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This study used an ultrasonically accelerated metal-free Fenton (H20-V. system) reaction to promote water-
extracted degrading polysaccharides from Ziziphus Jujuba cv. Muzao (DZMP). A novel jujube polysaccharide
(DPZMP3) was obtained by degradation using DEAE-Sepharose Fast Flow and Sephacryl S-100 column chro-
matography. Methylation analysis, HPGPC, ion chromatography, FT-IR, and NMR spectroscopies were used to
clarify the chemical structures of DPZMP3. Monosaccharide compositional analysis of DPZMP3 revealed the
presence of Rha, Ara, Gal, and GalA at a molar ratio of 1.00:1.49:1.60:7.68, and the HPGPC data demonstrated
the average Mw of 34.3 kDa. Based on the structural and linkage research using NMR spectroscopy and GC-MS, it
was determined that DPZMP3 was a homogalacturonan pectic polysaccharide with a (1 — 4)-Galp branch at C-6
and a small amount of Araf and Rhap residues. The ultrasonic-aided Fenton treatment did not significantly alter
the structure of DPZMP3. It may also be useful for DZMP and enhancing their antioxidant activity in vitro. The
current study’s findings could pave the way for the food sector to use jujube polysaccharides obtained by
degradation as a functional food component.

1. Introduction

One of the world’s oldest fruit trees that have been grown, the jujube
is the ripe fruit of the genus Ziziphus. It is mainly distributed in Xinjiang,
Hebei, Shandong, Shaanxi, Henan, Ningxia, Shanxi, and other places in
China. Scholars have conducted in-depth research on the pharmaco-
logical activities of jujube, and the findings show that jujube has a va-
riety of pharmacological actions, including immunological control, anti-
inflammatory, anticancer, antihyperglycemic, antioxidant, and gut
microbiota regulation (Gao et al., 2013). Chemical research has shown a
direct relationship between the pharmacology of jujube and its abun-
dance of bioactive components, including dietary fiber, amino acids,
polysaccharides, polyphenols, flavonoids, nucleotides, and others (Aafi

etal., 2022). Among them, one of the key bioactive ingredients in jujube
fruit is polysaccharides, which have a range of bioactivities. Structural
studies have shown that the structure of jujube polysaccharides is
closely related to their pharmacological activity and that structural
modification also could enhance the pharmacological activity (Li et al.,
2022). Prior research has shown that the primary polysaccharide in
jujube was rhamnogalacturonan II (RG II) (Yang et al., 2021), rham-
nogalacturonan I (RG I) (Wang et al., 2015), and homogalacturonan
(HG) (Zhan et al., 2018), etc.

Chain conformation, functional group, molecular weight (Mw),
glycosidic linkage, monosaccharide content, degree of branching, and
other structural characteristics are all strongly connected to the func-
tional characteristics of plant polysaccharides, a class of complex
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biomacromolecules (Wu, He, et al., 2022). Numerous research has
shown that polysaccharides with a lower Mw were more likely to have
better antioxidant activity (Lee et al., 2023; Liu et al., 2010). Degrada-
tion of polysaccharides has been shown to enhance their antioxidant
properties, which may be attributed to the fact that after the treatment,
the molecular chain of polysaccharide is broken, and more active groups
are exposed to the solution, which makes it easier to create contact
between active sites and free radicals (Chen et al., 2020). Grateloupia
livida’s sulphated polysaccharides were broken down by Chen et al.
(2020) using microwave therapy and Vc-H30». In vitro tests were con-
ducted to boost the broken-down polysaccharides’ antioxidant poten-
tial. After applying Hy0-Vc-ultrasonic and H,0,-Fe®-ultrasonic
treatments to Codium cylindricum, Yan et al. (2021) was able to extract
two polysaccharides obtained by degradation with lower Mws than
typical polysaccharides were shown to have higher antioxidant qualities
based on the findings of their in vitro antioxidant activity. The plant
polysaccharides contain the higher uronic acid levels and exhibit
stronger in vitro antioxidant activity. The close relations are between
arabinose (1 — 4) and mannose (1 — 2) to reducing power, and glucose
(1 — 6) and arabinose (1 — 4) to DDPH radical scavenging (Lo et al.,
2011).

The jujube polysaccharides have various biological activities, but
their entry into the cell for biological activity is limited owing to their
larger Mw, higher polymerization, and poorer water solubility.
Degrading jujube polysaccharides hence requires the development of
effective, time-saving, environmentally benign, and non-destructive
technologies (Ji et al., 2023; Wang et al., 2023). In recent years, there
are several ways to degrade polysaccharides, such as combination
degrading methods, and physical, chemical, and biological procedures
(Hu et al., 2023). Physical procedures, such as microwave, high-pressure
micro fluidization, irradiation, pulsed electric field, ultrasound, and
plasma, are effective and environmentally benign, but they also need
more equipment and produce comparatively less degradation products
(Wu, Zhao, et al., 2022). Chemical degradation is very convenient to
operate, such as the hydrolysis of acid or alkaline substances and the
breakdown of hydrogen peroxide. However, chemical degradation is not
friendly to the environment and the different reactions difficult to
control. Biological methods mainly including enzymatic hydrolysis and
microbial fermentation, is a mild, green, and high degradation efficiency
way to degrade polysaccharide, nonetheless, due to the intricate archi-
tectures of polysaccharides, screening of enzymes and microorganisms is
necessary (Wang et al.,, 2021). Since every technique has its own
drawbacks, it is imperative to create new technologies in order to get
reduced Mw polysaccharides. The maximum amount of antioxidant ac-
tivity was discovered by Li et al. (2020) in the Tremella fuciformis
polysaccharides that were broken down using the ultrasonic-assisted
H20,-V¢ technique. The combination of several degradation tech-
niques has garnered significant interest owing to its better effectiveness
and ability to compensate for the inadequacies of a single degradation
approach. One such method is the Hy05-Vc coupled with ultrasonic
treatment (Wu, He, et al., 2022). Therefore, HyO,-Vc-ultrasonic might
be used to break down the jujube polysaccharides; however, there is no
record of this technique being applied to break down jujube poly-
saccharides in order to enhance their bioactivities.

As a result, the DPZMP3 was generated by ultrasonic aided HoO2/Vc
treatment, and it was purified using DEAE-Sepharose Fast Flow and
Sephacryl S-100 in order to demonstrate the impact of this treatment on
the jujube polysaccharides’ structural and biological functions. Next, the
in vitro antioxidant activity and structural properties of DPZMP3 were
examined.

2. Materials and methods
2.1. Reagents

GE Healthcare Life Sciences (Piscataway, NJ, USA) provided the
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exchange of anion Sephacryl S-100 and DEAE-Sepharose Fast Flow.
Loess Plateau Experimental Orchard provided the jujube fruit (Ziziphus
Jujuba cv. Muzao). The grade of all other compounds was analytical.

2.2. Degradation polysaccharides from Z. jujuba cv. Muzao preparation

The crude Z. jujuba cv. Muzao polysaccharides (ZMP) were extracted
in accordance with other reports (Ji, Peng, Li, et al., 2017). A 40 kHz
fixed frequency ultrasonic processor with a 480 W maximum power was
used to carry out the ultrasound-H;O5/Vc degradation of ZMP in
accordance with the adjustments made to earlier research (Li et al.,
2020; Wu, Zhao, et al., 2022). The conditions of ultrasound-H,0,/Vc
reaction were as follows: Vc/Ho05 concentration 10.0 mM, temperature
51 °C, time 65 min; under these optimal conditions, in terms of radical
scavenging efficiency, 1,1-diphenyl-2-picrylhydrazyl (DPPH) yielded
72.16 % and 81.76 % of degradation Z. jujuba cv. Muzao polysaccharide
(DZMP) (Guo et al., 2024). According to the chemical analysis, DZMP
had a protein content of 1.14 % and a carbohydrate content of 81.78 %,
respectively, whereas ZMP had a protein content of 2.35 % and 75.47 %.

2.3. Purification of DPZMP3

The DZMP (300 mg) was diluted in deionized water (10 mL) and then
put on a DEAE-Sepharose Fast Flow column. It was then eluted with
deionized water and NaCl solutions (0.1, 0.2, and 0.3 M), respectively.
After that, it underwent enrichment, concentration, dialysis, and
lyophilization. The results were labeled DZMP1, DZMP2, DZMP3, and
DZMP4. To further boost the purity of the four fractional poly-
saccharides, a Sephacryl S-100 gel column was employed for purifica-
tion. Collecting the corresponding sugar peaks, enrichment,
concentration, lyophilization, and yielded purified polysaccharides,
which were named DPZMP1, DPZMP2, DPZMP3, and DPZMP4. The
largest fraction (DPZMP3) was to be obtained for further study.

2.4. Physical and chemical property analysis

2.4.1. Analysis of chemical components

The purified jujube polysaccharides obtained by degradation
(DPZMP1, DPZMP2, DPZMP3, and DPZMP4) may have their total sugar
content measured thanks to the use of the phenol-sulfuric acid proced-
ure. We used the Coomassie brilliant blue technique to evaluate the
protein content. With the Folin-Ciocalteu colorimetric technique, the
total phenol concentration was ascertained (Ji et al., 2021).

2.4.2. Molecular weight

Using a RI-10 A detector fitted with a BRT105-104-102 tandem gel
column (8 x 300 mm), high-performance liquid gel chromatography
(HPGPC) was chosen to evaluate the Mw of DPZMP3. The following
were the parameters of the experiment: injection volume (20 pL), col-
umn temperature (40 °C), flow rate (0.6 mL/min), mobile phase (0.05 M
NacCl solution), and DPZMP3 concentration (5 mg/mL).

2.4.3. Analysis of monosaccharide composition

The ion chromatography was used to assess the monosaccharide
content of DPZMP3. After weighing and completely dissolving 5 mg of
DPZMP3 in 2 mL TFA (3 M), the mixture was hydrolyzed for three hours
at 120 °C in an oven. Following the hydrolysis process, the mixture was
mixed with 5 mL of deionized water, then ethanol was added to elimi-
nate the TFA. Aspirate 50 pL of the mixture, add 950 pL deionized water,
centrifuge, and pass the mixture through an ion chromatography
analysis-ready 0.22 pm filter membrane. The parameters were as fol-
lows: injection volume (5 pL), flow rate (0.3 mL/min), mobile phases (A:
H,0, B: 15 mM NaOH, C: 100 mmol/L NaOAC), column temperature
(30 °C), and Dionex Carbopac TM PA20 (3 x 150 mm) (Ji et al., 2019).
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2.4.4. Fourier transform-transformed infrared (FT-IR) and ultraviolet

UV spectrum scanning was carried out in the 200-400 nm range
using the specified 0.5 mg/mL DPZMP3 solution. The infrared spectrum
was scanned in the 400-4000 cm ™! frequency band after 300 mg of KBr
and 3 mg of dry DPZMP3 (which had been baked at 105 °C for 4-6 h)
were combined, ground, and formed into tablets (Ji, Yan, et al., 2020).

2.4.5. Methylation examination

With a few adjustments, the methylation study of DPZMP3 was
carried out in accordance with previously published procedures. The
DPZMP3 was first carboxyl-reduced by EDC and NaBD4. 2-3 g of
DPZMP3 were weighed into a reaction container. 1 mL of DMSO and
anhydrous alkali solution were then added to thoroughly dissolve the
material. Next, methyl iodide solution was added, and finally, 2 mL of
ultrapure water were added to conclude the reaction. Added 1 mL TFA
(2 M) to the lyophilized recovered methylated DPZMP3 sealed hydro-
lysis for 90 min. After reacting the hydrolysate for 8 h at room tem-
perature with double-distilled water (2 mL) and sodium borohydride
(60 mg), the reaction was neutralized by lowering the glacial acetic acid.
Then 1 mL acetic anhydride was added and the reaction was carried out
at 100 °C for 1 h for acetylation, the reaction was allowed to cool to
room temperature in order to remove any excess acetic anhydride. Ul-
timately, the organic layer was collected and the acetylation production
was extracted using CHyCly. The organic layer was then passed through
a filter membrane (0.45 pm), with the volume set at 10 mL. The
following were the chromatographic conditions for the GC-MS: Using a
column (30 m x 0.25 mm x 0.25 pm) and an RXI-5 SIL MS detector, the
temperature was raised by 3 °C every minute, from 120 °C to 250 °C. The
temperature was then held for five minutes.

2.4.6. Nuclear magnetic resonance (NMR) spectrum

A Bruker NMR spectrometer (AVIII-600) was used to weigh and
dissolve 50 mg of DPZMP3 in D20. Two-dimensional (HSQC, HMBC,
TOCSY, and COSY spectra) and one-dimensional (*H and ¥3Cc NMR
spectra) spectra were also acquired at 303 K.

2.5. Antioxidant activities analysis

2.5.1. Scavenging activity of DPPH

With a few modest adjustments, the DPPH radical scavenging rate
was determined using a prior technique (Ji, Hou, et al., 2020). After
mixing DPZMP3 solution (2 mL, 1 mg/mL) at various concentrations
with DPPH-ethanol solution (2 mL, 0.1 mM), the mixture was allowed to
react without exposure to light (37 °C, 30 min). Then, we measured the
absorbance at 517 nm. The following formula was used to compute the
DPPH radical scavenging rate, with Vc acting as a positive control:

A — Ay
A

DPPH scavenging activity (%) = (1
0

>><100

in this case, A; stood for the sample group absorbance, A, for the blank
group absorbance, and A for the control group absorbance.

2.5.2. Activity of superoxide radical scavenging

With a few minor adjustments, the prior procedure was used to
calculate the superoxide radical scavenging capability (Yan et al., 2021).
The reaction was conducted in a water bath (25 °C, 20 min) after adding
and thoroughly mixing Tris-HCl solution (2 mL, 50 mM, pH 8.2). 0.4 mL
of DPZMP3 was also added. Next, 2 mL of pyrogallol (7 mM) were added
and well combined. Addition of HCl (0.4 mL, 10 mM) terminated the
reaction after 5 min of operation at 25 °C. Using Vc as the positive
control, the solution’s absorbance at 420 nm was determined. The su-
peroxide radical’s ability to be scavenged was calculated using the
following formula:
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A —A
Superoxide radical scavenging activity (%) = <1 -4 ) 2) x 100
0

where the sample groups’ absorbances (A;), the blank group’s absor-
bance (Ajy), and the control group’s absorbance (Ayp).

2.5.3. Activity of hydroxyl radical scavenging

The prior procedure was chosen to ascertain the rate of hydroxyl
radical scavenging (Ji, Hou, et al., 2020). 1 mL of DPZMP3 solution at
various concentrations was combined with FeSO4 (1 mL, 6 mM), sali-
cylic acid-ethanol solution (1 mL, 6 mM), and HoO3 (1 mL, 6 mM) so-
lution. The mixture was then agitated and allowed to react (30 min,
37 °C). Based on the absorbance of the solution measured at 517 nm, the
following equation was used to compute the hydroxyl radical scav-
enging rate:

A —A
Hydroxyl radical scavenging (%) = (1 — lA 2) x 100
0

in this case, A; stood for the sample group absorbance, A, for the blank
group absorbance, and A for the control group absorbance.

2.6. Analytical statistics

SPSS and Origin 2018 were used to plot and statistically analyze the
experimental data. The mean =+ standard deviation was used to depict
the experimental results.

3. Result and discussion
3.1. Separation and purification

Using ultrasound-assisted HyO,/Vc reaction, DZMP with a yield of
72.16 % were obtained from Z. jujuba cv. Muzao polysaccharides (ZMP)
(Guo et al., 2024). Then, using water and NaCl (0.1, 0.2, and 0.3 M), the
purified jujube polysaccharides obtained by degradation (DZMP1,
DZMP2, DZMP3, and DZMP4) were eluted using the DEAE-Sepharose
Fast Flow chromatographic column (Fig. 1A). An S-100 gel column
from Sephacryl was then used to purify each fraction, and the matching
sugar peaks-which were subsequently termed DPZMP1, DPZMP2,
DPZMP3, and DPZMP4 were enriched, concentrated, and lyophilized
(Fig. 1B-E).

3.2. Chemical components analysis

Four jujube polysaccharides obtained by degradation, including
DPZMP1, DPZMP2, DPZMP3 and DPZMP4 (DZMPs), were prepared
effectively, and the corresponding yields were 16.33 %, 0.68 %, 5.37 %,
and 0.94 %, respectively, based on DZMP. Table 1 showed the chemical
components of DZMPs, including carbohydrate, protein, and total
phenol. The carbohydrate and proteins contents varied from 89.41 % to
95.81 % and 0.52 % to 1.05 %, respectively, in DZMPs. For study and
analysis, DPZMP3, which had a lower protein content and a greater total
sugar content, was used. In comparison to PZMP2 (96.92 %, eluted with
DEAE-Sepharose Fast Flow and 0.2 M NaCl and Sephacryl S-300 col-
umns) (Jietal., 2019) and PZMP3 (96.56 %, eluted with 0.3 M NaCl) (Ji,
Yan, et al., 2020), there were no notable alterations in the carbohydrate
content of DPZMP3. Though not clearly affecting the total sugar content
of jujube polysaccharides, the small variations in carbohydrate content
may be explained by the action of -OH produced by the Hy0»-Vc system,
which might break the primary sugar chain (Wu, Zhao, et al., 2022).

3.3. Mw and monosaccharide compositions

Plant polysaccharides’ expected uses and bioactivities are often
greatly influenced by their Mw (Wu, He, et al., 2022). The R? = 0.9943
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Fig. 1. The flow diagram for separation of DPZMPs.
ble 1 and y = —0.1924x + 12.2 was the equation of the 1gMw-RT curve
Z; e, { " £ DPZMP developed based on the dextran specimens with varied Mws. DPZMP3’s
emical composition o S. . . .
P related BRT105-104-102 chromatogram, as shown in Fig. S1A, included
Samples Yield (DZMP Tm;‘lh . Protein Total phenol a single symmetrical peak, suggesting that the polysaccharide compo-
0,
amount)(%) - carbohydrate content content (mg nent was homogenous. PZMP2 had a Mw of 62.73 kDa, whereas PZMP3
content(%) (%) GAE/100 g) . . .
had a Mw of 58.21 kDa, in the prior report were higher than the average
DPZMP1  0.94 89.41 + 1.35" (1).(1);# 0.25 + 0.03° Mw of 34.3 kDa, as shown by the retention time (39.84 min) (Ji et al.,
0:69 4 2019; Ji, Yan, et al., 2020). This result suggested that DPZMP3 was
bpzMP2  5.37 94.26 £ 0.72 0.08¢ 0.13 £ 0.05 obviously obtained by ultrasound assisted HyO»-Vc reaction, and the Mw
DPZMP3  16.33 95.81 4+ 1.20° O.SZdi 0.21 + 0.04¢ decreased obviously \f\nth reactlf)n time (Wu, Zhao, et al., 2022). The
0.05 shear forces and reactive free radicals generated by the ultrasound/H30,
DPZMP4  0.68 90.84 + 0.96" g'ggbi 0.37 + 0.06° system could be the main factors affecting the Mw of degradation jujube

Different letters in the same column indicate a significant difference at P<0.05.

polysaccharides. This result was consistent with that Passiflora edulis
peel polysaccharide (Li et al., 2021), Codium cylindricum polysaccharide
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(Yan et al., 2021), and okra pectic-polysaccharides (Wu, He, et al.,
2022).

Plant polysaccharides’ natural basic unit, monosaccharide compo-
sitions, has been shown to have a considerable influence on the struc-
tures and functional properties of polysaccharides that are found in
natural plant sources (Yuan et al., 2020). DPZMP3 was shown to be a
heteropolysaccharide higher in galacturonic acid according to the
monosaccharide composition analysis. It was found to include Rha, Ara,
Gal, and GalA, with molar ratios of 1.00:1.49:1.60:7.68 (Fig. S1C). The
kinds of monosaccharide compositions of DPZMP3 were not signifi-
cantly different from those of PZMP2 (GalA, Gal, Xyl, Ara, Rha/2.20:
2.68:0.22: 5.23: 1.18, type RG-I) (Ji et al., 2019) and PZMP3 (GalA, Gal,
Ara, Rha/18.69: 1.00: 2.00: 1.74, type HG-like pectin) (Ji, Yan, et al.,
2020). According to the findings, which were consistent with earlier
research (Wu, Zhao, et al., 2022; Yeung et al., 2021), the -OH produced
by the H205-Vc system may target the side chains and the backbone of
RG-I (1,2,4-Rhap). In summary, the results demonstrated that DPZMP3’s
molar ratios were impacted by the ultrasound-assisted Hy02/Vc treat-
ment, while the kind of primary structure and monosaccharide com-
positions remained unchanged (Yuan et al., 2020).

3.4. Analysis of UV and FT-IR spectra

In accordance with the findings of the chemical test, DPZMP3 did not
include proteins or nucleic acids, as shown by the lack of absorption at
260 and 280 nm in Fig. 2A (Wang et al., 2021). Therefore, the purity of
DPZMP3 was relatively higher. Plant polysaccharide functional groups
are often analyzed qualitatively using the FT-IR method. With FT-IR
spectroscopy, the main functional groups of DPZMP3 were examined
in the 4000-500 cm™! range. The -OH stretching vibrations of DPZMP3
exhibited a broad and robust peak at 3413 cm ™', whereas the C—H
bending vibration absorption peak was located at 2933 cm ™!, as seen in
Fig. 2B (Ma et al., 2014). However, the absorption bands that were seen
at 1612 cm™! and 1419 cm™}, respectively, were caused by the asym-
metric stretching of the COO- and C—H (O—H) vibrations that caused
the C=0 bond (Wu, He, et al., 2022). Moreover, C-O-C and C-OH
stretching vibrations were detected in the absorption peaks at around
1200-1000 cm ™}, showing that the pyranose ring was present, DPZMP3
was identified as being of the f-type pyranose by an absorption peak at
894 cm™! (Hajji et al., 2019). Interestingly, compared with PZMP2 and
PZMP3 (Ji, Yan, et al., 2020), the intensity of absorption band associated
with C=0 asymmetric stretching (around 1601 cm ! and 1420 cm’l) in
DPZMP3 gradually increased with the HyO,-Vc treatment. Conse-
quently, the non-GalpA residues in DPZMP3 were reactive with hydroxyl
radicals during the ultrasound-assisted HoO5-Vc treatment, which led to
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the formation of fragments that were enriched in uronic acid (GalpA)
(Wu, Zhao, et al., 2022). Additionally, by disrupting the intermolecular
and non-covalent intrabonds in plant pectic polysaccharide clusters, the
ultrasound shear force process may contribute to the disintegration of
these clusters during the initial stages of the ultrasound-assisted HyO5-
Vc degradation reaction (Yan et al., 2021), thereby accelerating the
degradation of DPZMP3.

3.5. Methylation examination

The glycosidic bond residues were further clarified by methylating,
reducing, and acetylating DPZMP3, which was then subjected to GC-MS
analysis. Based on their primary mass components in DPZMP3, the six
linkage patterns were found (Table 2). 1,3,4-Galp, T-Araf, 1,4-Galp/1,4-
GalpA, 1,5-Araf, 1,2,4-Rhap, and 1,4,6-Galp made up the majority of
DPZMP3. Our calculations yielded the following molar ratios for the six
sugar residues: 3.10:2.47:5.45:77.60:3.95, based on the peak area of the
respective peaks. This result indicated that DPZMP3 contained 88.90 %
GalpA/Galp residues, 5.45 % Rhap residues, and 5.57 % Araf residues;
according to the monosaccharide composition identified via GC, the
primary structural component of DPZMP3 was 1,4-linked GalpA (Ji
et al., 2023). Besides, compared with the methylation analysis of PZMP2
(Rhap: Araf: Galp: GalpA/11.86:39.44:30.54:18.16) (Ji et al., 2019) and
PZMP3 (2.51:6.25:2.75:88.49) (Ji, Yan, et al., 2020), there was no
apparently changes in DPZMP3, which could be explained by that the
ultrasound assisted HyO,-Vc treatment did not change the repeating unit
of DPZMP3.

Table 2
The results of methylation analysis for DPZMP3.
Peak Residues  Retention Methylated Linkage Relative
No. time (min) sugars patterns amount (%)
2,3,5-Mes-
1 16.121 Araf T-Araf 3.10
2 21.362 2,3-Mey-Araf  1,5-Araf 2.47
1,2,4-
3 23.563 3-Me-Rhap Rhap 5.45
2,3,6-Mes-
Galp 1,4-Galp/
4 B/A 29.236 2,3,6-Mes- 1,4-GalpA 77.60
GalpA
5 33.184 2,6- 1,3,4-Galp 3.95
: Me,_Galp = :
6 C 36.116 2,3-Me,-Galp 1,4,6-Galp 7.43
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Fig. 2. The DPZMP3 physicochemical analysis. (A) UV-Vis spectrum. (B) FT-IR spectrum.
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3.6. NMR analysis

The DPZMP3 structure was clarified by the use of the 1D (1H, 13¢)
and 2D (HSQC, COSY, TOCSY, and HMBC) NMR spectra (Fig. 3). Three
primary anomeric proton signals (designated A, B, and C, respectively)
at 5.16, 4.54, and 4.54 ppm were detected in the 'H NMR spectra
(Fig. 3A) of DPZMP3. The a-type was identified by signals beyond 5
ppm, while the f-type was identified by signals below 5 ppm (Li et al.,
2011). The 'H NMR spectra showed chemical shifts caused by protons in
the residues from C-2 to C-6, which occurred from 4.70 to 3.62 ppm.
Based on the small variations between their spectra from HSQC (Fig. 3C)
and TOCSY (Fig. 3E), the chemical shifts of the corresponding carbon
atoms had been inferred (Ji, Yan, et al., 2020). The '3C NMR spectra
(Fig. 3B) indicated the presence of uronic acid in DPZMP3, with three
anomeric carbon signals in the 60-100 ppm range and one signal in the
170-180 ppm range. Table 3 was a compilation of the relevant NMR
data for the three glycosidic linkages (Ji, Hou, et al., 2020). Using data
from the HSQC, COSY, TOCSY, and HMBC (Fig. 3F) spectra, the 4 and
13C NMR assignments of all the tagged residues were made.

Three anomeric signals were detected in the '>C NMR spectra at
99.1, 103.2, and 103.2 ppm. Using 2D NMR analysis and values from
existing literature, as accurately as possible, all of the 'H and '3C signals
were allocated (Ji, Hou, et al., 2020). For the cross-peak in the anomeric
area of the HSQC spectrum at 175.5 ppm, a tentative attribution of
GalpA (residue A) was determined (Fig. 3C). According to prior findings
(Ji, Yan, et al., 2020; Zhang et al., 2018), from the COSY and TOCSY
spectra, calculated at 5.16, 3.70, 4.04, 4.34, and 4.70 ppm, respectively,
were the chemical shifts of H-1, H-2, H-3, H-4, and H-5 (Fig. 3A). Based
on the chemical shifts of the protons in the HSQC spectrum, the carbon
chemical shift of residue A was identified as going from C-1 to C-5
(Table 3). This residue (A) had the same 1,4-linked GalpA chemical
shifts, according to the NMR data.

The methylation study findings and data from published literature
showed that the B/C residues exhibited an anomeric signal at 4.54 ppm,
which suggested that the B/C residue was galactose (Ji, Hou, et al.,
2020). For H-1, H-2, H-3, H-4, H-5, and H-6, the proton chemical shifts
of residue B were 4.54, 3.68, 3.94, 4.20, 3.73, and 3.80 ppm, respec-
tively, based on the COSY (Fig. 3D) and TOCSY (Fig. 3E) spectra. Based
on the proton chemical shifts of residue B (Table 3), the 13¢ chemical

A2
B5/C5 [\ B2

(A) (B)

AS
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Table 3
Assignments of 'H and '>C NMR spectra for DPZMP3.
Residues Linkage 1 2 3 4 5 6
C 991 678 680 779 706 1755
A LAGapA 516 370 404 434 470
C 1032 694 722 687 757 600
B LAGalp 454 368 394 420 373 381
C 1032 693 719 687 761 69.0
¢ 1L46Galp 454 362 394 420 373 385

shifts in the HSQC spectrum (Fig. 3C) for C-1, C-2, C-3, C-4, C-5, and C-6
were at 103.2, 69.4, 72.2, 68.7, 75.7, and 60.0 ppm, respectively. The
carbon chemical shifts of residue B from C-1 to C-6 were almost in line
with the usual values for a 1,4-linked Galp methyl glycoside (Fei et al.,
2024; Ji, Yan, et al., 2020). For 1,4,6-linked Galp, the findings of
methylation analysis and NMR tests suggest that the Galp may produce
one anomeric carbon/hydrogen signal at 69.0/3.85 ppm (Chen et al.,
2019; Zhang et al., 2018), which may be designated as A and B.

Determine the glycosidic connections of plant polysaccharides be-
tween sugar residues using the strong COSY (Fig. 3D) and HMBC
(Fig. 3F) techniques (Ji, Yan, et al., 2020). Therefore, using these
methods, Table 3 listed the intra-residue linkages of DPZMP3. The inter-
residual cross-peaks listed below were also seen in the COSY spectrum:
A/B/CH-1to A/B/CH-2,A/B/CH-2to A/B/CH-3, A/B/CH-3 to A/B/C
H-4, A/B/C H-4 to A/B/C H-5, and B/C H-5 to B/C H-6, respectively.
There were several inter-residual cross-peaks in the HMBC spectrum,
ranging from A/B/C H-4 to A/B/C C-1.

We were able to conclude that the main component of DPZMP3’s
backbone was 1,4-GalpA residues (HG-pectic polysaccharide), with (1
— 4)-Galp branched at C-6 with some side chains Araf and Rhap resi-
dues. These conclusions were based on the monosaccharide composi-
tion, FT-IR spectroscopy, HPGPC, GC-MS, as well as 1D and 2D NMR
spectroscopy analyses of DPZMP3. These outcomes also demonstrated
that the main structure of DPZMP3 was not altered by the ultrasound-
assisted HpO5-Vc therapy.

3.7. Antioxidant properties of DPZMP3 in vitro

Comparing the three jujube polysaccharide fractions (DPZMP3,
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Fig. 3. The DPZMP3 in D,O NMR spectra. (A) H spectra. (B) 3¢ spectra. (C) HSQC spectra. (D) COSY spectra. (E) 1H/'H TOCSY spectra. (F) HMBC spectra.
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DZMP, and ZMP) to V¢, the radical (DPPH, .0%7, and -OH) scavenging
capabilities were assessed (Fig. 4). Because of its ease of use and
repeatability, to determine how well various plant polysaccharides
could scavenge free radicals, the DPPH free radical assay is often used.
The findings demonstrated the potent DPPH free radical scavenging
capacity of the three jujube polysaccharide fractions (Fig. 4A). The ac-
tivity progressively increased as the concentration rose, indicating a
certain concentration dependency. At a concentration of 2.0 mg/mL, the
DPPH radical scavenging capacity of the DPZMP3, DZMP, and ZMP were
92.89 %, 89.64 %, and 81.55 %, respectively. Moreover, the IC50 values
for three polysaccharide fractions scavenging DPPH radical activity
were 0.2174, 0.3153, and 0.4432 mg/mlL, respectively. The DPPH
scavenging activities of ZP1, ZP2 and ZP3 (extracted using subcritical
water and purified using DEAE-52 anion-exchange chromatography)
were 74.8 %, 64.9 %, and 88.3 %, respectively, at the concentration of
5.0 mg/mL. The DPPH scavenging activity of DPZMP3 (34.3 kDa) was
significantly better than those of ZP1 (874 kDa), ZP2 (765 kDa), and ZP3
(713 kDa), and the differences were particularly significant at the con-
centration of 2.0 mg/mL (Liu et al., 2020). The findings demonstrated
that DPZMP3’s capacity to scavenge free radicals was notably greater
than that of the other ingredients. Consequently, the comparatively
reduced Mw of DPZMP3 may be connected to its greater antioxidant
action (DPPH free radical). These findings suggested that by breaking
down DPZMP3 into a considerably smaller Mw fraction, the ultrasound-
H0,-Vc therapy might significantly increase the antioxidant activity of
DPZMP3 (Wu, He, et al., 2022; Zhao et al., 2006). Degradation of
polysaccharides is an effective way to enhance their antioxidant ca-
pacity, so having an appropriate molecular weight is an important in-
dicator of good antioxidant activity of polysaccharides.

It is well known that the superoxide anion causes and initiates lipid
peroxidation, which further indirectly damages DNA and disrupts reg-
ular physiological functions (Li et al., 2022). Superoxide anion radicals
are inhibited by plant polysaccharides, and this impact is dose-
dependent and ranges from 0.2 to 1.5 mg/mL. At a concentration of
2.0 mg/mL, ZMP, DZMP, and DPZMP3 exhibited superoxide anion
radical scavenging activities of 38.48 %, 49.57 %, and 55.96 %,
respectively, as seen in Fig. 4B. Comparing DPZMP3 to the others,
scavenging activity was significantly greater. DPZMP3 showed higher
superoxide radical scavenging activity than LZJP3 (97.66 kDa),
extracted from Zizyphus jujuba cv. Linzexiaozao and purified successively
by DEAE-52 cellulose and Sephadex G-100 column chromatography, at
the concentration of 1.0 mg/mL (Li et al., 2011). Because of its high
reactivity, the hydroxyl radical may harm a variety of macromolecules,
including lipids, amino acids, and nucleic acid. It could also lead to
apoptosis and metabolic problems. Consequently, one of the key tech-
niques for assessing plant polysaccharide antioxidant properties in vitro
is hydroxyl radical scavenging (Liu et al., 2023). The scavenging ca-
pacity improved in our research as the content of jujube polysaccharides
increased, as seen by Fig. 4C. At concentrations between 0.2 and 1.5 mg/
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mL, the effects of jujube polysaccharides on oxidative damage caused by
hydroxyl radicals were found to be between 3.75 % and 41.82 %;
DPZMP3 exhibited the stronger scavenging activity and lower than Vc.
Two water-soluble polysaccharides fractions (ZSP1b and ZSP2) were
isolated and purified from the fruiting bodies of Zizyphus Jujuba cv.
Jinsixiaozao by DEAE-SepharoseCL-6B and Sepharose CL-6B column
chromatography (Wang et al., 2018). At 2.0 mg/mL, the hydroxyl
radical scavenging activity of DPZMP3 (34.3 kDa), ZSP2 (86.0 kDa) and
ZSP1b (93.0 kDa) were 41.82 %, 29.9 % and 25.5 %, respectively.
Jujube polysaccharide obtained by degradation was more soluble in
water due to the breakage of molecular chains, so their active sites could
effectively contact with free radicals, thus had better antioxidant ac-
tivity (Li et al., 2013). The strong antioxidant activity of DPZMP3 is the
result of the interaction of several factors, including the rich uronic acid
content and low molecular weight. After degradation, lower molecular
weight polysaccharides may expose more active groups, and these
exposed hydroxyl groups may be the main reason for the increased
radical scavenging rate of the polysaccharides obtained by degradation
(Li et al., 2020). Overall, the findings indicated that proper ultrasound-
assisted HyO»-Vc degradation might enhance DPZMP3’s antioxidant
activity and that the broken-down jujube polysaccharides had promising
future uses in the functional food sector.

4. Conclusion

In this work, the effects of ultrasound assisted HoO>-Vc system on the
physicochemical characteristics and antioxidant activities in vitro of a
low-molecular-weight jujube polysaccharide from Ziziphus Jujuba cv.
Muzao were investigated. The reduced Mw of DPZMP3 was shown by the
results of ultrasound-assisted HoO»-Vc reaction. However, there was no
discernible alteration in the DPZMP3 functional group or skeleton
structure. Furthermore, better results from DPZMP3’s in vitro antioxi-
dant biological applications were more likely when proper ultrasound-
assisted HyOs-ascorbic acid therapy was used and DPZMP3 had the
potential to be used as a natural polymer antioxidant in food. In order to
enhance the bioactivities of jujube polysaccharides in the future, the
results point to the possibility of using the ultrasound-H>02/Vc reaction
as a degrading technique.
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