrasonication.

1. Introduction

Highland barley has garnered significant attention due to its
remarkable health-promoting effects, particularly in terms of its bio-
logical activity (Li et al., 2022a). Among its important bioactive con-
stituents, highland barley f-glucan (HBG) stands out as a long-chain
polysaccharide comprised of p-p-glucose units linked by p-(1,3) or
B-(1,4) glycosidic bonds. HBG exhibits exceptional functionality in
emulsification, thickening, water retention, and gelation during food
processing. Consequently, current research efforts primarily revolve
around optimizing the extraction process and investigating the physi-
cochemical properties of HBG (Al-Ansi et al., 2021). Notably, numerous
reports have suggested that HBG holds great potential in regulating
blood glucose levels and mitigating constipation (Zang et al., 2023). The
biological activities of HBG are closely associated with its antioxidant
properties, which enable the termination of oxidative stress reactions
through scavenging free radicals (Xi et al., 2023; Xia et al., 2018).

Meanwhile, the free radical scavenging capacity of HBG is heavily
influenced by its molecular and structural characteristics. Extensive
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research findings have indicated that the biological activity of poly-
saccharides is closely associated with factors such as molecular weight,
solubility, viscosity, branching degree, chain conformation, crystallinity
and aggregation behavior (Gao et al., 2022; Zhou et al., 2022). However,
there remains a dearth of research on the correlation between structural
modifications of polysaccharides and their biological activity. Further-
more, processing methods can induce aggregation or structural changes
that significantly impact the antioxidant performance of p-glucan.
Structural alterations can affect the viscosity and solubility of natural
polysaccharides, thereby influencing their biological activity (Ma et al.,
2022). Studies have demonstrated that thermal processing-induced
reduction in molecular weight leads to a significant increase in the in
vitro antioxidant activity of p-glucan (Bai et al., 2021). Similarly, the
decrease in molecular weight of oat p-glucan enhances immune activity,
anti-diabetic properties, anti-proliferation effects, anti-inflammatory
activity, and in vitro cholic acid adsorption capacity (Btaszczyk et al.,
2015). These findings underscore the pivotal role of molecular structure
in the biological activity of p-glucan. Nonetheless, whether the biolog-
ical activity of HBG is influenced by its chemical structures, aggregation
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behavior, and other physicochemical changes remains unclear, which
hampers the research and development of functional food and health
products based on highland barley.

In general, polysaccharides with low molecular weight and low
viscosity, devoid of aggregation, are more likely to exhibit enhanced
biological activities. However, HBG possesses a relatively large molec-
ular weight and propensity for aggregation, resulting in its diminished
antioxidant activity (Cui & Zhu, 2021). Therefore, to explore the po-
tential application of HBG in functional food, it is necessary to improve
its antioxidant activity of HBG through appropriate treatment. Ultra-
sound, as a green processing technology, has found extensive applica-
tion in polysaccharide extraction and controlled degradation.
Ultrasound treatment can reduce particle size, molecular weight, and
polysaccharide aggregation, thereby improving solubility and biological
activities such as immune regulation, antioxidant, anti-inflammatory,
and anti-tumor effects (Yuan et al., 2020). Additionally, ultrasound
has a more pronounced impact on polysaccharides with higher molec-
ular weights compared to those with smaller molecular weights, indi-
cating its potential influence on HBG solutions (Wang et al., 2021). The
utilization of ultrasound technology offers a simple and eco-friendly
approach that promotes the exposure of functional groups, thereby
increasing mobility and free radical scavenging activity. Based on this
premise, we hypothesize that ultrasound treatment can modify the
structure and alter the aggregation behavior of HBG, ultimately
enhancing its antioxidant potential. The research results will not only
advance the development of the highland barley food processing in-
dustry but also provide a scientific foundation for the creation of a range
of functional foods and health products with HBG as a key component
(Guo et al., 2020; Obadi et al., 2021).

2. Materials and methods
2.1. Materials and chemicals

Highland barley (Hordeum vulgare var. coeleste Linnaeus) unprocessed
grain (blue highland barley, harvest in 2022) was purchased from Tibet
Wild Medicinal Materials Co., Ltd (Shigatse, Tibet, China). All highland
barley grains were stored in sealed bags below 4 °C for refrigeration
until use. DPPH (2,2-biphenyl-1-picrylhydrazinyl), ATBS (2,2~ hydra-
zine bis (3-ethylbenzothiazoline-6-sulfonic acid) diamine salt), ther-
mostable a-Amylase, starch glucosidase and pancreatin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Congo red and dimethyl
sulfoxide was provided by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All other chemicals were of analytical grade.

2.2. The extraction of highland barley j-glucan

The extraction of HBG from highland barley grains was conducted
according to previous studies with slight modifications (Bai et al., 2021).
Raw highland barley was grounded into powder and filtered through a
100-mesh screen. The prepared powder (50 g) was spread in the 150 mm
glass culture dish and placed at the center of the microwave Synthesis
Platform (XH-200A, Xianghu, Beijing, China) with a 7 W/g power
density for 120 s. Briefly, powdered highland barley was suspended in
deionized water (1: 20, w/v). The mixture was then centrifuged at 4000
g for 15 min at 80 °C, the supernatant was combined and concentrated.
The HBG extracted from sediment was through enzymatic hydrolysis.
Thermostable a-amylase (20,000 U) and starch glucosidase (10,000 U)
were used to remove starch, and pancreatin (5000 U) was used to
remove protein. The solution was precipitated by 95% ethanol for 12 h,
then centrifuged at 4000 g for 20 min to obtain the precipitate. The HBG
was freeze-dried and preserved at —18 °C for further analysis. Purities of
HBG were measured according to the method of AOAC (995.16) using a
commercial assay kit (Megazyme International Ireland, Bray, Ireland).
The extraction yields of B-glucan were calculated as equation (1):
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mass of extracted § — glucan(g)

Extractability = (@D)]

mass of powered highland barley flour(g)

The basic parameters of HBG were extractability (3.42 4+ 0.08 g/100
g flour) and purity (93.42 + 0.68%).

2.3. Ultrasound treatment of HBG

HBG solution (1%, w/v) was treated by the ultrasonic processor
(Model JY92-II DN, Xinyi ultrasonic equipment Co., Ltd, Ningbo, China)
under the condition of the ice bath, the ultrasonic temperature was
controlled by a circulation system (Chen et al., 2014). The ultrasound
treatments were set to a pulse mode (3 s on followed by 5 s off) with a
®10 mm ultrasonic probe. The ultrasonic probe was dipped 2 cm from
the top of the solution. The ultrasonic condition was carried out as
previously report with slight modification (Hu et al., 2021). The working
frequency of ultrasound is 40 Hz, and the power ultrasound is 900 W.
HBG solutions were treated for 0, 10, 20, 30, 40, and 60 min. The
samples after ultrasound treatment were labeled as UHBGO, UHBG10,
UHBG20, UHBG30, UHBG40, and UHBG60, respectively.

2.4. Determination of solubility and turbidity of HBG

The determination of the solubility of HBG was according to the
method of Liu et al. (Liu et al., 2021). The solubility of HBG treated by
different ultrasonic conditions was calculated by the following Eq. (2):

Solubility = % x 100% @)

Where m is the weight of the dried residues from supernatants, and M
is the weight of the dry sample.

The determination of the turbidity of HBG was according to Ye et al.
(Ye et al., 2021). The absorbance values were recorded at 610 nm using
a UV-1800 spectrophotometer (Shimadzu, Japan).

2.5. Determination of antioxidant activity

2.5.1. DPPH radical scavenging activity

The determination of DPPH radical scavenging activity was based on
the method of Bai et al. (Bai et al., 2021) with some modifications. HBG
solution (1 mL) was mixed with 1 mL of newly prepared dimethyl
sulfoxide solution (0.2 mM DPPH) and vortex mixed for 1 min. At the
same time, 1 mL of dimethyl sulphite is added to replace the B-glucose
solution preparation blank group. The mixture was then kept in the dark
at 20 °C for 30 min. The absorbance of each reaction solution is
measured at 517 nm by a microplate reader (Biotek Epoch 2 T, USA).

2.5.2. Determination of ABTS free radical scavenging activity

The published method (Khan et al., 2016) was used to evaluate ABTS
free radical scavenging activity of HBG treated by ultrasonic. The ABTS
solution was prepared by mixing 10 mL ABTS (7 mM) with 10 mL
K2S20g (2.45 mM) and reacted in dark at room temperature for 12 h.
HBG solution (150 pL of 20 mg/mL) was added to 2850 pL diluted ABTS
solution, and the mixture was reacted in the dark for 2 h. The absorbance
was then recorded by the Synergy HTX multifunctional microplate
reader (BioTek, Biotek Winooski, Vermont, USA) at 734 nm. The HBG in
the blank group was replaced with an equivalent amount of Milli-Q
water.

2.5.3. Hydroxyl radical scavenging activity

The hydroxyl radical scavenging activity was measured by the
method described previously with some modifications (Giese et al.,
2015). In brief, 0.5 mL FeSO4 (15 mM) was mixed with 0.35 mL H05 (6
mM), then 0.15 mL sodium salicylate (20 mM) and 1 mL of HBG (20 mg/
mL) were added into the mixture. At the same time, Milli-Q water (1 mL)
was used instead of HBG solution was used to prepare a blank group. The
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reacted mixture was incubated at 37 °C for 1 h, and then the absorbance
was measured at 562 nm with a Synergy HTX multifunctional micro-
plate reader (BioTek, Biotek Winooski, Vermont, USA).

2.5.4. Determination of superoxide radical scavenging activity

The superoxide anion radical scavenging activity was determined
according to the method described by Bai et al. (Bai et al., 2021) and
slightly modified. The reaction mixture (1 mL) consisted of 0.8 mL of
HBG, 0.1 mL PMS (0.12 mM) and 0.1 mL NBT (1 mM) was reacted at 25
°C for 10 min in the dark. The reaction was terminated by adding 0.04
mL HCl (10 M). The HBG solution was replaced by an equal amount of
Milli-Q water. The absorbance at 560 nm was measured with a Synergy
HTX multifunctional microplate reader (BioTek, Biotek Winooski, Ver-
mont, USA).

2.6. Measurement of Congo red with HBG

Congo red is dissolved in deionized water and the concentration was
adjusted to 2 mM. The HBG solution treated with different ultrasonic
treatments was diluted to 1 mg/mL. The NaOH solution was adjusted to
the concentration of 0.05, 0.1, 0.15, 0.2, 0.25, 0.3 and 0.4 M (Hu et al.,
2021). The resulting samples were supplemented with 1.5 mL of
different NaOH solutions, 0.75 mL of treated HBG solution, of 0.5 mL of
Congo red solution and 0.25 mL of distilled water. After standing for 20
min, the maximum absorption wavelength (Apax) was measured by a
UV-1750 spectrophotometer (Shimadzu Co., Ltd., Japan).

2.7. Particle size distribution of HBG

The particle size of the HBG treated by ultrasound for different time
was measured by Zetasizer Nano ZS DLS (Malvern, UK) at 633 nm at a
90° scattering angle of 25 °C (Y. Zhao et al., 2020). The HBG sample was
dissolved at 0.1 mg/mL, HBG solution was added to a plastic cuvette and
measured.

2.8. Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of native and ultrasound-treated HBGs were
recorded on a Nicolet iS50 Fourier Infrared Spectrometer (Thermo
Nicolet Inc., Waltham, MA, USA) at room temperature using the KBr-
disk method (Luo et al., 2023). Lyophilized powder samples (1 mg)
were mixed with 99 mg of KBr was grounded thoroughly and pressed
into pellets. The spectra were recorded in the wave number range of
400-4000 cm ™.

2.9. Microstructure of HBG under different ultrasound condition

2.9.1. Transmission electron microscopy (TEM)

The samples were prepared by drop-coating the HBG solution (10
ng/mL) onto the carbon-coated copper grid and then loaded onto a
specimen holder (Hu et al., 2021). The morphological characterization
of HBG treated by ultrasonic was determined by transmission electron
microscopy H-7650 transmission electron microscope (Hitachi, Japan).

2.9.2. Surface morphology of HBG by atomic force microscopy (AFM)

HBG solutions with different ultrasonic time were to 100 pg/mlL,
followed by drops on the mica plate and air dried in the sterile operation
platform (Huang et al., 2022). The mica plate was placed on the oper-
ating desk of an AFM (Cypher S, Oxford Instruments Asylum Research
Inc., CA, USA), then the images were captured in tapping mode.

2.9.3. Microstructure of HBG by scanning electronic microscopy (SEM)

The microstructure of HBG at different ultrasonic time was deter-
mined by Regulus 8100 scanning electron microscope (Hitachi, Japan)
at an acceleration voltage of 3 kV, viewed at 65 x and 500 x
magnification.
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2.10. Statistical analysis

Unless otherwise specified, the experiments were performed in
triplicate and repeated at least three times. The experimental data were
expressed as mean =+ standard deviation (SD). The analysis of variance
(ANOVA) was performed, then Duncan multi-range test was conducted.
SPSS 26.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis,
and P < 0.05 was considered statistically significant for the results.

3. Results and discussion
3.1. Changes in dissolution properties

The turbidity and solubility reflected the dispersion characteristics of
HBG in water. The solubility of HBG increased first and then decreased,
reaching the maximum value of 93.6 + 1.12% at 30 min (Fig. 1A). Ul-
trasonic treatment improved the solubility of HBG in water within an
appropriate time, mainly due to the ultrasonic cavitation effect, which
transformed the larger aggregates in HBG into smaller particles. After
ultrasonic treatment for a longer time, the HBG solution turned pale
white again, which was caused by the reaggregation of small particles
(Zhao et al., 2020). Under continuous ultrasound treatment, the heating
effect is more pronounced than the cavitation effect, leading to the re
aggregation of small particles during excessive ultrasound treatment
(Gokce et al., 2014). The turbidity of the HBG solution first decreased
and then increased with the extension of ultrasonic time from 0 min to
60 min (Fig. 1B). Without ultrasonic treatment, the turbidity of the HBG
solution was relatively high, and reached the lowest turbidity after 30
min of ultrasonic treatment. The turbidity of HBG was related to its
solubility, which presented the opposite trends in the solution. It has
been reported that ultrasound can affect the turbidity and solubility of
HBG (Du et al., 2022). In addition to the molecular weight of a single
HBG molecule, the turbidity and solubility also depended on the inter-
action and aggregation between molecules. The photos of the HBG so-
lution under different ultrasonic time (0-60 min) were shown in Fig. 1C.
The HBG solution without ultrasonic treatment was pale white. After a
period of ultrasonic treatment (0-30 min), the HBG solution became as
transparent as pure water. However, with the further extension of ul-
trasonic time (>30 min), the HBG solution tended to be turbid and
opaque. High-intensity ultrasound will destroy the aggregation behavior
of HBG, leading to an increase in solubility. The high-intensity shear
force generated by ultrasonic destroyed the force between HBG
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Fig. 1. Solubility (A), turbidity (B) and photographs of HBG solution treated by
ultrasound at different time. UHBGO-60 were assigned to HBG solutions ultra-
sonicated for 0, 10, 20, 30, 40 and 60 min. Error lines indicate the mean + SDs
(n = 3). Different letters (a-f) indicate significant differences (P < 0.05).
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molecules, which disintegrated the complex structure and exposed the
hydrophilic groups of HBG (Du et al., 2022). Ultrasound treatment can
significantly improve the solubility of HBG. One reason is that some
HBG are degraded by ultrasound, and the molecular weight of HBG
decreases, leading to the enhancement of their solubility.

3.2. Particle size distribution of HBG

The conformation of HBG is often characterized by random coil,
single helix and multi helix structure, which is affected by intermolec-
ular force, temperature and solvent (Li et al., 2023). Ultrasonic treat-
ment changed the factors that affect the conformation of HBG, therefore,
HBG showed different aggregation states. The conformation of HBG
refers to the shape and size of HBG in solution, including mono-
saccharide conformation, flexibility and spatial structure. Particle size
distribution is one of the important indicators of the aggregation state of
reaction HBG in solution. The volume distribution of HBG treated by
ultrasonic at different time (0-60 min) was displayed in Fig. 2. The
particle size and polydispersity index (PDI) of the particles were calcu-
lated and listed in Table S1. With the extension of ultrasound time, the
average particle size of HBG decreased first and then increased. The
untreated HBG particle size distribution showed one peak at about
178.25 nm on the volume distribution curve, indicating that there are
large particles or aggregates in the HBG solution. This explains why the
natural HBG solution appeared pale white. Compared with untreated
HBG, the peak positions of UHBG10, UHBG20 and UHBG30 shifted to
the left, and the peak position changed from 102.26 nm to 42.36 nm. It
showed that ultrasound reduced the particle size, which was due to the
change of HBG molecular chain length caused by high-speed shear
during ultrasonic treatment. The particle size of HBG is related to the
molecular weight, intrinsic viscosity and physical stability. In general,
the solubility will increase with the decrease in particle size, while the
turbidity will have the opposite trend. The HBG was the solution was
damaged obviously after ultrasonic treatment from 0 to 30 min. It can be
inferred that the particle size distribution of the HBG is still narrow and
uniform when ultrasonic treatment is used to reduce the macromolec-
ular fragments of HBG (Hu et al., 2021). The uniformity of particle size
distribution is mainly reflected by PDI, and a smaller PDI indicates a
more uniform particle size distribution. In the present study, the PDI
values showed a decrease from 0.594 + 0.035 to 0.382 + 0.016 with the
ultrasonic time increased from 0 to 30 min. However, it is interesting
that with the extension of ultrasound time, two peaks appeared in
UHBGA40 (112.46 + 6.57 and 447.75 + 23.65 nm) and UHBG60 (138.64
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Fig. 2. The particle size distribution of HBG treated by ultrasound at different
time. UHBGO-60 were assigned to HBG solutions ultrasonicated for 0, 10, 20,
30, 40 and 60 min.

Food Chemistry: X 19 (2023) 100793

+ 8.65 and 502.38 + 32.11 nm) (Table S1). The appearance of large
particles indicated the reaggregation of small particles, which promoted
the HBG solution turbid and broadened the particle size distribution.
The cavitation and shear effects of the ultrasound lead to the reaggre-
gation and entanglement of small particles under the action of excessive
ultrasound. In addition, the increased hydrophobic force between HBG
molecules after the ultrasonic treatment caused the aggregation of
molecules, and some large particles appeared in the solution (Li et al.,
2017). When the ultrasonic time is 30 min, the PDI value of HBG is the
smallest, indicating that 30 min of ultrasonic is the best ultrasonic time
to obtain a smaller and more uniform particle size of HBG. It is worth
noting that the HBG/water system without ultrasound showed stable
pale white, which may be caused by the formation of micelles by
hyperbranched HBG molecules with hydrophobic water as the core and
hydrophilic hydroxyl as the shell in the aqueous solution (Wang et al.,
2017). These results are consistent with the turbidity and solubility test
measurement.

3.3. Antioxidant property analysis of HBG

Free radicals are associated with many diseases, such as cancer,
rheumatoid arthritis, atherosclerosis and AIDS. Antioxidants are very
useful for the treatment of these diseases through their scavenging ca-
pacity. HBG has the activity of scavenging free radicals, which was
greatly affected by its monosaccharide composition, molecular weight,
structure and processing methods (Yang & Huang, 2021).

DPPH is a free radical compound, which is widely used to measure
the free radical scavenging capacity of various HBG by providing pro-
tons and turning yellow in the presence of antioxidants. Compared with
HBG without ultrasonic treatment, the percentage of DPPH inhibitory
activity of HBG after ultrasonic treatment was shown in Fig. 3A. The
enhanced DPPH scavenging activity of HBG was related to the exposure
of the active hydroxyl after ultrasonic treatment. Through the DPPH free
radical scavenging test of HBG under different ultrasonic time, HBG with
the ultrasonic time of 0-30 min has the ability to scavenge DPPH free
radicals. Moreover, the DPPH free radical scavenging effect of HBG is
greater with the extension of ultrasonic treatment within 30 min. The
enhancement of DPPH radical scavenging activity of ultrasonic-treated
HBG was due to the low molecular weight subunits during ultrasonic
treatment (Alzorqi et al., 2016). However, the DPPH free radical scav-
enging effect of HBG continued to decline after the ultrasonic time
exceeded 30 min, which may be due to the aggregation of HBG. When
the ultrasound time exceeded 30 min, the DPPH radical scavenging
activity gradually decreased with the extension of ultrasound time. This
may be related to the cavitation effect of ultrasound, where the - CH
group leaded to the integration of HBG and the formation of clusters in
the solution. The presence of clusters reduced the exposure of hydroxyl
groups, resulting in a decrease in DPPH scavenging ability (Z. Zhao
et al., 2013). Hydroxyl groups can provide electrons to reduce free
radicals to a more stable form and/or terminate the free radical chain
reaction by directly reacting with free radicals, thereby reducing anti-
oxidant activity of HBG.

Nitrogen-centered stable free radical ABTS is one of the widely used
analytical methods to determine the total antioxidant capacity of
various extracts. Similar to the advantages of the DPPH method, the
ABTS method is also an antioxidant method based on an electron
transfer mechanism. The ABTS analysis of ultrasonic-treated HBG is
shown in Fig. 3B, which was similar to the determination results of
DPPH clearance determination. The ABTS inhibitory activity increased
with the ultrasound time from O min to 30 min. Compared with the
natural HBG without ultrasonic treatment, the inhibitory activity of
HBG treated with ultrasonic treatment for 30 min was the highest, which
was 84.36%. Tang et al. (Tang et al., 2021) reported that with the in-
crease in degradation of HBG, the reduced molecular weight of HBG
improved the ABTS inhibitory activity. HBG with different ultrasonic
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treatment time (0-30 min) has certain ABTS free radical scavenging
activity, which is due to the existence of heteropoly hydrogen atoms that
destroyed the free radical chain reaction (Hong et al., 2023). However,
the effect of ultrasonic treatment on ABTS radical scavenging was
significantly reduced in the range of 40-60 min. In particular, the ABTS
scavenging activity of HBG after ultrasonic treatment for 60 min was the
lowest after ultrasonic treatment, which was due to the excessive ag-
gregation of HBG loss some groups that can bind to ABTS free radicals.
The ABTS radical scavenging activity of HBG displayed same tendency
as the DPPH radical scavenging activity after ultrasound treated more
than 30 min. Long time ultrasound treatment caused aggregation of
HBG, leading to the burial of some active groups, which further
decreased the higher scavenging rate of ABTS radicals (Wang, Chen
et al., 2021a).

Hydroxyl radicals are very active and can be generated in biological
cells through the Fenton reaction. Hydroxyl radicals can cause oxidative
damage to carbohydrates, amino acid, protein, nucleic acid and other
substances in tissues due to its strong oxidation capacity (Faure &
Nystrom, 2016). Furthermore, hydroxyl radical has strong biological
toxicity in the process of metabolism in animals. Therefore, scavenging
hydroxyl radicals is essential to protect organisms or food systems. The
hydroxyl radical scavenging capacity of HBG after ultrasonic treatment
was shown in Fig. 3C. HBG play an antioxidant role because they can
provide hydrogen to free radicals from a stable state to terminate the
free radical chain reaction (Chen et al., 2021b). The scavenging capacity
of hydroxyl radicals is closely related to the length of ultrasonic

treatment. Compared with natural HBG, the percentage of hydroxyl
radical scavenging activity in UHBG10 raised by 32.63%. After 30 min
of ultrasonic treatment, the scavenging activity of HBG was 68.32%,
suggesting that HBG has obvious hydroxyl radical scavenging activity.
However, with the further extension of ultrasound time, the inhibitory
activity decreased. The results suggested that the hydroxyl group (-OH)
of HBG played an important role in antioxidant activity. Hydrogen ions
were released from the hydroxyl group of HBG and combined with free
radicals that terminate the chain reaction initiated by free radicals
(Xiong et al., 2022).

Superoxide radicals are relatively weak oxidants, but they can
amplify cell damage by producing other kinds of free radicals and oxi-
dants, such as hydrogen peroxide, hydroxyl radicals and singlet oxygen
(Xie et al., 2022). Superoxide anions can also indirectly initiate lipid
peroxidation to form Hy0,, the precursor of hydroxyl radicals was
produced. The scavenging effect of ultrasonic treatment of HBG on su-
peroxide free radicals is time-dependent (Fig. 3D). When ultrasonic
treatment time is 30 min, the scavenging activity of HBG was 54.32%.
However, after ultrasonic treatment for 40 min and 60 min, the scav-
enging activity of HBG against superoxide free radicals was significantly
reduced. Superoxide radicals are reactive oxygen species (ROS) with
high activity. HBG can provide hydrogen atoms to eliminate superoxide
free radicals, which will be oxidized and degraded, accompanied by
glycosidic bond breaking and ring opening (Mosele et al., 2018). The
improvement of the antioxidant capacity of HBG was due to the better
water solubility of the degraded molecular structure, which enlarged the
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contact area between active functional groups and free radicals. The
change of spatial structure after ultrasonic treatment weakened the
intermolecular force and hydrogen bond force of HBG (Bai et al., 2021).
The hydrogen supply capacity was increased, thus enhancing the for-
mation of a more stable structure between hydrogen and free radicals. In
conclusion, the detection of various antioxidant indexes under the ac-
tion of HBG with different ultrasonic time showed that HBG had good
antioxidant activity.

3.4. Structural changes of HBG by Congo red complexation

Although HBG molecules cannot form specific a-helix, p-sheet and
other secondary structures, some HBG molecules have special spiral
structure, which is closely related to the biological activity of HBG (Yan
et al., 2021). Therefore, it is necessary to investigate whether HBG has a
spiral structure and the effect of ultrasonic treatment on the spiral
conformation of HBG. In an alkaline solution, Congo red can form a
complex with HBG with single or multiple helix conformation. The
maximum absorption wavelength (Ayay) of the complex in an alkaline
solution at low concentration has a red shift compared to the Congo red,
and a metastable region appeared within a certain NaOH concentration
range (Zhang et al., 2021). The changes of the maximum absorption
wavelengths of the complexes formed by ultrasonic-treated HBG and
Congo red in different concentration ranges were shown in Fig. 4. When
the concentration of NaOH was <0.2 M, the maximum absorption
wavelength of the complex of HBG and Congo red has a significant
redshift, indicating the existence of a spiral structure. With the contin-
uous increase of NaOH concentration in the mixed solution (<0.2 M),
the maximum absorption wavelength showed a significant downward
trend. However, with the further increase of NaOH concentration (>0.2
M), the maximum absorption wavelength (Anax) was almost unaffected.
Under strong alkaline conditions, the HBG was gradually degraded. The
untwisting spiral structure of the HBG was unable to form the complex
with Congo red, which indicated that ultrasound cannot completely
destroy the helical structure of HBG, while the high concentration of
NaOH can ruin the helical conformation of HBG (Hu et al., 2021). In
addition, the comparison before and after ultrasound treatment of HBG
showed that HBG under ultrasonic field had a helix structure under weak
alkaline conditions. The maximum absorbance of the complex formed
by ultrasonic-treated HBG and Congo red at different alkali
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Fig. 4. Changes of maximal absorption (Amax) in the solution of Congo red
alone (Congo red), Congo red and HGB ultrasonicated for 0, 10, 20, 30, 40, and
60 min (UHBGO-60) at various NaOH concentrations. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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concentrations is time-dependent. In the low NaOH range (<0.2 M), the
maximum absorption wavelength of HBG and Congo red mixed solution
decreased and then increased with different ultrasonic treatment time.

The maximum absorption wavelength after ultrasonic treatment was
lower than that of natural HBG when the ultrasonic time is 0-30 min,
which suggested that ultrasonic treatment caused part of the HBG spiral
structure to disintegrate into an irregular coil form. The unfolding of
these helical structures led to the decrease in the absorbance. When the
ultrasonic time exceeded 30 min, the maximum absorption wavelength
(Mmax) increased significantly. Ultrasound made the cello-trisaccharide
units in HBG easy to form helices through hydrogen bonds and then
reaggregated (Wudan Cai et al., 2022). Therefore, it can be inferred that
HBG has a helical structure that can be combined with Congo red re-
agent, and the HBG after ultrasound still remains a certain degree of the
helical structure.

3.5. FT-IR spectroscopy analysis of HBG

FT-IR spectroscopy is an effective tool to analyze the structure of
HBG, which can distinguish the characteristic peaks of HBG. The FT-IR
spectrum of HBG under ultrasound treated for 0-60 min was shown in
Fig. 5. The wide and strong peak at 3275 cm ™! is O—H tensile vibration,
the weak absorption band at 2890 cm ™! represents the saturated
hydrogen stretching vibration of C—H in HBG. The peak value of 1643
em ™! is attributed to C—O tensile vibration in the open chain structure
of HBG. The absorption peak in 1419 and 1265 cm ™ is the variable
angle vibration absorption peak of C—H, and the peak at 1156 and 1370
cm™! are attributed to C—O—C tensile vibration and C—O—H bending
vibration, respectively (Hu et al., 2021). The above peaks can prove that
the sample is a carbohydrate compound. Most notably, the absorption
peak between 1200 ~ 800 cm™! is considered as the “fingerprint” area
of HBG, including C—0—C, C—C—O0 and C-OH coupling vibration. In
the range of 1200 ~ 1000 cm ™%, the overlapping vibration of the side
group (C-OH) and glycosidic bond (C—0O—C) is helpful for the structural
identification of HBG (Y.-C. Li et al., 2022b). The infrared spectrogram
of HBG has a relatively strong peak at 1018 cm™' combined with a
shoulder peak at 995 cm ™!, which is a typical characteristic peak of
HBG. In addition, a monosaccharide with pyran ring configuration is
also found in HBG. The characteristic peak of the “fingerprint area” of
the HBG (895 cm_l) is linked by the type I glycoside bond. In addition,
the characteristic peak of the “fingerprint area” of HBG (895 cm™!)
linked by the p-type glycosidic bond of monosaccharide with pyran ring
configuration was also found in HBG (Li et al., 2021). The absorption
peak at 895 cm™! is the characteristic absorption peak of C—H in the
pB-type glycoside bond, which indicated that HBG has p-structural char-
acteristics. Furthermore, the absorption peaks at 1070 and 1156 cm™!
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Fig. 5. Fourier transform infrared (FTIR) spectrum of HBG ultrasonicated for O,
10, 20, 30, 40, and 60 min (UHBGO0-60).
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belong to C—O—C stretching, which proved that the linear structure of
HBG is connected by p-1-3 linkage (Bai et al., 2021).

Compared with untreated HBG, the absorption peaks of ultrasonic-
treated HBG at 3275, 2890, 1643, 1370, 1156 and 895 cm~! had no
significant change. All these characteristic peaks will appear in the FT-IR
spectrum as long as there are sugar units in the ultrasonic-treated HBG,
which indicated that the ultrasonic-treated HBG groups are basically the
same. The results further revealed that the primary structure of HBG was
retained, which means that ultrasonic treatment did not cause serious
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damage to the skeleton structure of HBG. In addition, we normalized the
FT-IR spectra to compare band intensity. Interestingly, the peak in-
tensity at 3275 cm ™! of HBG became stronger after ultrasonic treatment,
which confirmed that the degradation of larger molecular weight may
expose more hydroxyl groups (Liu et al., 2021). These hydroxyl groups
mean that there are more opportunities to form hydrogen bonds in HBG.
Wang et al. (2021) reported a similar phenomenon. They found that the
relatively extensive absorption at 3275 cm™' was due to the O—H vi-

bration generated by the interaction between/within hydrogen bonds in
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Fig. 6. Microstructure morphology of HBG ultrasonicated for 0, 10, 20, 30, 40, and 60 min (UHBG0-60). TEM (A), AFM (B), AFM (C).
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the HBG. However, after ultrasonic treatment for more than 30 min, the
peak intensity at 3275 cm™! of HBG became significantly weaker after
ultrasonic treatment, which may be due to the O—H vibration being
covered up by the aggregation of HBG molecules caused by ultrasonic
treatment. The results were consistent with the results of antioxidation.

3.6. Microstructure and morphological observation

Ultrasonic treatment influenced the aggregation behavior of HBG,
the microscopic morphology of HBG after ultrasonic treatment by TEM
was shown in Fig. 6A. Natural HBG mainly existed in the form of large
spherical aggregates, and no chain molecules form was observed. The
polymer particles were formed between molecules in the form of
intertwining, many HBG molecules were entangled and cross-linked to
form large spherical aggregates (Xu et al., 2022). After ultrasonic
treatment, the spherical aggregates of HBG gradually depolymerized,
and some sample particles with significantly reduced size appeared. In
the process of ultrasonic treatment of HBG, macromolecular entangle-
ment is reduced due to the change of HBG chain structure, and then the
morphology of HBG was greatly changed. These morphological changes
were attributed to the decomposition of HBG by ultrasonic energy (Hu
et al., 2021). In addition, some transparent bubbles (red arrow) can be
seen in Fig. 6A (UHBG30), which may be cavitation bubbles that did not
collapse during the ultrasonic process. It means that large HBG aggre-
gates were disintegrated due to cavitation effects. Ultrasound stretched
the structure of HBG (UHGB30), resulting in a uniform distribution in
water. However, the groups exposed from HBG precipitated the reag-
gregation of previously separated HBG chains through intermolecular
interaction, resulting in an increase in turbidity and particle size of
UHBG40 and UHBG60 (Cai et al., 2018). AFM was further used to
evaluate the structural changes and morphology of HBG after ultrasound
treatment (Fig. 6B). The natural HBG aggregates presented the shape
like a “mountain range” with some small molecules that are not aggre-
gated (Hu et al., 2021). Due to the existence of a large number of hy-
droxyl groups in HBG, the intramolecular forces promote the cross-
linking between HBG molecular chains (Feng et al., 2021). In addi-
tion, large numbers of hydrogen bonds interact with water molecules in
HBG molecules, which makes the space structure of HBG adsorb more
water molecules. Therefore, it is easier for HBG to polymerize the multi-
strand chains together, which is also the reason why HBG has high
viscosity. After ultrasonic treatment for 10 min, in addition to large
aggregates, filament-like structures also appeared (Zheng et al., 2021).
According to the FT-IR analysis results, this may be due to the influence
of ultrasonic treatment on HBG glucopyranose, which weakened the
intramolecular hydrogen bond of HBG. Compared with natural HBG,
UHBG10 showed great changes in morphology, that is, aggregates
formed by crosslinking were attacked by ultrasonic cavitation, resulting
in its dispersion into smaller particle aggregates. With the prolongation
of ultrasound time (10-20 min), the aggregation behavior of HBG was
significantly reduced, and the aggregation chain and strip adhesion
structure changed into the stretch chain state. After 30 min of ultra-
sound, the number of aggregates continued to decrease, resulting in a
decrease in particle size. HBG molecules were easier to combine with
water molecules to improve the stability of HBG (Chen et al., 2021b).
However, with the further extension of ultrasound time, large aggre-
gates appeared in UHBG40 and UHBG60. The morphology of the ag-
gregates has also changed significantly, showing a soft and fluffy sponge
shape. The interaction of hydrogen bonds between or within the mo-
lecular chains caused the association of HBG to form aggregates of
different shapes, which is consistent with the solubility and particle size
results reported previously (Hu et al., 2021). Based on SEM images
(Fig. 6C), it can be inferred that ultrasound can greatly affect the
structure of HBG in a time-dependent pattern. Specifically, HBG without
ultrasonic treatment is mainly characterized by spherical aggregates
with chain winding. UHBG10 and UHBG20 destroyed the spherical
aggregate structure formed by intertwining, but a small amount of HBG
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formed irregular spherical particles with smaller sizes. After ultrasonic
treatment for 30 min, most HBG macromolecules were stretched under
the effect of ultrasonic cavitation, which led to the full contact between
the external hydrophilic hydroxyl groups of HBG and water. The dis-
tribution of HBG molecules became more uniform, indicating that ul-
trasound further promoted HBG evenly distributed in the liquid (Chen
et al., 2014). After 30 min of ultrasonic treatment, the HBG solution
became clear and transparent, showing strong antioxidant activity. The
HBG in UHBG40 and UHBG60 was further separated, which made it
difficult to form the hydrophobic association and reassemble the chains
to form larger aggregates. A long time of ultrasonic treatment (40-60
min) will cause the separated and stretched chains to reassemble,
leading to an increase in the turbidity of HBG. As a result, the turbidity
of HBG increased. With the decreasing of the solubility, the solution of
HBG became pale white again, thus reducing the antioxidant activity.
Therefore, the structure of HBG can be well controlled by adjusting the
ultrasound time to change its antioxidant activity. In order to obtain an
HBG solution with high antioxidant activity, it is recommended that the
ultrasonic time should not exceed 30 min.

4. Conclusion

The present work evaluated the effects of different ultrasonic time on
the structure, and morphology of HBG. Ultrasonic treatment within 30
min improved the water solubility of HBG, changing its color from pale
white to transparent. Meanwhile, the solution became turbid with the
increase of particle size after ultrasound for 40-60 min. The antioxidant
activity of HBG treated by ultrasound with different time was increased
first and then decreased. Among the studied ultrasound time, 30 min
proved to be an effective time range with excellent antioxidant prop-
erties. The enhanced antioxidant activity may be due to smaller mole-
cules taking less time to reach the target substance and scavenge or
terminate the chain reaction. Furthermore, the results of Congo red and
FT-IR spectrum indicated that ultrasound irradiation caused the
stretching of polymeric chains and breaking p-glyosidic linkage of HBG
without altering its primary functional groups. In addition, the change of
HBG micromorphology was time-dependent. When the ultrasonic time is
<30 min, ultrasonic cavitation depolymerized large sphere aggregates
of native HBG into small round fragments by untwisting the HBG chains.
The depolymerization was probably attributed to the chain disentan-
glement resulting from the reduction of intra- and intermolecular
hydrogen bonds However, the stretched HBG molecular chains were
further reaggregated with the extension of ultrasonic time. In summary,
the highest free radicals scavenging activity in HBG resulted from its
smallest molecular size, which revealed that ultrasound has potential
value in improving the antioxidant activity of HBG through structural
changes.
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