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In this study, we explored the effect of acid hydrolysis on the molecular,
structural, rheological, thermal, and antioxidant characteristics of Qingke g-
glucan. The acid hydrolysis reduced the molecular weights of p-glucans
from 510 to 155 KDa. The results of the structural analysis by nuclear
magnetic resonance (NMR) spectroscopy, X-ray diffraction, and fourier
transforms infrared (FTIR) spectroscopy indicated that acid hydrolysis did
not change the primary functional groups of B-glucans. The rheological
behavior of B-glucan without and with acid hydrolysis can be described as
pseudoplastic and Newtonian, respectively. The DSC curves of the B-glucans
with high molecular weights showed the highest transition temperature. The
2, 2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cation
scavenging activity and the reducing power of soluble g-glucans in Qingke
showed a dose-dependent pattern. Meanwhile, the antioxidant activities of
Qingke B-glucan of different molecular weights were similar. This study
demostrated that the acid hydrolysis almost have no effect on antioxidant
activity of Qingke B-glucans.

Qingke B-glucan, phytochemicals, acid hydrolysis, structural characterization,
antioxidant activity

Introduction

p-glucan is a homopolysaccharide of D-glucopyranose linked by (1—3) and (1—4)
glycosidic linkages in cereals and (1—3) and/or (1—6) glycosidic linkages in fungal
sources, respectively (1). Various B-glucans have been isolated from sources like fungus,
barley, oats, and seaweed. Depending on the aspects of their main structure, such as
the type of linkage, degree of branching, molecular weight, and conformation (2), B-
glucans have different physicochemical properties. -glucans of Qingke can prevent
and manage type 2 diabetes (3), lower cholesterol (4), improve inflammation (5), and
mediate metabolic disorders (6).
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The primary food of the Tibetan people and an essential
component of the diet of livestock in the Tibetan plateau is
Qingke. Qingke is a type of hulless barley that is found at
high altitudes (7). It is a crucial crop for global production,
but the food industry only uses it as feed and malt (8). Qingke
has attracted attention as a functional food past 10 years
owing to its health benefits, mainly because Qingke flour is
rich in soluble dietary fibers, particularly B-glucan. B-glucans
are remarkable quality markers for the assessment of Qingke
cultivars. B-glucan has potent antioxidant activities (9). The
characteristics of B-glucan are significantly influenced by its
molecular structure and several studies have shown that the
antioxidant activities of the Qingke B-glucan can be effected
by molecular structure or weight (10). In experimental animals
model of lipopolysaccharide-induced chronic enteritis (11),
oat B-glucan of high molecular weight is more effective to
reduce stress oxidation. Moreover, Shah et al. (12) reported
that gamma-irradiated barley produced low molecular weight
B-glucan with high antioxidant activity. The degradation of
the molecule can be facilitated by various chemical and
physical processes, including thermal treatment, oxidative
stress, enzymatic hydrolysis, and radiation (2). Meanwhile, Jia
Wu et al. (13) reported that acid hydrolysis could reduce the
molecular weights of oat $-glucan. In the previous study, the
relationships between the different molecular weights of Qingke
pB-glucans by acid hydrolysis and binding properties in vitro,
inhibition of digestive enzymes, anti-inflammatory activities,
and anti-cancer activities were extensively investigated (7).

However, it is yet unclear if the acid hydrolysis had an
impact on the physicochemical and antioxidant properties
of Qingke B-glucan. In this research, we aim to compare the
effects of acid hydrolysis on the molecular, structural, and
antioxidant capacities of Qingke B-glucan. The p-glucan of
different molecular weights by acid hydrolysis was obtained
and further examined by molecular weight determination,
methylation analysis, nuclear magnetic resonance (NMR)
spectroscopy, fourier transforms infrared (FTIR) spectrometry,
X-ray diffraction (XRD) measurement, thermal properties
measurement, and  apparent
Additionally, the antioxidant capabilities of Qingke pB-

viscosity =~ measurements.
glucans were assessed in vitro. The results of this research
indicated the B-glucan from Qingke as a novel antioxidant in
the pharmaceutical and functional food-related industries and

provided fundamental information about the composition and
biological characteristics of Qingke B -glucans.

Materials and methods

Material and chemical reagents

Qingke was procured from regional research station,
Tibet, China. The ABTS, dichloromethane, trichloroacetic acid,
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and iodomethane was bought from Shanghai Sigma-Aldrich
Biotechnology Co. Other reagents were bought from Sinopharm
Chemical Reagent Co., Ltd.

Preparation and purification of Qingke
B-glucan

B-glucan was isolated from Qingke flour by the double-
enzymatic method as reported by Lazaridou et al. (14), with
some adjustments. The extraction process is as follows:

Qingke powder was refluxed with 82% ethanol for 3 h at
85°C (1:5, w/v). After centrifugation (4,000 rpm) for 10 min,
ethanol (82%) washes were conducted on the pellet twice. After
centrifugation again (4,000 rpm) for 10 min, the precipitate
was kept and dried at 40°C for 24 h. Extraction of B-glucan
was performed twice at 52°C in a water bath for 2 h (1:10,
w/v). Then, centrifugation (4,000 rpm) was conducted for
30 min. The supernatant was concentrated to one-third by
rotary evaporation at 60°C. Calcium chloride and thermostable
a-amylase enzyme were added at 80°C for 30 min. The pH
was adjusted to 8.0, and pancreatin digestion was performed at
38°C for 3 h. After centrifugation (5,000 rpm) for 30 min, the
supernatant was obtained, the residue was removed, and the pH
was adjusted to 7.0. A certain volume of 95% ethanol solution
was added for 12 h twice and was centrifuged (5,000 rpm) for
30 min, and the precipitate was redissolved in distilled water at
85°C. The supernatant was further processed by ultrafiltration
and centrifugation (molecular weight cut off: 5 kDa) and the
sample was vacuum freeze-dried. Finally, purified Qingke f-
glucan was obtained.

Partial hydrolysis with acid

Qingke B-glucans of low molecular weights were obtained
by acid hydrolysis following the method described by Wu
et al. (13). For preparing 1% original Qingke B-glucan (QBG)
solutions, a certain amount of HCl was added, and the final mass
fraction of HCI was 0.1 mol/L. The prepared solution was then
stirred magnetically in a water bath at 80°C for 30 min (QBG30),
60 min (QBG60), and 90 min (QBG90). Then, the hydrolysate
was immediately cooled to 25°C and neutralized with NaOH
solution. A double volume of absolute ethanol was applied to
precipitate the partially hydrolyzed Qingke B-glucan. Then, the
precipitates were redissolved in water and was further processed
by ultrafiltration and centrifugation (molecular weight cut off:
5 kDa). Finally, the sample was vacuum freeze-dried.

Molecular weight determination

Following the method described by Yang et al. (15), the
molecular weight of Qingke B-glucan was measured using
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SEC-MALLS-RI. By a DAWN HELEOS-II laser photometer
(Wyatt, USA) equipped with an SB-803 HQ and an SB-804
HQ column (Showa Denko, Japan), the molecular weight
of Qingkes B-glucans was measured in a 0.1 mol/L NaNOs3
aqueous solution, including 0.03% NaNOs, with a flow rate
of 0.45 ml/min. The temperature was monitored at 45°C by a
model column heater (Sanshu Biotech, Shanghai, China). The
concentration of the Qingke p-glucans is 1 mg/ml. A differential
refractive index detector (Wyatt, USA) was used to detect the
dn/dc value. The refractive index increment (dn/dc) value of the
fractions was set to be 0.142 ml/g. Chromatographic data was
processed with software ASTRA 6.1.

Methylation analysis

The Qingke B-glucan samples were methylated using
iodomethane following the method reported by Wu et al. (13).
The methylated B-glucans were hydrolyzed with 100 L 2 mol/L
trifluoroacetic acid for 90 min at 121°C in a fan-forced oven,
then add 50 pL 2 mol/L ammonium hydroxide and 50 pL
1 mol/L sodium borodeuteride to react at room temperature
for 2.5 h and then were acetylated with 250 L acetic anhydrid
at 110°C for 2 h. Then, the product was dissolved in 500 pwL
dichloromethane, followed with linkage analysis by a gas
chromatography-mass spectrometer (GC-MS) (7890B/5977A,
Agilent, USA) connected with an HP-5MS capillary column
(30 m x 0.25 mm x 0.25 pm). Mass spectrometry analysis was
preheated to a starting temperature of 150°C, held for 5 min,
accelerated to 280°C at a speed of 6°C/min, then maintained for
5 min. Therefore, this experiment mainly calculates the ratio of
the chromatographic peak area to the molecular weight of the
corresponding derivative by GC-MS, and then calculated the
relative molar ratio of various glycosidic linkages in the Qingke
P -glucans.

Nuclear magnetic resonance
spectroscopy

Nuclear magnetic resonance spectroscopy was recorded
using the JEOL-ECZ600R NMR spectrometer (JEOL Japan,
Japan). In total, 12 mg of B-glucan was dispersed in 0.6 ml
dimethyl sulfoxide (DMSO-d6) for 'H spectra and 'H-
IH correlation spectroscopy (COSY) at 80°C. Meanwhile,
same samples was dispersed in 0.6 ml D,O for *C NMR
spectroscopy and 'H-'3C heteronuclear
coherence spectroscopy (HSQC) at 25°C.

single-quantum

Fourier transform infrared
spectroscopy

Under an infrared lamp, 2 g of KBr and a moderate amount
of B-glucan samples were mixed and squeezed into a rounded
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tablet. The FT-IR spectroscopy was performed using a Nicolet
IS50 FT-IR spectrometer (Thermo Scientific, USA) with a 400-
4,000 cm ™! wavenumber range.

X-ray diffraction measurement

Using an X-ray diffractometer (Empyrean, Netherlands)
equipped with Cu-Ka radiation, the Qingke p-glucan samples
were scanned in the range of 4° < 26 < 50° with a scanning
speed of 0.5°/s and scanning 10 s per step. The technique
was operated at a tube pressure and tube flow of 40 kV and
40 mA, respectively.

Measurement of thermal properties

Thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) tests were conducted using a
simultaneous thermal analyzer (Netzsch, STA449F5, Germany).
The pans were sprayed with 5.5 mg of p-glucan, which was
heated from 30 to 400°C at a speed of 10°C/min. Indium was
used to calibrate the instrument, and an empty pan served
as the reference.

Apparent viscosity measurement

Samples of Qingke B-glucans were dissolved in distilled
water at a 2% concentration (w/w). The apparent viscosity of
Qingke B-glucan solutions at 25°C was tested by a Physica MCR-
302 rheometer (Anton Paar, Austria) with a 50 mm diameter
cone plate (CP-60) according to a described method (13). There
was an increase in shear rate from 0.1 to 1000 s 1.

Antioxidant activity in vitro

ABTS radical cation scavenging activity

We used a method reported by Bai et al. (16) with slight
modifications, to explore the ABTS radical scavenging activity
of Qingke B-glucans. The ABTS™ stock solution was prepared by
combining 7.4 mmol/L ABTS solution (10 ml) with 2.5 mmol/L
potassium persulfate (10 ml) and leaving it in the dark for 16 h
at room temperature. When required, the phosphate-buffered
saline (PBS)-diluted ABTS™ radical cation solution had the
absorbance of 0.75 at 734 nm. Various concentrations (from 4,
6, and 8 mg/ml) of B-glucan solution (0.2 ml) were mixed with
the prepared ABTS™ radical cation solution (2 ml) for 1 h in
the dark. The mixture was centrifuged at 3,000 rpm for 10 min
to remove the residue. The absorbance of the supernatants
was measured at 734 nm. The ABTS radical cation scavenging
activity was evaluated using the following equation:

— A2

Al
Effect (%) = x 100%
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Here, A; is the absorbance of the mixture of water and
ABTS radical cation solution and A, is the absorbance of the
mixture of B-glucan and ABTS™ radical cation solution.

Reducing power

The reducing power of the Qingke B-glucan was reported as
described by Zhu et al. (17) with few modifications. Each sample
(QBG, QBG30, QBG60, and QBGI0) of different concentrations
(4, 6, and 8 mg/ml) was mixed with 0.25 ml potassium
ferricyanide (1 g/100 ml), and 0.5 ml of the phosphate buffer
(0.2 mol/L, pH = 6.6). The mixture was incubated at 50°C for
30 min and centrifuged for 10 min at 3,000 rpm after adding
0.5 ml trichloroacetic acid (10 g/100 ml). Then, 1 ml supernatant
was combined with 0.2 ml ferric chloride (0.1 g/100 ml) and
1 ml distilled water. After letting the reaction for 10 min, the
absorbance of the mixture was determined at 700 nm. The
sample extract was not present in the blank control but it had
all other reagents.

Statistical analysis

Each test was conducted at least three times, and IBM
SPSS statistics version 21.0 was used to evaluate the results
(IBM, Armonk, NY, USA). The significance level was defined
at P < 0.05, and the pairwise multiple comparisons between
treatments were made by performing Turkey’s HSD test after
performing an analysis of variance (ANOVA).

Results and discussion

Purity and molecular weight of Qingke
B-glucans

As presented in Table 1, the Qingke B-glucan content in
all samples was above 85% and did not show any significant
differences (P > 0.05), which indicated that the chemical
components of QBG, QBG30, QBG60, and QBG90 were similar
and the partial acid hydrolysis did not affect purity. The
molecular weight of QBG was 510 (£18) KDa. Meanwhile, the
molecular weights of QBG30, QBG60, and QBG90 were 280
(£18) KDa, 190 (+11) KDa, and 155 (£12) KDa, respectively.
As the hydrolyzing time increased, the molecular weights

TABLE 1 Molecular characteristics of Qingke $-glucan samples.

Sample Hydrolysis B-glucan  Mw (kDa)* Mw/MnP
time (min)  content (%)

QBG 0 82.17 % 1.45 510+ 18 1.77 £0.03

QBG30 30 84.07 + 1.23 280 £ 15 1.64 £ 0.04

QBG60 60 86.16 + 1.32 190 £ 11 1.56 £ 0.05

QBG90 90 87.83 & 1.42 155+ 12 1.69 £ 0.05

*Weight average molecular weight.
bpolydispersity index.
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decreased from 510 to 155 kDa. Additionally, the polydispersity
index of QBG, QG30, QBG60, and QBG90 were shown to
be 1.77 £ 0.03, 1.64 £ 0.04, 1.56 + 0.05, and 1.69 £ 0.05,
respectively.

Linkage analysis

The type and proportion of glycosidic linkages and other
structural details on the Qingke p-glucan were determined by
GC-MS (Table 2). The results showed that Qingke B-glucans
mainly was composed of B-(1— 3)-linked-D-glucopyranosyl
and B-(1—4)-linked-D-glucopyranosyl, accounting for about
27 and 70% of the linkages, respectively. The ratio of f-
(1—4)/B-(1—3) linkages of Qingke B-glucans ranged from 2.52
to 2.58. This indicated that the acid hydrolysis did not affect the
chemical structures of Qingke B-glucans.

Nuclear magnetic resonance analysis

The typical mixed-linkage (1—3) and (1—4)-B-glucan
structure of the Qingke B-glucans was confirmed by the *C
NMR spectra (Figure 1A), which were comparable to oat and
barley p-glucans (13). As shown in Table 3, the assignments
represented that the C1 of the —4)-B-Glcp(1—3) (4G3) residue
developed a resonance at 102.6 ppm because of the action of the
(1—3)-p-linkage. The C1 group had a resonance at 102.4 ppm
and was involved in forming (1—4)-B-linkage in —3)-B-
Glcp(1—4) (3G4) and —4)-B-Glcp(1—4) (4G4) residues. Only
one (1—3)-B-linkage was present, according to the C3 singlet
at 84.3 ppm in the 3G4 residue. When compared to the 3-O-
substituted residues, the resonances of C4 in 4-O-substituted
residues moved to a lower field. At 60.7 and 60.3 ppm,
the resonances for the C6 in the 3-O- and 4-O-substituted
residues were found, respectively. The ratio of p-(1—4)/-
(1—3) linkages were computed by combining the anomeric
signals of the 4-O-substituted and 3-O-substituted residues. The
ratios of all B-glucans sample were between 2.52 and 2.58 and
the anomeric carbons are similar for all Qingke B-glucans.

Based on the 'H NMR spectra (Figure 1B), additional
assignments of proton signals were analyzed according to

TABLE 2 Glycosidic linkage (mol%) of Qingke p-glucan samples.

Linkage Linkage composition (mol%)

QBG  QBG30  QBG60  QBG90
(Glep)1—> 2.23 2.12 2.10 2.42
—3(Glep)—1 27.66 27.42 27.32 27.76
—4(Glep)—1 70.11 70.46 70.58 69.82
(1-4)/(1-3) 2.53 2.57 2.58 2.52
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FIGURE 1

Nuclear magnetic resonance spectra: (A) 13C NMR spectrum of Qingke B-glucan samples, (B) 1H NMR spectrum of Qingke p-glucan samples,
(C) 'H-1H COSY spectrum of QBG30, and (D) HSQC spectrum of QBG30.
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the associated signals through the 'H-'H COSY spectrum of
QBG30 (Figure 1C). The chemical shift range of the anomeric
proton was determined and similar for QBG, QBG30, QBG60,
and QBG90. We found that 4.45, 3.17, 3.72/3.47, 4.40, 3.26,
3.62/3.80, 4.36, and 3.1 ppm were H1 of 4G3, H2 of 4G3, H-6
of 4G3, H1 of 3G4, H1 of 3G4-2, H-6 of 3G4, H1 of 4G4, and
H2 of 4G4, respectively. The correlations of H1/H2 and H2/H3
were observed, but 3.62 and 3.80 ppm were H6 of 4G4. The H3
of 4G3, H4 of 3G4, and H4 of 4G4 heavily overlapped. These
results were consistent with those of previous studies (13).

The typical 'H-'*C HSQC spectrum of the QBG30
(Figure 1D) exhibited two cross-peaks that 4.45, 4.40, and
4.40 ppm were H1 of 4G3, H1-3G4-2 and H1-4G4, which was
correlated with carbons and protons. Despite having different

TABLE 3 Assignment of 13C NMR spectra of Qingke f-glucan samples.

Sugar residue Chemical shift, ppm

C1 C2 C3 C4 C5 C6
—4)-B-Glep(1—3) 102.6 73.4 74.2 78.7 74.9 60.3
—3)-B-Glep(1—4) 102.4 73.0 84.3 68.2 75.7 60.7
—4)-B-Glep(1—4) 102.4 73.0 74.3 78.7 74.9 60.3
Frontiers in Nutrition

05

molecular weights, the other samples (QBG, QBG60, and
QBG90) had similar COSY spectrum and HSQC spectrum,
which indicated that they had a similar structure.

Fourier transforms infrared analysis

The IR bands of all the P-glucans were comparable
(Figure 2A). The bands at 3,416 cm™ ! were attributed to typical
vibrational modes of asymmetric and symmetric stretching
of O-H groups that were present in p-glucans. Additionally,
the intensity of the peak increased about 3,416 cm~ !, which
might have exposed more hydroxyl groups (16). The vibrational
modes in the asymmetric and symmetric stretches of C-H
groups may be related to the bands at 2,923 cm~! (16). The
bands at 1,640 cm~! were associated with the deformation
vibration absorption peak of a crystalline water hydroxyl group
in Qingke B-glucan. At 1,155 and 1,071 cm™!, the B-glucans
revealed two significant peaks, which might due to the difference
in the number of B-(1—3) and B-(1—4) bonds that can
cause C-O-C group vibrations (18). Additionally, the peak at
around 897 cm~! demonstrated the presence of B-linkages
of polysaccharides. Bai et al. (16) identified the distinctive
“anomeric region” (894 cm™!) as the B-linkage of pyranose of
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FIGURE 2
The FTIR spectra (A) and XRD spectra (B) of Qingke B-glucan samples.

Qingke arabinoxylan. The intensity of the peak at 897 cm™!
increased, indicating that there was a greater chance of forming
stronger hydrogen bonds. In summary, we found three broad
and strong peaks at 3,416, 1,071, and 897 cm~ L. The positions
of the above-mentioned peaks were similar in all the B-glucan
samples, indicating that acid hydrolysis could not influence
the basic functional groups of Qingke fB-glucan. The FT-IR
spectral characteristics of B-glucan were similar with previously
described cereal B-glucan (13).
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X-ray diffraction analysis

All samples had a similar XRD pattern (Figure 2B),
indicating the presence of similar groups in Qingke p-glucan
samples. The XRD pattern of Qingke B-glucan powder showed
a broad diffraction peak and a typical high-molecular polymer
diffraction pattern, revealing the presence of amorphous
structure. The semicrystalline structure and characteristic peak
of B-glucans at 26 of 20.5 were similar to previous studies
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(16, 19). The large peak width indicated that the crystal forms
were very similar. The peaks of the crystals of B-glucan
were present in the crystalline part and lattice species, which
suggested that they had macroscopic regularity and microscopic
irregularity. The broad diffraction peaks of B-glucan implied
that the spatial conformation of B-glucan had random coils. The
large peak width indicated that the crystallization of B-glucan
had macroscopic regularity and microscopic irregularity instead

of a single or triple-helix structure.
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FIGURE 3

The DSC and TGA curves of QBG (A), QBG30 (B), QBG60 (C),
and QBG90 (D).
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Analysis of the thermal properties

Heating is a frequently used processing technique in
the food processing industry. The heat processing denatures
nutrients and the sensory quality because of the degradation
of nutrients (20). Understanding the heat response of a
polysaccharide is important for practical industrial applications.
In this experiment, all P-glucan powders experienced the
following similar two-stage heating process in an inert
atmosphere. The first stage was the dehydration of physisorbed
water molecules, and the second stage was the elimination and
thermal degradation of surface-located functional groups of
hydroxyl and oxygen. The effects of high-temperature treatment
(30-400°C) on PB-glucans were shown using DSC and TGA
curves (Figure 3). Based on the TGA and DSC data, the f-
glucans conjugate exhibited first-stage weight loss at 30-205°C,
equivalent to the loss of moisture content by the destruction of
inter-molecular and intra-molecular hydrogen bonds (21). At
high temperatures (200°C), the chain structure of Qingke f-
glucan changed, resulting in steady weight loss. Non-covalent
bonds were broken, which was related to the large peak at
3,416 cm ™! (fourier transform infrared spectroscopy analysis)
(16). The weight loss of QBG30, QBG60, and QBG90 conjugates
in the first stage were similar to QBG. A larger mass loss of
QBG is 55.04% at the second stage (206-360°C) (Figure 3A),
with the mass loss of QBG30 (Figure 3B), QBG60 (Figure 3C),
and QBGY90 (Figure 3D) conjugated in the same stage was
46.53, 47.95, and 46.06%, respectively. At temperatures between
206 and 360°C, there was significant weight loss due to the
degradation and carbonization of Qingke B-glucan (22). This
might be due to the decomposition of B-glucan involved in the
dissolution of chemical connections and breakdown of lengthy
chains (23). Additionally, the peak temperature (Tp) of QBG
was around 292.5°C while the Tp of QBG30, QBG60, and
QBG90 were approximately 247, 253, and 247°C, respectively.
Moreover, the Tp of DSC curves of QBG30, QBG60, and QBG90
shifted to lower temperatures, which indicated that the thermal
stability of B-glucan increased with the raising molecular weight.
When the temperature exceeded 360°C, the samples had lesser
loss of mass and stabilized.

Apparent viscosity of the Qingke
B-glucan solution

The changes in apparent viscosity of the Qingke B-glucan
of different molecular weights were indicated in Figure 4.
The viscosity of a 2% QBG solution displayed a second-
order dependence on shear rate, with a Newtonian plateau
at low shear rates and a shear thinning zone at higher
shear rates, which was related to the normal behavior of a
random coil (8). The behavior of QBG can be defined as
pseudoplastic. The entangled structures constituted most of the
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FIGURE 4

The apparent viscosity of B-glucan samples on shear rates at a
concentration of 2%.

aggregates in the 2% QBG solution, with tiny junction zones
produced by succeeding cellotriosyl f-(1— 3)-linked units. With
increasing shear rate ranges, the B-glucans with low molecular
weights (QBG30, QBG60, and QBG90) almost maintained
their apparent viscosity. The viscosity of the Qingke B-glucan
solution (QBG30, QBG60, and QBG90) remained constant with
a Newtonian plateau. This was consistent with the findings
of another study that the apparent viscosity of barley f-
glucans and oat -glucans showed Newtonian and pseudoplastic
behavior (8).

The apparent viscosity of QBG was bigger than the viscosity
of QBG30, QBG60, and QBG90. According to the findings
of another study (24), the apparent viscosity increased with
the increase of molecular weights. As the starch in QBG30,
QBG60, and QBGY0 was partly hydrolyzed during hydrolysis
process, the other components (such as starch) of samples was
another significant factor of apparent viscosity. The viscosity
of the Qingke B-glucan (QBG, QBG30, QBG60, and QBG90)
solution varied although their chemical compositions were
similar. According to the same source, the variations in the
viscosity of B-glucans might also be attributed to the differences
in the molecular size, fine structure and other components,
which affect the apparent viscosity.

Antioxidant capacities of f-glucan

The characteristics of phytochemicals, such as the molecular
weight, glycosidic linking arrangement, different sources, and
conformation, affect their antioxidant capacities (25, 26). The
ability of B-glucans of different molecular weights to scavenge
ABTS radical cations and their reducing power is shown in
Figure 5.
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The ABTS radical cation scavenging ability (A) and reducing
power (B) of the Qingke B-glucan samples.

ABTS" free radicals were as an indicator to assess the
antioxidant activity of plant polysaccharides. According to
Shah et al. (18), the presence of many anomeric hydrogen
atoms that are primarily obtained by the active free radicals
can be responsible for the average ABTS radical cation
scavenging ability of B-glucan. Since they act as antioxidants
by donating a hydrogen atom and inhibit the chain reaction.
The anomeric hydrogen atoms are commonly associated with
the scavenging ability. The ABTS inhibition of Qingke B-
glucan is shown in Figure 5A. The average ability of the
B-glucans to scavenge ABTS radical cations of soluble B-
glucans in Qingke showed a dose-dependent pattern. The
B-glucans from Dictyophora indusiata showed a comparable
concentration-dependent increase in the scavenging activity
(27). The inhibition efficiency of Qingke B-glucans was in
the range of 8.6-14.6% for QBG, 8.20-14% for QBG30, 8.10-
14.1% for QBG60, and 8.1-14.2% for QBG90, respectively
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with the concentration from 4 to 8 mg/ml. Additionally, B-
glucan samples of colored Qingke cultivars displayed a 7-20%
scavenging effect on ABTS hydroxyl at identical concentrations
(28), which were similar with our findings. This result suggested
that Qingke B-glucans have hydroxyl radical scavenging ability,
and the average ABTS radical cation scavenging capacities of
Qingke B-glucan do not change considerably with molecular
weights from 510 to 155 kDa. Previous studies showed that
although the molecular weight decreased by roughly 1/20-1/50,
the antioxidant activity was lowered only by about half (29).
It showed that molecular weight and antioxidant activity are
not synchronized. However, Bai et al. (16) showed that the
inhibition rate on the ABTS radical of B-glucan decreased by
66.11-179.62% with an increase in the molecular weight, which
was higher than the values in our study. The results might be
attributed to the various species and molecular weights of B-
glucan. Another reason might be that there was no change in
the anomeric hydrogen atoms and anomeric carbon atom of
B-glucans of acid hydrolysis. The FTIR and NMR results also
showed that the B-glucan samples by acid hydrolysis did not
cause changes in the anomeric hydrogen atoms and anomeric
carbon atom.

Antioxidants function by donating hydrogen atoms to stop
the chain reaction that produces free radicals, which prevents
the development of peroxide. Since the reducing power and the
antioxidant capacity are correlated. The reducing capacity can
be used as a predictor of its prospective antioxidant capabilities.
The reducing power of the B-glucans is shown in Figure 5B. The
increase of absorbance also predicts an increase in the reducing
power (30). The absorbance increased with the concentration
of the B-glucan (from 4 to 8 mg/ml). The lowest absorbance
was shown by QBG (0.082 £ 001) at 4 mg/ml, followed by
QBG30 (0.08 + 0.002), QBG60 (0.081 + 0.001), and QBG90O
(0.08 £ 0.002), and the highest absorbance was shown by QBG
(0.198 = 0.002) at 8 mg/ml followed by QBG30 (0.195 + 0.003),
QBG60 (0.195 4 0.001), and QBG90 (0.196 + 0.002). Khan
et al. (30) demonstrated that the reducing activities of f-
glucans extracted from Agaricus bisporus and Pleurotus ostreatus
increased with the concentration from 1 to 5 mg/ml. The various
molecular weights of B-glucans at the same concentration
showed no significant variance in the reducing power. These
results showed that the four Qingke B-glucans do not differ
considerably as electron donors and the ability to stop free
radical chain reactions by converting free radicals into more
stable compounds.

Conclusion

this the QBG the hot
water extract of Qingke by ethanol precipitation and

In study, isolated from

ultrafiltration/centrifugation, and low-molecular-weight
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p-glucans (QBG30, QBG60, QBG60, and QBGY0) produced by
acid hydrolysis were investigated. The rheological behavior of
p-glucan without and with acid hydrolysis can be described as
pseudoplastic and Newtonian, respectively. The DSC curves of
the B-glucans with high molecular weights showed the highest
transition temperature. The antioxidant activities of Qingke
p-glucans of different molecular weights were comparable
because their functional groups did not differ from the results
of FTIR and NMR. The findings of this study include details on
the qualities and functions of Qingke B-glucan. In this study, we
showed that Qingke B-glucan has nutraceutical potential that is
significant for the development of functional foods and human
health in general.

Data availability statement

The original contributions presented in this study are
the further
inquiries can be directed to the corresponding authors.

included in article/Supplementary material,

Author contributions

LZ: data
formal analysis, roles, and writing—original draft.

investigation, curation,  methodology,
SL:
conceptualization, formal analysis, validation, visualization,

JL:
JW:

and writing—review and

and  writing—review and
data
experimental
HC:

writing—review and editing, and project administration.

editing. investigation,

curation, and methodology. co-supervision,

design, editing.

supervision, conceptualization, funding acquisition,
All authors contributed to the article and approved the

submitted version.

Funding

This work was supported by the projects of the

Distinguished Professor of Minjiang Scholar Program
(2019) and the Scientific Research Innovation Program
Xiyuanjiang River Scholarship of College of Life Sciences,

Fujian Normal University.

Acknowledgments

We acknowledge the platform support of Key Laboratory of
Special Marine Bio-Resources Sustainable Utilization of Fujian
Province, Southern Institute of Oceanography, and Marine
Active Substance and Product Technology R&D Center of
Ocean Research Institute of Fuzhou, Fujian Normal University.

frontiersin.org


https://doi.org/10.3389/fnut.2022.1052901
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Zhao et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Tang T, Song J, Wang H, Zhang Y, Xin ], Suo H. Qingke p-glucan
synergizes with a PB-glucan-utilizing Lactobacillus strain to relieve capsaicin-
induced gastrointestinal injury in mice. Int J Biol Macromol. (2021). 174:289-99.
doi: 10.1016/j.ijbiomac.2021.01.164

2. Ahmad M, Gani A, Shah A, Gani A, Masoodi FA. Germination and
microwave processing of barley (Hordeum vulgare L) changes the structural
and physicochemical properties of B-D-glucan & enhances its antioxidant
potential. Carbohydr Polym. (2016) 153:696-702. doi: 10.1016/j.carbpol.2016.0
7.022

3. LiL, Pan M, Pan S, Li W, Zhong Y, Hu J, et al. Effects of insoluble and soluble
fibers isolated from barley on blood glucose, serum lipids, liver function and caecal
short-chain fatty acids in type 2 diabetic and normal rats. Food Chem Toxicol.
(2020) 135:110937. doi: 10.1016/j.fct.2019.110937

4. Whitehead A, Beck EJ, Tosh S, Wolever TMS. Cholesterol-lowering effects
of oat B-glucan: a meta-analysis of randomized controlled trials. Am J Clin Nutr.
(2014) 100:1413-21. doi: 10.3945/ajcn.114.086108

5. Rosch C, Meijerink M, Delahaije RJBM, Taverne N, Gruppen H, Wells JM,
et al. Immunomodulatory properties of oat and barley B-glucan populations on
bone marrow derived dendritic cells. ] Funct Foods. (2016) 26:279-89. doi: 10.1016/
1.jf.2016.07.023

6. Ashraf ZU, Shah A, Gani A, Gani A, Masoodi FA, Noor N. Nanoreduction
as a technology to exploit B-Glucan from cereal and fungal sources for enhancing
its nutraceutical potential. Carbohydr Polym. (2021) 258:117664. doi: 10.1016/j.
carbpol.2021.117664

7.Lin S, Guo H, Lu M, Lu MY, Gong JDB, Wang L, et al. Correlations
of molecular weights of p-glucans from qingke (Tibetan Hulless Barley) to
their multiple bioactivities. Molecules. (2018) 23:1710. doi: 10.3390/molecules2307
1710

8. Limberger-Bayer VM, Francisco A, Chan A, Oro T, Ogliari PJ, Barreto
PLM. Barley B-glucans extraction and partial characterization. Food Chem. (2014)
154:84-9. doi: 10.1016/j.foodchem.2013.12.104

9.Zhu Y, Li T, Fu X, Abbasi AM, Zheng B, Liu RH. Phenolics content,
antioxidant and antiproliferative activities of dehulled highland barley
(Hordeum vulgare L.). ] Funct Foods. (2015) 19:439-50. doi: 10.1016/j.jf.2015.0
9.053

10. Blaszczyk K, Wilczak J, Harasym J, Gudej S, Suchecka D, Krdlikowski
T, et al. Impact of low and high molecular weight oat beta-glucan on
oxidative stress and antioxidant defense in spleen of rats with LPS induced
enteritis. Food Hydrocolloids. (2015) 51:272-80. doi: 10.1016/j.foodhyd.2015.0
5.025

11. Suchecka D, Harasym JP, Wilczak J, Gajewska M, Oczkowski M, Gude;j S, et al.
Antioxidative and anti-inflammatory effects of high beta-glucan concentration
purified aqueous extract from oat in experimental model of LPS-induced chronic
enteritis. ] Funct Foods. (2015) 14:244-54.

12. Shah A, Ahmad M, Ashwar BA, Gani A, Masoodi FA, Wani IA, et al.
Effect of y-irradiation on structure and nutraceutical potential of -D-glucan from
barley (Hordeum vulgare). Int ] Biol Macromol. (2015) 72:1168-75. doi: 10.1016/j.
ijbiomac.2014.08.056

Frontiers in Nutrition

10

10.3389/fnut.2022.1052901

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fnut.2022.1052901/full#supplementary- material

13. Wu ], Zhao L, Li ], Jin S, Wu S. Aggregation and gelation of oat B-glucan in
aqueous solution probed by NMR relaxometry. Carbohydr Polym. (2017) 163:170—
80. doi: 10.1016/j.carbpol.2017.01.070

14. Lazaridou A, Biliaderis C, Micha-Screttas M, Steele BR. A comparative
study on structure—function relations of mixed-linkage (1—3), (1—4) linear f-
D-glucans. Food Hydrocolloids. (2004) 18:837-55. doi: 10.1016/j.foodhyd.2004.0
1.002

15. Yang Y, Qiu Z, Li L, Vidyarthi SK, Zheng Z, Zhang R. Structural
characterization and antioxidant activities of one neutral polysaccharide
and three acid polysaccharides from Ziziphus jujuba cv. Hamidazao: a
comparison. Carbohydr Polym. (2021) 261:117879. doi: 10.1016/j.carbpol.2021.11
7879

16. Bai YP, Zhou HM, Zhu KR, Li Q. Effect of thermal processing on
the molecular, structural, and antioxidant characteristics of highland barley
B-glucan. Carbohydr Polym. (2021) 271:118416. doi: 10.1016/j.carbpol.2021.11
8416

17. Zhu Z, Chen J, Chen Y, Ma YT, Yang QS, Fan YQ, et al. Extraction, structural
characterization and antioxidant activity of turmeric polysaccharides. LWT. (2022)
154:112805. doi: 10.1016/j.1wt.2021.112805

18. Shah A, Gani A, Masoodi FA, Wani SM, Ashwar BA. Structural, rheological
and nutraceutical potential of f-glucan from barley and oat. Bioact Carbohydr Diet
Fibre. (2017) 10:10-6. doi: 10.1016/j.bcdf.2017.03.001

19. Wang YX, Li LY, Zhang T, Wang JQ, Huang XJ, Hu JL, et al. Fractionation,
physicochemical and structural characterization of polysaccharides from barley
water-soluble fiber. Food Hydrocolloids. (2021) 113:106539. doi: 10.1016/j.foodhyd.
2020.106539

20. Li YC, Luo Y, Meng FB, Li J, Chen WJ, Liu DY, et al. Preparation and
characterization of feruloylated oat B-glucan with antioxidant activity and colon-
targeted delivery. Carbohydr Polym. (2022) 279:119002. doi: 10.1016/j.carbpol.
2021.119002

21. Zhang X, Liu ], Qian C, Kan J, Jin C. Effect of grafting method on the physical
property and antioxidant potential of chitosan film functionalized with gallic acid.
Food Hydrocolloids. (2019) 89:1-10. doi: 10.1016/j.foodhyd.2018.10.023

22.Zhong G, Meng FB, Li YC, Liu DY, Guo XQ, Zheng LJ. Structure
and rheological characterization of konjac glucomannan octenyl succinate
(KGOS). Food Hydrocolloids. (2018) 77:386-96. doi: 10.1016/j.foodhyd.2017.1
0.015

23.Zhao Y, Zhou HM, Huang ZH, Zhao RY. Different aggregation states
of barley B-glucan molecules affects their solution behavior: a comparative
analysis. Food Hydrocolloids. (2020) 101:105543. doi: 10.1016/j.foodhyd.2019.10
5543

24. Peng ], Bu Z, Ren H, He Q, Yu Y, Xu Y, et al. Physicochemical, structural,
and functional properties of wampee (Clausena lansium (Lour.) Skeels) fruit peel
pectin extracted with different organic acids. Food Chem. (2022) 386:132834. doi:
10.1016/j.foodchem.2022.132834

25.Wang J, Hu S, Nie S, Yu Q, Xie M. Reviews on mechanisms of
in vitro antioxidant activity of polysaccharides. Oxid Med Cell Longev. (2016)
2016:5692852. doi: 10.1155/2016/5692852

frontiersin.org


https://doi.org/10.3389/fnut.2022.1052901
https://www.frontiersin.org/articles/10.3389/fnut.2022.1052901/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2022.1052901/full#supplementary-material
https://doi.org/10.1016/j.ijbiomac.2021.01.164
https://doi.org/10.1016/j.carbpol.2016.07.022
https://doi.org/10.1016/j.carbpol.2016.07.022
https://doi.org/10.1016/j.fct.2019.110937
https://doi.org/10.3945/ajcn.114.086108
https://doi.org/10.1016/j.jff.2016.07.023
https://doi.org/10.1016/j.jff.2016.07.023
https://doi.org/10.1016/j.carbpol.2021.117664
https://doi.org/10.1016/j.carbpol.2021.117664
https://doi.org/10.3390/molecules23071710
https://doi.org/10.3390/molecules23071710
https://doi.org/10.1016/j.foodchem.2013.12.104
https://doi.org/10.1016/j.jff.2015.09.053
https://doi.org/10.1016/j.jff.2015.09.053
https://doi.org/10.1016/j.foodhyd.2015.05.025
https://doi.org/10.1016/j.foodhyd.2015.05.025
https://doi.org/10.1016/j.ijbiomac.2014.08.056
https://doi.org/10.1016/j.ijbiomac.2014.08.056
https://doi.org/10.1016/j.carbpol.2017.01.070
https://doi.org/10.1016/j.foodhyd.2004.01.002
https://doi.org/10.1016/j.foodhyd.2004.01.002
https://doi.org/10.1016/j.carbpol.2021.117879
https://doi.org/10.1016/j.carbpol.2021.117879
https://doi.org/10.1016/j.carbpol.2021.118416
https://doi.org/10.1016/j.carbpol.2021.118416
https://doi.org/10.1016/j.lwt.2021.112805
https://doi.org/10.1016/j.bcdf.2017.03.001
https://doi.org/10.1016/j.foodhyd.2020.106539
https://doi.org/10.1016/j.foodhyd.2020.106539
https://doi.org/10.1016/j.carbpol.2021.119002
https://doi.org/10.1016/j.carbpol.2021.119002
https://doi.org/10.1016/j.foodhyd.2018.10.023
https://doi.org/10.1016/j.foodhyd.2017.10.015
https://doi.org/10.1016/j.foodhyd.2017.10.015
https://doi.org/10.1016/j.foodhyd.2019.105543
https://doi.org/10.1016/j.foodhyd.2019.105543
https://doi.org/10.1016/j.foodchem.2022.132834
https://doi.org/10.1016/j.foodchem.2022.132834
https://doi.org/10.1155/2016/5692852
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

Zhao et al.

26. Gong ES, Li B, Li BX, Podio NS, Chen HY, Li T, et al. Identification of
key phenolic compounds responsible for antioxidant activities of free and bound
fractions of blackberry varieties extracts by boosted regression trees. J Sci Food
Agric. (2022) 102:984-94. doi: 10.1002/jsfa.11432

27.Deng C, Hu Z, Fu H, Hu M, Xu X, Chen J. Chemical analysis
and antioxidant activity in vitro of a B-D-glucan isolated from Dictyophora
indusiata. Int J Biol Macromol. (2012) 51:70-5. doi: 10.1016/j.ijbiomac.2012.0
5.001

28.Lin S, Guo H, Gong JDB, Lu M, Lu MY, Wang L, et al. Phenolic
profiles, B-glucan contents, and antioxidant capacities of colored gingke (Tibetan

Frontiers in Nutrition

11

10.3389/fnut.2022.1052901

hulless barley) cultivars. J Cereal Sci. (2018) 81:69-75. doi: 10.1016/j.jcs.2018.0
4.001

29. Kofuji K, Aoki A, Tsubaki K, Konishi M, Isobe T, Murata Y. Antioxidant
activity of B-glucan. ISRN Pharm. (2012) 2012:125864. doi: 10.5402/2012/12
5864

30. Khan AA, Gani A, Masoodi FA, Mushtaq U, Silotry NA. Structural,
rheological, antioxidant, and functional properties of P-glucan extracted
from edible mushrooms Agaricus bisporus, Pleurotus ostreatus and Coprinus
attrimentarius. Bioact Carbohydr Diet Fibre. (2017) 11:67-74. doi: 10.1016/j.bcdf.
2017.07.006

frontiersin.org


https://doi.org/10.3389/fnut.2022.1052901
https://doi.org/10.1002/jsfa.11432
https://doi.org/10.1016/j.ijbiomac.2012.05.001
https://doi.org/10.1016/j.ijbiomac.2012.05.001
https://doi.org/10.1016/j.jcs.2018.04.001
https://doi.org/10.1016/j.jcs.2018.04.001
https://doi.org/10.5402/2012/125864
https://doi.org/10.5402/2012/125864
https://doi.org/10.1016/j.bcdf.2017.07.006
https://doi.org/10.1016/j.bcdf.2017.07.006
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/

	Effect of acid hydrolysis on the structural and antioxidant characteristics of β-glucan extracted from Qingke (Tibetan hulless barley)

	Introduction
	Materials and methods
	Material and chemical reagents
	Preparation and purification of Qingke β-glucan

	Partial hydrolysis with acid
	Molecular weight determination
	Methylation analysis
	Nuclear magnetic resonance spectroscopy
	Fourier transform infrared spectroscopy
	X-ray diffraction measurement
	Measurement of thermal properties
	Apparent viscosity measurement
	Antioxidant activity in vitro
	ABTS radical cation scavenging activity
	Reducing power
	Statistical analysis


	Results and discussion
	Purity and molecular weight of Qingke β-glucans

	Linkage analysis
	Nuclear magnetic resonance analysis
	Fourier transforms infrared analysis
	X-ray diffraction analysis
	Analysis of the thermal properties
	Apparent viscosity of the Qingke β-glucan solution

	Antioxidant capacities of β-glucan


	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


