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Abstract

A novel polysaccharide from Cynanchum auriculatum Royle ex Wight was isolated, struc-
turally characterized, and its antioxidant activity was evaluated. The crude extract was
purified by ion exchange and size exclusion chromatography to obtain a homogeneous
fraction, CAP2-1. CAP2-1 displayed a weight-average molecular mass of 184.17 kDa and
is mainly composed of galactose, arabinose, and galacturonic acid. Structural analysis
revealed that CAP2-1 is a highly branched acidic arabinogalactan-type polysaccharide with
a backbone of —6)-p-D-Galp-(1—, —3,6)-3-D-Galp-(1—, and —4)-«-D-GalpA-(1— units,
and side chains enriched in a-L-arabino furanose residues. Ultrasonic degradation pro-
duced a lower-molecular-weight derivative, UCAP2-1, which exhibited significantly
stronger free radical scavenging ability compared with CAP2-1 (p < 0.01). These find-
ings suggest that molecular weight reduction enhances antioxidant properties by improv-
ing electron-donating capacity and accessibility to reactive sites. This study reveals the
structure—antioxidant relationship of CAP2-1 and UCAP2-1 and highlights UCAP2-1 as a
promising natural antioxidant.

Keywords: Cynanchum auriculatum Royle ex Wight; polysaccharide; structural characterization;
antioxidant activity; structure—activity relationship

1. Introduction

Human health has long been fundamentally challenged by the lethal effects of oxida-
tive stress [1]. Oxidative stress refers to a disrupted redox homeostasis caused by excessive
accumulation of reactive oxygen species (ROS) beyond the capacity of cellular antioxidant
systems [2]. This pathological condition is a central mechanism driving the initiation and
progression of numerous chronic diseases that burden global populations [3], such as
cardiovascular disorders [4], neurodegenerative conditions [5], diabetes mellitus [6], and
various cancers [7]. Consequently, the pursuit of effective antioxidants to mitigate oxidative
damage represents a key frontier in biomedical research for disease prevention and man-
agement. Natural antioxidants, especially phytochemicals, are widely regarded as safer
and more sustainable alternatives to synthetic compounds [8]. Notably, polysaccharides of
natural origin are increasingly recognized for their bioactivity and potential functional ap-
plication, exhibiting a remarkable array of therapeutic properties, including antioxidant [9],
anti-inflammatory [10], immunomodulatory [11], and anticancer [12] activities.
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Polysaccharides, as essential biological macromolecules alongside nucleic acids and
proteins, have historically received less systematic investigation than their counterparts.
While foundational research on nucleic acids and proteins dates back centuries, dedi-
cated scientific inquiry into polysaccharides emerged only in the last century and has
expanded significantly in recent decades. Research on polysaccharides spans several
critical domains, encompassing their biological activities, structural characterization,
structure-activity relationships (SAR), modification strategies, and potential applications in
biomaterials [13-15]. Among these, biological activity, structural characterization, and their
interrelationship through SAR constitute the most fundamental and pivotal research focus.
These core aspects provide the essential basis for elucidating the underlying mechanisms of
polysaccharide biological activity and for guiding their future development across various
applied contexts.

Polysaccharides isolated from diverse plant sources have demonstrated notable an-
tioxidant properties. For instance, ginseng polysaccharides demonstrate potent antioxidant
effects [13]; Houttuynia cordata polysaccharides show significant anti-colitis activity [14]; let-
tuce polysaccharides display immunomodulatory functions [15]; and Sargassum duplicatum
polysaccharides exhibit notable anticancer activity in vitro. Moreover, this bioactivity of
polysaccharides largely depends on their molecular structural conformation. In particular,
polysaccharides with lower molecular weight and more complex branching tend to exhibit
more potent antioxidant and biological activities [16]. For example, microwave/ultrasonic-
assisted extraction yielded a 89 kDa polysaccharide from Pleurotus ferulae with superior
antioxidant activity relative to conventional methods [17].

Additionally, the antioxidant bioactivity of natural polysaccharides is closely associ-
ated with glycosidic linkage configurations and monosaccharide composition. Previous
studies have indicated that specific monosaccharides play critical roles in determining an-
tioxidant potential. For example, in Lentinula edodes polysaccharides, rhamnose content was
identified as a key factor influencing antioxidant properties. At the same time, arabinose
1—4 and mannose 1—2 linkages within side chains were significantly correlated with reduc-
ing capacity [18]. Notably, the structural features of polysaccharides are highly dependent
on the extraction and purification approaches employed [19-21]. Different extraction strate-
gies significantly influence key structural features. Likewise, the subsequent purification
steps are crucial for ensuring homogeneity and defining the final polysaccharide structure.
Furthermore, various analytical techniques, including high-performance liquid chromatog-
raphy (HPLC), gas chromatography (GC), fourier-transform infrared spectroscopy (FT-IR),
and nuclear magnetic resonance (NMR) spectroscopy, have been employed to elucidate
the molecular weight and structural characteristics of polysaccharides [22]. Although
the SAR of polysaccharides has been characterized in several plant species [23], the bio-
logical activities, structural attributes, and corresponding SAR of polysaccharides from
many others—including Cynanchum auriculatum Royle ex Wight (C. auriculatum)—remain
insufficiently investigated and are yet to be comprehensively elucidated.

C. auriculatum is a traditional plant used in both medicine and food, with a long
history of consumption across many Asian countries, including China, India, Japan, and
Korea [24]. C. auriculatum is well-regarded for its diverse bioactivities, including anti-
tumor [25], antioxidant [26], anti-diabetic, and gut microbiota-modulating effects [27]. Con-
sequently, the bioactive compounds derived from this plant, such as phenols, flavonoids,
and steroidal glycosides, have attracted significant interest from researchers [28-30], with
C-21 steroidal glycosides being the most extensively studied. C-21 Steroidal glycosides ex-
ert significant hepatoprotective effects through upregulating the Nrf2 /HO-1 pathway while
concurrently inhibiting NF-kB-dependent inflammatory responses, thereby mitigating ox-
idative stress triggered by H,O, and subsequent pro-inflammatory cytokine production
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in L-02 hepatocytes [30]. Beyond cytoprotection, six distinct C-21 steroidal glycosides
demonstrate selective antineoplastic activity in vitro and in vivo, triggering apoptosis
and markedly restraining H22 tumor growth [31]. However, research on C. auriculatum
polysaccharides remain limited, and neither their detailed structural features nor their
structure—activity relationships, particularly with respect to antioxidant activity, have been
extensively investigated.

In the present study, polysaccharides from C. auriculatum were isolated, and a novel
purified fraction (CAP2-1) together with its ultrasonic degradation product (UCAP2-1) was
obtained. The main objective of this work was to elucidate the structural characteristics of
CAP2-1 and to investigate how ultrasonic degradation influences its antioxidant activity.
By integrating structural analysis and in vitro antioxidant evaluation, this study aims to
clarify the structure-activity relationship of C. auriculatum polysaccharides and assess their
potential application as natural antioxidants.

2. Materials and Methods
2.1. Materials and Chemicals

The C. auriculatum was purchased from Yancheng Guolao Shouwu Science and Tech-
nology Development Co., Ltd. (Yancheng, China).

Phenol, sulfuric acid, trifluoroacetic acid, acetic anhydride and NaCl were of an-
alytical grade and obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). m-Hydroxybiphenyl, sodium tetraborate, galacturonic acid, potassium bromide,
sodium borodeuteride, pyridine, and dimethyl sulfoxide were purchased from Shang-
hai Aladdin Bio-Technology Co., Ltd. (Shanghai, China). Iodomethane was purchased
from Anhui Zesheng Technology Co., Ltd. (Hefei, China). DEAE-cellulose-52, Sephadex
G-150 amylase, and amyloglucosidase were purchased from Yuanye Bio-Technology
Co., Ltd. (Shanghai, China). Twelve monosaccharide standards and dextran series stan-
dards, 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS),
1,1-diphenyl-2-picrylhydrazyl (DPPH), and hydrogen peroxide (H,O,) were all purchased
from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Preparation of CAP

The CAPs were isolated and purified as described in our previous study [24]. The root
of C. auriculatum Royle ex Wight was air-dried in an oven (at 50 °C for 24 h). The dried
roots were ground and sieved (100 mesh) to obtain a fine powder. The Lipids and pigments
were removed by three extractions with 80% ethanol at 50 °C for 3 h. After drying at 50 °C
for 48 h, the degreased powder (300 g) was pretreated with distilled water (1:17, w/v)
containing a-amylase (10 U/g) at 60 °C for 30 min to reduce extract viscosity. Then the
temperature was elevated to 92 °C for 3 h. The supernatant was separated and combined by
centrifugation at 5000 x g for 10 min using GTR420 centrifuge (Hunan Kecheng Instrument
and Equipment Co., Ltd., Changsha, China). x-Amylase and amyloglucosidase were used
to remove starch. The filtrate was concentrated to one-twentieth of its original volume
under reduced pressure through a rotary evaporator (RE-52AA, Yarong Co., Ltd., Shanghai,
China). It was removed by means of the Sevag method [32]. The resulting solution was
then precipitated with four volumes of ethanol overnight, and the precipitate was collected
by centrifugation at 5000x g for 10 min and washed three times with 80% (v/v) ethanol.
After redissolution, dialysis and freeze-drying, crude CAPs were obtained.

A total of 500 mg of crude CAPs was dissolved in 100 mL of deionized water, and after
centrifugation, the solution was loaded onto a DEAE-cellulose DE-52 column (2.6 x 60 cm)
(Yuanye Bio-Technology Co., Ltd., Shanghai, China). Sequential elution was performed
with deionized water and 0.1-0.5 mol/L NaCl at 2.0 mL/min. The absorbance of each eluted
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fraction was determined at 490 nm by the phenol-sulfuric acid assay [33]. The significant
fractions were collected, and then were dialyzed, lyophilized, purified by Sephadex G-150
gel filtration (1.0 x 60 cm) (Yuanye Bio-Technology Co., Ltd., Shanghai, China). The major
polysaccharide fraction (5 mg/mL) was eluted with deionized water at 0.2 mL/min, and
the purified fractions were collected, dialyzed, and lyophilized.

The purified polysaccharide was subjected to ultrasonic degradation using an ul-
trasonic cell disruptor. The polysaccharide was dissolved in ultrapure water to obtain a
1 mg/mL solution, which was then placed in an JY88-PRO ultrasonic cell crusher (Ningbo
Scientz Biotechnology Co., Ltd., Ningbo, China). The solution was sonicated at 400 W and
20 kHz for 1 h in an ice bath. After ultrasonic treatment, the degraded polysaccharide was
lyophilized and stored for further analysis.

2.3. Homogeneity and Molecular Weight Analysis

High performance size exclusion chromatography (HPSEC) was used to assess the ho-
mogeneity and Mw distribution of the polysaccharide fraction [34]. The dextran standards
were prepared at 1 mg/mL in the mobile phase and filtered through a 0.45 pm membrane,
and injected sequentially. The retention times were recorded and used to construct a
calibration curve. The polysaccharide sample was prepared using the same procedure.
The Mw of the sample was determined using the calibration curve. The chromatographic
analyses were conducted on a Waters 1525 HPLC platform fitted (Waters, Milford, MA,
USA) fitted with column (300 x 7.8 mm, 2 um) and a Waters 2414 refractive index detector.
A 0.1 mol/L NaNOj; solution served as the mobile phase at 0.9 mL/min, while the column
was maintained at 45 °C.

2.4. FT-IR Spectroscopy

The FT-IR spectra were acquired for the polysaccharide samples to identify charac-
teristic functional groups. For FT-IR analysis, a small amount of the dried polysaccharide
(~2 mg) was intimately combined with dried KBr (200 mg) and mechanically pulverized in
an agate mortar until a uniform powder was obtained. After pelletization under hydraulic

pressure, spectral data were acquired across the 400-4000 cm~! range.

2.5. Monosaccharide Composition Analysis

The ion chromatography (ICS) was employed to characterize the monosaccharide
composition of the polysaccharide, as previously reported by Yang et al. [35], with minor
modifications. In brief, 5 mg of the polysaccharide sample was accurately weighed into
chromatographic vials, subsequently treated with freshly prepared 2 mol/L trifluoroacetic
acid (TFA). The samples hydrolysis reaction proceeded at 121 °C for 2 h in an oil bath. After
hydrolysis, TFA was removed by nitrogen evaporation, and the residue was washed three
times with methanol, each wash followed by evaporation to dryness to eliminate residual
acid. After reconstitution in deionized water and filtration, the hydrolysates were analyzed
using ICS. ICS analysis was performed on a Thermo ICS-5000+ ion chromatography system
(Thermo Scientific, Waltham, MA, USA) fitted with an electrochemical detector and a
Dionex™ CarboPac™ PA10 column (250 x 4.0 mm, 10 um) (Thermo Scientific, Waltham,
MA, USA). The injection volume was 20 pL, and the column temperature was maintained
at 30 °C. Mobile phase A was deionized water, and mobile phase B was 100 mM NaOH. The
chromatographic separation was carried out under a gradient elution program consisting
of 97.5% A /2.5% B (0-30 min), 80% A /20% B (30—45 min), and 60% A /40% B (45-60 min).

2.6. Methylation Analysis

Glycosidic linkage patterns of the polysaccharide were elucidated by methylation
analysis. The sample was first premethylated with CH3I and powdered NaOH in DMSO, as

https:/ /doi.org/10.3390/separations13020041


https://doi.org/10.3390/separations13020041

Separations 2026, 13, 41

50f 15

described previously [36]. Successful methylation was verified by the absence of hydroxyl
absorption in the 3100-3700 cm ! region of the FT-IR spectrum, as previously reported [37].
The completely methylated polysaccharide was then hydrolyzed in 2 M TFA at 120 °C for
2 h. After reduction with NaBDy at 50 °C for 2 h, residual boric acid was eliminated by
repeated methanol co-evaporation. Acetylation of the partially methylated monosaccha-
rides was performed with acetic anhydride and pyridine (1:1, v/v) at 120 °C for 30 min.
The derived partially methylated alditol acetates (PMAAs) were characterized by GC-MS
using an Agilent 7000D system (Agilent, Santa Clara, CA, USA) fitted with an HP-5MS
capillary column (30 m x 0.25 mm x 0.25 um) (Agilent, Santa Clara, CA, USA).

2.7. NMR Spectroscopy

To obtain a comprehensive understanding of the structural characteristics of the pu-
rified polysaccharide, NMR spectroscopy was performed [38]. The polysaccharide was
solubilized in D,O and repeatedly lyophilized three times to ensure complete deuterium
exchange. After deuterium exchange, 50 mg of the sample was re-dissolved in 0.5 mL of
D,0 and transferred to an NMR tube for analysis. 'H NMR, *C NMR, 'H-'H correlation
spectroscopy (‘H-'H COSY), heteronuclear single quantum coherence (HSQC), and het-
eronuclear multiple bond correlation (HMBC) were acquired on a Bruker DRX-600 NMR
instrument (Bruker, Ettlingen, Germany).

2.8. Assay of Antioxidant Activity In Vitro
2.8.1. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of the polysaccharide samples was evaluated
as described in a prior study [39], with minor adjustments. A series of polysaccharide
solutions (0.1-2.5 mg/mL) was prepared, and vitamin C (Vc) within the same concentration
range was employed as the reference antioxidant. After reaction with the DPPH solution,
absorbance was measured, and the radical scavenging activity was determined using the
equation presented below:

Scavenging capacity on DPPH radical (%) = [1 — (Asample — Acontrol)/ Aplank] x 100 (1)

where Agamples Acontrol, and Aplank correspond to the absorbance of the polysaccharide-DPPH
mixture, polysaccharide solution without DPPH, and DPPH solution alone, respectively.

2.8.2. ABTS Radical Scavenging Activity

The ability of the polysaccharide samples to scavenge ABTS radicals was determined
according to an established method [40] with slight modifications. A series of polysaccha-
ride solutions (0.1-2.5 mg/mL) was prepared, and Vc within the same concentration range
was employed as the reference antioxidant. After reaction with the ABTS working solution,
absorbance values were recorded, and the radical scavenging activity was determined
using the equation presented below:

Scavenging capacity on ABTS radical (%) = [1 — (Asample — Acontrol)/ Aplank] X 100 (2)

where Agample, Acontrol, a1d Aplank correspond to the absorbance of the polysaccharide-ABTS
mixture, polysaccharide solution without ABTS, and ABTS solution alone, respectively.

2.8.3. Hydroxyl Radical Scavenging Activity

The ability of the polysaccharide samples to scavenge hydroxyl radicals was assessed
based on an established method [41], with minor modifications. A series of polysaccharide
solutions (0.1-2.5 mg/mL) was prepared, and Vc at the same concentrations was employed
as the reference antioxidant. After reaction with the hydroxyl radical-generating system,
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the absorbance values were recorded, and the scavenging activity was determined using
the equation presented below:

Hydroxyl scavenging activity (%) = [1 — (Asample — Acontrol)/ Aplank] % 100 3)

where Agamples Acontrol, a0d Apank correspond to the absorbance of the reaction mixture,
sample solution without hydroxyl radicals, and hydroxyl radical system alone, respectively.

2.9. Statistical Analysis

Each experiment was repeated three times, with results reported as as mean =+ stan-
dard deviation (SD). Statistical analyses were conducted using Origin 2022 (OriginLab,
Northampton, MA, USA). Statistical differences among groups were assessed using one-
way analysis of variance (ANOVA), followed by Duncan’s multiple range test. Statistical
significance was defined at p < 0.05.

3. Results and Discussion
3.1. Purification of CAPs

The crude polysaccharides (500 mg) extracted from C. auriculatum were initially sub-
jected to fractionation using a DEAE-cellulose-52 weak anion-exchange column (Yuanye
Bio-Technology Co., Ltd., Shanghai, China). As illustrated in Figure 1a, four polysaccharide
fractions were obtained according to their elution profiles: a neutral fraction (CAPW),
eluted with distilled water, and three acidic fractions (CAP1, CAP2, and CAP3), eluted
sequentially with NaCl solutions of increasing ionic strength. Each fraction was collected,
dialyzed, and lyophilized, yielding 20.7%, 3.3%, 22.5%, and 6.0% (w/w), respectively.
Among these, CAP2 exhibited both a relatively high yield and a well-defined elution
peak; therefore, it was selected for further purification by Sephadex G-150 gel filtration
chromatography (Yuanye Bio-Technology Co., Ltd., Shanghai, China). As presented in
Figure 1b, CAP2 was resolved into two individual components, designated CAP2-1 and
CAP2-2. After dialysis and lyophilization, the respective yields (w/w) of CAP2-1 and
CAP2-2 were 19% and 3%.

3.2. The Mw of CAP2-1 and UCAP2-1

CAP2-1 was subjected to ultrasonic treatment, yielding its ultrasonically degraded
derivative, designated as UCAP2-1. The average Mw and homogeneity of CAP2-1 and
UCAP2-1 were analyzed by HPSEC. As shown in Figure 1c, CAP2-1 exhibited a single,
symmetrical, and narrow chromatographic peak, indicating a high degree of homogeneity.
The result indicated that CAP2-1 exhibited an Mw of 184.17 kDa, confirming that the frac-
tion obtained was a highly purified polysaccharide. In contrast, the HPSEC chromatogram
of UCAP2-1 (Figure 1d) showed two distinct peaks at 77.81 kDa and 1.69 kDa, account-
ing for 3.54% and 96.46% of the peak area, respectively. These results demonstrate that
ultrasonic treatment effectively depolymerized CAP2-1, yielding a mixture dominated by a
low-molecular-weight component.

3.3. FT-IR Analysis of CAP2-1

Figure 2a presents the FI-IR spectrum of CAP2-1, displayed several characteristic
absorption bands indicative of its polysaccharide nature. The FI-IR spectrum exhibited
a broad band at 3408 cm ! corresponding to O-H stretching and a peak at 2932 cm ™!
associated with C-H stretching, which are typical signatures of carbohydrates [42]. The

absorption band observed at 1735 cm™!

was attributed to C=0O stretching vibrations of
esterified or acetyl groups [43]. In addition, the peak observed at 1632 cm ™! was associated
with the O-H bending vibration of bound water commonly retained within polysaccharide

matrices [44]. A signal at 1421 cm ™! corresponding to ~-COOH stretching suggested that

https:/ /doi.org/10.3390/separations13020041


https://doi.org/10.3390/separations13020041

Separations 2026, 13, 41

7 of 15

@),

CAP2-1 contains uronic acid residues [45]. Furthermore, the absorption at 1251 cm ™!
was attributed to the C-O—-C stretching vibration in furanose ring ether linkages [46]. In
contrast, the strong peak at 1073 cm ™! corresponded to pyranose ring vibrations, indicative
of hexose units [47].

(b) .,
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Figure 1. (a) DEAE-cellulose-52 elution curve of crude CAPs; (b) Sephadex G-150 column elution
curve of crude CAP-2; (c) The HPSEC chromatogram of CAP2-1; (d) The HPSEC chromatogram
of UCAP2-1.

3.4. Monosaccharide Composition of CAP2-1

The ion chromatographic analysis following acid hydrolysis revealed the monosaccha-
ride composition of CAP2-1 (Figure 2b). As shown in Figure 2b, CAP2-1 was composed
primarily of rhamnose, arabinose, galactose, and galacturonic acid. Quantitative analy-
sis revealed that these monosaccharides accounted for 9.73% =+ 0.03%, 35.31% = 0.12%,
31.28% =+ 0.08%, and 23.68% = 0.05% of the total molar ratio, respectively. The substantial
proportion of galacturonic acid indicates that CAP2-1 is an acidic polysaccharide [48].
Moreover, the presence of both arabinose and galactose suggests that CAP2-1 is likely an
arabinogalactan-type polysaccharide, a structural feature commonly associated with plant-
derived acidic heteropolysaccharides [49,50]. Such compositions are often linked to specific
biological activities, including antioxidant and immunomodulatory functions, providing a
structural basis for the functional properties investigated in subsequent assays [49,50].
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Figure 2. (a) FT-IR spectrum of CAP2-1; (b) The ICS chromatogram of CAP2-1; (c) FT-IR spectrum for
methylated CAP2-1.
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3.5. Linkage Feature of CAP2-1

Methylation analysis was conducted to elucidate the glycosidic linkage patterns of
CAP2-1. The disappearance of the broad O-H stretching band at 3100-3700 cm ! in the
FT-IR spectrum confirmed complete methylation (Figure 2c), indicating replacement of hy-
droxyl groups with methoxy groups (-OCHj3) [51]. The partially methylated alditol acetates
(PMAAs) generated after hydrolysis, reduction, and acetylation were identified by their
characteristic mass spectrometric fragmentation patterns reported in the literature [52-54],
and the results are summarized in Table 1. The major methylated residues detected in
CAP2-1 included 2,3,5-Mes-Araf, 2,3-Me,-Araf, 2-Me-Araf, 2,3,4,6-Mey-Galp, 2,3,4-Mes-
Galp, 2,4-Me,-Galp, 2,3,6-Mes-Galp, and 2,4-Me,-Rhap, with molar ratios of 2.13, 1.76, 0.86,
0.99, 2.25, 0.89, 1.57, and 0.53, respectively. These methylation products indicate the pres-
ence of a-Araf-(1—, —5)-a-Araf-(1—, —3,5)-a-Araf-(1—, x-Galp-(1—, —6)-p-Galp-(1—,
—3,6)-B-Galp-(1—, —4)-o-GalpA-(1—, and —3)-«-Rhap-(1— linkages in the polysaccha-
ride backbone. The substitution patterns further suggest that branching in CAP2-1 occurs
primarily at O-6 of —3,6)-3-Galp-(1— residues and at O-5 of —3,5)-«-Araf-(1— residues.
This branching profile is characteristic of arabinogalactan-type acidic heteropolysaccha-
rides. Moreover, the relative proportions of Ara, Gal, and GalA residues inferred from
methylation analysis were consistent with their molar ratios obtained from monosaccharide
composition analysis, supporting the reliability of the structural deductions.

Table 1. Methylation analysis results of CAP2-1.

Methylated Sugars Linkages Major Mass Fragments (m/z) Molar Ratio
2,3,5-Mejs-Araf a-Araf-(1— 43,71,87,102, 118, 129, 161 2.13
2,3-Me;-Araf —5)-a-Araf-(1— 43, 87,102,118, 129, 189 1.76
2-Me-Araf —3,5)-«-Araf-(1— 43, 88,101, 117, 130, 143, 190 0.86
2,3,4,6-Mey-Galp a-Galp-(1— 43, 45,71, 87,102,118, 129, 145, 161, 205 0.99
2,3,4-Me3-Galp —6)-B-Galp-(1— 43, 45,87,99, 102,113, 118, 129, 162, 173, 233 2.25
2,4-Mep-Galp —3,6)-p-Galp-(1— 43, 87,101, 118, 129, 160, 234 0.89
2,3,6-Me3-Galp —4)-a-GalpA-(1— 43,71,87,99, 102, 113, 118, 129, 131, 162, 173, 233 1.57
2,4-Me-Rhap —3)-a-Rhap-(1— 43,57,71,87,99,102, 118, 129, 162, 189, 233 0.53

3.6. NMR Spectral Analysis of CAP2-1

The structural features of CAP2-1 were further investigated by 1D and 2D NMR
analyses (Figure 3), and the summary of the chemical shift assignments for CAP2-1 is
presented in Table 2. In the 'H NMR spectrum (Figure 3a), eight anomeric proton signals
were observed at 6 5.18, 5.17, 5.11, 5.08, 5.04, 5.01, 4.56, and 4.53 ppm, indicating the
presence of multiple glycosidic linkages. Proton signals corresponding to H-2-H-6 of sugar
residues were distributed between 6 3.20-4.50 ppm, which is typical for polysaccharides;
however, precise assignment of these signals was not feasible based solely on the 'H
spectrum [55]. The residual signal of D,O appeared at 6 4.71 ppm.

As shown in Figure 3b, the '3C NMR spectrum revealed eight anomeric carbon
resonances at 6 109.32, 107.60, 107.06, 106.55, 104.50, 103.28, 102.76, and 100.86 ppm further
confirmed the presence of eight distinct sugar residues. The remaining carbon signals
were located between 6 60.38-84.22 ppm, corresponding to C-2-C-6 carbons of the various
monosaccharide units.

Detailed assignments of proton and carbon signals were achieved by combining
COSY, HSQC, and HMBC spectra with the methylation results and previously reported
data [52-54]. In the COSY spectrum (Figure 3c), sequential correlations such as 6 5.11/4.09
(H-1/H-2), 564.09/3.88 (H-2/H-3), 6 3.88/3.77 (H-3/H-4), and 6 3.77/3.54, 3.50 (H-4/H-
5a, H-5b) enabled the assignment of residue A, with analogous correlations observed for
residues B-H. The HSQC spectrum (Figure 3d) revealed direct 'H-'3C correlations for
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anomeric pairs, assigning H-1/C-1 signals for residues A-H at  5.11/104.50, 5.18/107.60,
5.17/107.06, 5.04/103.28, 4.56,/109.32, 4.03/102.76, 5.01 /106.55, and 5.08,/100.86 ppm, respec-
tively. Cross-peaks for H-2/C-2 through H-6/C-6 were similarly identified. HMBC analy-
sis (Figure 3e) provided key long-range correlations that established the linkage pattern of
CAP2-1. Specially, the crossing signal at 6 4.56,/70.18 ppm, 6 4.56/77.82 ppm, 6 4.56/69.45 ppm,
5 4.06/107.60 ppm, 6 3.37/107.10 ppm, 6 3.83/107.10 ppm, 5 3.88/107.10 ppm, & 3.87/107.10
ppm, 6 3.88/107.60 ppm, 6 3.87/107.60 ppm, 6 3.52/109.32 ppm, 6 3.52/102.76 ppm can be
assigned to Ex.1/Hcs, En1/Ges, Ena/Fes, Cra/Aca, Busa/Cet, Basn /Cea, Casa/Ce,
Cas/Cc-1, Chsa/Ac1, Crsp / Ac, Fus /Bea, Fas/Dea, meaning the existence of E-(1—3)-
H, E-(1—4)-G, E-(1—6)-F, A-(1—3)-C, C-(1—5)-B, C-(1—5)-C, A-(1—5)-C, B-(1—3)-F and
D-(1—3)-F linkages in CAP2-1.
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Figure 3. (a) 'H NMR of CAP2-1; (b) '3C NMR of CAP2-1; (c) "H-'H COSY of CAP2-1; (d) HSQC of
CAP2-1; () HMBC of CAP2-1.

Table 2. Chemical shifts of 'H and '*C NMR signals for the CAP2-1.

Residues

C-1/H-1 C-2/H-2 C-3/H-3 C-4/H-4 C-5/H-5ab C-6/H-6ab

TOTmOnNw»

o-L-Araf-(1—
—5)-a-L-Araf-(1—
—3,5)-o-L-Araf-1—
o-D-Galp-(1—
—6)-B-D-Galp-(1—
—3,6)-3-D-Galp-1—
—4)-o-GalpA-(1—
—3)-a-D-Rhap-(1—

107.60/5.11  81.09/4.09 76.70/3.88 81.45/3.77 61.26/3.54 or 3.50
109.32/5.18  82.46/4.18 77.80/3.98 81.50/4.08 68.58/3.37 or 3.83
107.06/5.17  81.22/4.17  84.15/4.06 81.40/4.26 68.58/3.88 or 3.87

102.76/5.04  74.61/4.00 76.37/3.90 73.27/3.77 75.22/3.54 73.32/3.33 or 3.21
104.50/4.56  74.61/3.63 73.60/3.74 70.88/3.67 70.19/3.88 69.04/3.57 or 3.72
103.28/4.53  75.22/3.32 81.50/3.52 74.47/3.23 70.42/3.49 69.45/3.64 or 3.68
106.55/5.01  68.16/3.52 68.76/3.65 77.82/4.02 74.61/4.25 175.23/-
100.86/5.08  79.26/4.24 70.18/3.87 73.45/3.83 66.24/3.98 16.66/1.18
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3.7. Proposed Structure of CAP2-1

Integrating the results of results of multi-structure analysis, a putative structure for
CAP2-1 was proposed in Figure 4. CAP2-1 consists of a backbone composed of —6)-f3-
D-Galp-(1—, —3,6)-p-D-Galp-(1—, and —4)-a-D-GalpA-(1— residues. This backbone
is substituted at O-3 positions by terminal «-D-Galp and —5)-«-L-Araf-(1— residues.
The side chains comprise terminal «-L-Araf, —5)-a-L-Araf-(1—, and —3,5)-o-L-Araf-(1—
units, with the latter further substituted at O-3 by additional terminal «-L-Araf residues.

A

a-L-Araf
1

|

B 3 C c A
a-L-Araf(5—1)-a-L-Arafi(5—1 )-a-L-Araf:(5—1 )-a-L-Araf
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|

1
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D

F E H E G

Figure 4. Proposed structure of CAP2-1.

These structural features indicate that CAP2-1 is a highly branched acidic arabinogalactan-
type polysaccharide, consistent with its monosaccharide composition and degree of branching
deduced from methylation data.

3.8. Antioxidant Activities of CAP2-1 and UCAP2-1

The antioxidant properties of CAP2-1 and its ultrasonic degradation product, UCAP2-
1, were assessed based on their ability to scavenge DPPH, ABTS, and hydroxyl radicals,
with Vc serving as a positive control. As illustrated in Figure 5, both CAP2-1 and UCAP2-1
exhibited concentration-dependent scavenging activity across all three assays. Notably,
UCAP2-1 demonstrated consistently stronger radical scavenging capacity than CAP2-1,
suggesting that ultrasonic depolymerization enhanced the antioxidant performance of
the polysaccharide.

As illustrated in Figure 5a, at a concentration of 2.5 mg/mL, UCAP2-1 and CAP2-1
exhibited DPPH radical scavenging activities of 67.69% and 53.01%, respectively. UCAP2-1
displayed significantly higher activity (p < 0.01) than CAP2-1 in the concentration range
of 0.5-2.5 mg/mL. DPPH radicals readily react with hydrogen-donating antioxidants to
form stable non-radical products, making this assay a strong indicator of antioxidant
capability [41].

A similar trend was observed in the ABTS radical scavenging assay in Figure 5b, at
2.5 mg/mL, UCAP2-1 achieved a scavenging rate of 82.07%, compared with 58.07% for
CAP2-1, again demonstrating the superior antioxidant potential of the degraded fraction.

In Figure 5¢, hydroxyl radical scavenging activity also showed notable differences
between the two polysaccharides. At 2.5 mg/mL, UCAP2-1 and CAP2-1 exhibited scaveng-
ing activities of 53.07% and 37.30%, respectively. Across all tested concentrations above
0.5 mg/mL, UCAP2-1 maintained significantly higher scavenging activity (p < 0.01).

Collectively, these results indicate that UCAP2-1 possesses enhanced antioxidant
properties compared with its polysaccharide CAP2-1. This enhancement in activity could
be partially explained by its lower molecular weight, which has been widely associated
with higher electron-donating capacity, better solubility, and improved accessibility to
reactive sites. Specifically, polysaccharides with lower molecular weight generally exhibit
enhanced antioxidant activity due to several factors. First, reduced chain length increases
the availability of functional groups (hydroxyl and carboxyl groups) that can participate
in electron or hydrogen donation, thereby improving free radical scavenging efficiency.
Second, lower-molecular-weight polysaccharides typically display improved solubility and
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dispersibility in aqueous systems, which facilitates their interaction with reactive oxygen
species. Third, decreased steric hindrance and increased molecular flexibility enhance
the accessibility of active sites, allowing more effective contact with free radicals. These
combined effects provide a reasonable explanation for the higher antioxidant activity
observed for UCAP2-1 compared to CAP2-1. Given the central role of DPPH, ABTS, and
hydroxyl radicals in oxidative damage, the potent scavenging ability of UCAP2-1 suggests
its potential as an effective antioxidant for mitigating oxidative stress, which contributes
to aging, cancer, and various degenerative diseases [56]. While in vitro results establish
a promising antioxidant profile for the polysaccharide, they constitute only a first-tier
assessment. Variables such as limited bioavailability, extensive first-pass metabolism, and
uneven tissue distribution can markedly diminish or modify activity in a living system.
Consequently, the physiological significance of these findings remains to be confirmed
through targeted in vivo investigations.
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Figure 5. (a) DPPH radical scavenging activity; (b) ABTS radical scavenging activity; (c¢) Hydroxyl
radical scavenging activity.

4. Conclusions

In the present work, a purified polysaccharide fraction (CAP2-1) was isolated from
C. auriculatum. The polysaccharide CAP2-1 had an Mw of 184.17 kDa, with arabinose,
galactose, and galacturonic acid as its dominant monosaccharide constituents. Structural
analyses revealed that CAP2-1 is a highly branched acidic arabinogalactan-type polysaccha-
ride with a backbone of —6)-3-D-Galp-(1—, —3,6)-p-D-Galp-(1—, and —4)-«-D-GalpA-
(1— residues, and side chains enriched in o-L-Araf units. Ultrasonic degradation produced
UCAP2-1, a lower-molecular-weight derivative that displayed significantly enhanced scav-
enging activity toward DPPH, ABTS, and hydroxyl radicals. These findings suggest that
reducing molecular weight can improve antioxidant properties, and that C. auriculatum—
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particularly CAP2-1 and UCAP2-1—may have potential applications as natural antioxidant
agents in functional food or pharmaceutical formulations.
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