
Food Frontiers

RESEARCH ARTICLE

Structural Characterization, Phenolic Acid Modification,
and Antioxidant Activities of Polysaccharide From
Mogroside Waste Liquid of Siraitia grosvenorii
Jiajing Duan Yufeng Sun Bo Wang Qinfei Xie Yang Ju Fengzhong Wang Bei Fan

Institute of Food Science and Technology, Chinese Academy of Agricultural Sciences/Key Laboratory of Agroproducts Quality and Safety Control in Storage and
Transport Process, Ministry of Agriculture and Rural Affairs, Beijing, China

Correspondence: Fengzhong Wang (wangfengzhong@sina.com) Bei Fan (fanbei517@163.com)

Received: 11 October 2024 Revised: 16 January 2025 Accepted: 5 February 2025

Funding: This research was supported by the National Key Research and Development Plan (2022YFD1600303, 2022YFC2010104).

Keywords: antioxidant | modification | phenolic acid | Siraitia grosvenorii polysaccharide | structure

ABSTRACT
To improve the comprehensive utilization of Siraitia grosvenorii (Swingle) C. Jeffrey, a novel polysaccharide (SGP) was isolated
from the mogroside waste liquid of S. grosvenorii. In addition, ferulic acid–SGP (FA-SGP) and caffeic acid–SGP (CA-SGP)
were prepared by modifying SGP with phenolic acid. The structural characteristics and antioxidant activities of the three
polysaccharides were analyzed. SGP displayed a pore-like structure and was mainly composed of glucose and xylose with a
molecular weight of 2.64 kDa. It was a pyran-type polysaccharide with both α-glycosidic and β-glycosidic bonds. The linkage
types were Glcp-(1→D →3)-Glcp-(1→, →4)-Glcp-(1→, →6)-Glcp-(1→, →3,6)-Glcp-(1→. FA and CA were covalently attached to
SGP by ester bonds, and the molecular weights of FA-SGP and CA-SGP were 5.34 and 3.83 kDa, respectively. They formed a
tightly interconnected reticulation structure. Activities tests demonstrated that compared to the native SGP, FA-SGP and CA-
SGP could significantly enhance the antioxidant capacity and improve the protective effects on H2O2-damaged SH-SY5Y cells.
The regulation of FA-SGP and CA-SGP toward the oxidative stress in SH-SY5Y cells might be related to the Bcl-2/Caspase-3/Bax
signaling pathways. In this study, phenolic acid grafts with excellent antioxidant activity were prepared using SGP as the lead
compound. This provided a new direction for obtaining S. grosvenorii products with satisfactory bioactivity and a reference for the
deep processing of S. grosvenorii industry.

1 Introduction

Siraitia grosvenorii (Swingle) C. Jeffrey is a perennial vine
plant of the Cucurbitaceae family. It is mainly distributed
in Lingui and Yongfu in the Guangxi Zhuang Autonomous
Region of China, accounting for over 90% of the world’s pro-
duction. In 2002, S. grosvenorii was recognized as one of the

top medicinal and food species in China, with high nutri-
tional and medicinal values (Duan et al. 2023). S. grosvenorii
polysaccharide (SGP) is demonstrated with various bioactivities,
such as antioxidant, hypoglycemic, antitumor, and immune
effects (Zhu et al. 2020). Gong et al. (2023) found that
SGP was useful in the removal of 1,1-diphenyl-2-picrylhydrazyl
radical 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazyl (DPPH∙),
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2,2′-azinobis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS∙), and
hydroxyl radical (OH∙), demonstrating excellent antioxidant
activity. They also found that SGP treatment could increase
the glycogen content of IR-HepG2 cells, indicating good hypo-
glycemic activity (Gong et al. 2022). Zhang et al. (2019) found that
SGP treatment could ameliorate spleen tissue damage induced
by cyclophosphamide, indicating excellent immune function.
Currently, S. grosvenorii is mostly used to extract the natural
sweetener, mogroside. The waste liquid containing sugar gener-
ated in the production of mogroside is mainly used to produce
alcohol through fermentation. However, SGP with multiple
bioactivities in the mogroside waste liquid is often ignored.
Thus, the rational utilization of SGP is of great significance for
development of S. grosvenorii industry.

The activity of polysaccharides is highly dependent on struc-
tural features. The different modification groups can directly
or indirectly affect their activity or pharmacological effects
(Li et al. 2023; Fillaudeau et al. 2024; Esposito et al. 2024;
Hashemi et al. 2024). Thus, new bioactive derivatives can be
obtained by modifying the structure, molecular weight (Mw),
and substituent groups of polysaccharides (Tan et al. 2019).
Sulfation is the main modification method in SGP. Gong et al.
(2023) prepared the sulfated derivative S-SGP (Mw: 13.4 kDa)
using the chlorosulfonic acid method, demonstrating in vitro
antioxidant and antitumor activity. Phenolic acids, a class of
non-flavonoid polyphenols widely found in plants, are natural
antioxidants. It can not only inhibit the activity of free radicals by
utilizing the phenolic hydroxyl group in its structure to provide
active hydrogen, but it also increases the activity of intracellular
antioxidant enzymes such as superoxide dismutase (SOD) and
catalase (CAT), thus exerting excellent antioxidant effects in the
organism (Shi et al. 2024). Ferulic acid (FA) and caffeic acid
(CA), originating from the phenylalanine biological metabolic
pathway, are hydroxycinnamic acid derivatives (Bao et al. 2018).
They exist in a free or bound state in nature. Their molecules
have double bonds and short alkyl chains, endowing them with
excellent biological activities such as antioxidant, antimicrobial,
and anti-inflammatory properties. They have broad application
prospects in the food, medicine, and cosmetics fields (Liu et al.
2014). Studies have shown that phenolic acid modification could
enhance the bioactivities of other substances (Hu et al. 2020; Hu
et al. 2023). Phenolic acid–modified polysaccharides can endow
polysaccharides with enhanced or unique biological activities.
Ma et al. (2019) grafted maltodextrin with FA, which showed
improved antioxidant activity compared to native maltodex-
trin. Wang et al. (2019) grafted chitosan with CA, resulting
in enhanced antioxidant activity compared to native chitosan.
However, limited research has been done on SGP phenolic acid
modification.

In this study, a novel SGP was isolated from mogroside waste
liquid. Phenolic acid–modified derivatives of FA-SGP and CA-
SGP were prepared using a free radical–mediated method, which
was economical and environment-friendly. Their structures were
characterized by scanning electronmicroscopy (SEM), ultraviolet
(UV) spectroscopy, Fourier transform infrared (FT-IR) spec-
troscopy, and nuclear magnetic resonance (NMR) spectroscopy.
The antioxidant activities were investigated through the determi-
nation of DPPH∙, OH∙, and ABTS∙ radical–scavenging effects, as
well as the protective effects against oxidative stress in human

neuroblastoma cells (SH-SY5Y), which were damaged by H2O2.
This study provides a reference for phenolic acid modification
and the total utilization of S. grosvenorii.

2 Materials andMethods

2.1 Materials and Reagents

Mogroside waste liquid was obtained after extraction of mogro-
side. DEAE-52 cellulose, glucose standard solution, bovine
serum protein standard solution, glucose, xylose, arabinose,
rhamnose, mannose, galactose, glucuronic acid, ascorbic acid,
Congo red, l-ascorbic acid (Vc), sodium hydroxide (NaOH), FA,
CA, and salicylic acid were purchased from Shanghai Yuanye
Biotechnology Co. Ltd. (China). Phenol, concentrated sulfuric
acid, trichloroacetic acid, 95% ethanol, dichloromethane (DCM,
CH2Cl2), and hydrogen peroxide (H2O2) were purchased from
Sinopharm Chemical Reagent Co. Ltd. (China). Cell counting
kit-8 (CCK-8), phosphate buffered saline (PBS), bicinchoninic
acid assay (BCA) kit, malondialdehyde (MDA) kit, and total
SOD activity assay were purchased from Solepol Technology Co.
Ltd. (China). SH-SY5Y complete culture medium was purchased
from Wuhan Shangen Biotechnology Co. Ltd. (China). DMEM
medium, 0.25% Trypsin-EDTA, was purchased from Thermo
Fisher Scientific. DPPH∙ was purchased from Sigma. ABTS∙ kit
was purchased from Nanjing Jiancheng Biotechnology Co. Ltd.
(China). B-cell lymphoma-2 (Bcl-2), Bcl-2–associated X protein
(Bax), and Caspase-3 were purchased from ABCAM.

2.2 Extraction of SGP

Crude SGP was extracted from the mogroside waste liquid
through high-temperature deproteinization and alcohol precip-
itation. Briefly, the mogroside waste liquid (20 g) was mixed with
95% ethanol (60 mL). The mixture was allowed to stand at 4◦C
for 24 h. The precipitate was collected and freeze-dried to afford
crude SGP. It was purified by ion exchange chromatographic
purification. Briefly, crude SGP (0.1 g) was dissolved in distilled
water (100mL) and poured slowly to a cellulose DEAE-52 column
(2.6 cm × 70 cm). Then, it was eluted using distilled water with
a flow rate of 5 mL/min. The elution products were collected
(5 mL/tube) consecutively, and the carbohydrate content was
detected one by one with phenol–sulfuric acid colorimetric
method (Mondal et al. 2001). The collection was stopped until
no carbohydrate was eluted out. The elution curve was plotted
according to the optical density (OD) value of eluate in each tube
at 490 nm. The purified fractions were concentrated, dialyzed
with distilled water at 4◦C for 48 h, and freeze-dried to afford
refined SGP. The residual nucleic and protein were checked by
UV fullwavelength scanning in the range of 200–400nm (Mondal
et al. 2001).

2.3 Determination of Total and Reducing Sugar
Content in SGP

The total sugar content in SGP was determined by phenol–
sulfuric acid colorimetric method (Gong et al. 2023). Specifically,
a 1.0 mg/mL glucose standard solution was prepared and
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subsequently diluted with distilled water to 0.02, 0.04, 0.06, 0.08,
and 0.10 mg/mL. A total of 1 mL of the above working solutions
were mixed with 5% phenol solution (0.5 mL) and 98% sulfuric
acid (2.5 mL). Then, the reaction was conducted at 100◦C for
30 min. Afterward, the absorbance of each resulting solution at
a wavelength of 490 nm was measured and used to establish
a standard curve. Finally, the absorbance of 0.04 mg/mL SGP
treated solution following the above procedures was measured
and used to calculate the total sugar content in SGP according
to the established standard curve.

The reducing sugar content in SGP was determined by 3,5-
dinitrosalicylic (DNS) acid colorimetric method. Briefly, the
above glucose working solutions (1 mL) were mixed with DNS
reagent (1 mL). Then, the reaction was conducted at 100◦C
for 5 min. Afterward, the mixtures were diluted with distilled
water (8 mL). The absorbance of each resulting solution at a
wavelength of 540 nm was measured and used to establish a
standard curve. Finally, the absorbance of 0.04 mg/mL SGP
treated solution following the above procedures was measured
andused to calculate the reducing sugar content in SGP according
to the established standard curve.

2.4 Monosaccharide Composition Analysis of
SGP

The determination of monosaccharide composition of SGP was
carried out according to previous method (Cheng et al. 2020).
Specifically, SGP (10mg) was hydrolyzed with trifluoroacetic acid
under nitrogen protection at 120◦C for 4 h. The residual acid
was removed by nitrogen blowing. The product was dissolved
in ultrapure water (10 mL) and diluted to 20 folds. The solution
was filtered through a 0.2 µm membrane and separated on a
CarboPacTMPA20 (3 mm × 150 mm, Dionex, USA) at 35◦C,
with integrated a pulsed amperometric detector. The mobile
phases comprised three solvents: A (water), B (250 mmol/L
NaOH solution), and C (1 mol/L sodium acetate). This mobile
phase system was run at 0.5 mL/min, and the gradient elution
condition was set as follows: 0%–94% A, 0%–6% B (0–20 min);
94%–89% A, 6% B, 0%–5% C (20–20.1 min); 89%–74% A, 6% B,
5%–20% C (20.1–35 min); 74%–20% A, 6%–80% B, 20%–0% C (35–
35.1 min); 20% A, 80% B (35.1–45 min); 20%–94% A, 80%–6%
B (45–45.1 min); 94% A, 6% B (45.1–55 min). The monosaccha-
rides were analyzed by external calibration with an equimolar
mixture of eight monosaccharide standards (fucose, rhamnose,
arabinose, galactose, glucose, xylose, fructose, galacturonic acid,
and glucuronic acid).

2.5 Methylation Analysis of SGP

Themethylation analysis was conducted according to themethod
of previous reports (Gao et al. 2020a; Hou et al. 2023) with some
modifications. Specifically, SGP (3 mg) was dissolved in dimethyl
sulfoxide (1 mL), followed by a quick addition of methylation
reagent A (NaOH solution) and B (iodomethane solution). The
reaction was conducted at 30◦C for 1 h and stopped by addition
of ultrapure water (2 mL). Subsequently, hydrolysis was carried
out for 1.5 h with addition of trifluoroacetic acid (1 mL, 2 mol/L).
Then, reduction was conducted for 8 h with addition of double-

distilled water (2 mL) and sodium borohydride (60 mg). The
solution was neutralized using glacial acetic acid and dried at
101◦C. Finally, acetylation was carried out at 100◦C for 1 h with
addition of acetic anhydride (1 mL). The resulting solution was
added with toluene (3 mL), concentrated to remove residual
acetic anhydride, and extracted with DCM (3 mL) for four times.
The product was fixed to 10 mL and analyzed using an Agilent
6890-5973 GC–MS system with a RXI-5 SIL MS column (30
m × 0.25 mm × 0.25 µm). The oven conditions were set at initial
temperature of 120◦C and increased to 250◦C at a rate of 3◦C/min,
and held for 5 min. Both the inlet temperature and the detector
temperaturewere 250◦C. The carrier gaswas helium, and the flow
rate was 1 mL/min. The test was repeated three times.

2.6 Molecular Weight Analysis of SGP

The molecular weight distribution of SGP used gel exclusion
chromatography (DAWNHELEOS II,Wyatt, USA) equippedwith
OHpak SB-803 HQ column (8mm × 300mm, Shodex, Japan) and
refractive index detector (RID-20A). The column was set at 40◦C
and eluted with 0.05 mol/L sodium chloride solution at a speed
of 0.8 mL/min. The sample (25 µL, 5 mg/mL) was analyzed with
dextran as a reference, and the retention time (RT) and standard
molecular weight were recorded.

2.7 Phenolic Acid Modification of SGP

A free radical–mediatedmethodwas used to prepare FA-modified
SGP (Liu et al. 2013). Specifically, SGP (0.5 g) was dissolved in
0.5% acetic acid solution (50 mL), followed by addition of Vc
(0.1 g) and FA (0.8 g). The mixture was stirred under nitrogen
protection at 25◦C for 30 min, followed by addition of hydrogen
peroxide solution (2 mL, 5 mol/L). The reaction was continued
under nitrogen protection at 25◦C for 12 h. The result solution
was dialyzed with distilled water at 4◦C for 72 h. Finally, the
dialysate was freeze-dried to afford FA-SGP (yield: 70.1 mg). The
samemethod was used to prepare CA-SGP (yield: 50.2 mg). Their
molecular weight was determined in Section 2.6. Their purities
were estimated by UV full wavelength scanning in the range of
260–400 nm.

2.8 SEM Observation of SGP, FA-SGP, and
CA-SGP

The microstructures of SGP, FA-SGP, and CA-SGP were observed
using an SEM (SU8010, Hitachi, Japan). Briefly, the conduc-
tive adhesive was pasted on the sample stage, coated with
powdered SGP, FA-SGP, and CA-SGP (2 mg, respectively), and
sputtered with gold powder. The carrier stage was placed inside
the SEM. The microstructures were observed by adjusting the
magnification (Guo et al. 2023).

2.9 FT-IR Analysis of SGP, FA-SGP, and CA-SGP

SGP, FA-SGP, and CA-SGP (1 mg) were mixed with potassium
bromide powder (100 mg), respectively, ground and pressed
into a disc (1 mm). The spectra were recorded using an FT-IR
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spectrophotometer (TENSOR 27, Bruker, USA) in the range of
500–4000 cm−1 (Deng et al. 2020).

2.10 NMR Analysis of SGP, FA-SGP, and CA-SGP

SGP, FA-SGP, and CA-SGP (15 mg) were dissolved in deuteroxide
(500 µL), respectively, and transferred to NMR tubes. Subse-
quently, 1H NMR (600 Hz) and 13C NMR (150 Hz) spectra of
each sample were recorded using an NMR spectrometer (JEOL
ECS-400, JEOL, Japan) and analyzed with MestReNova software
(Cheng et al. 2020).

2.11 Determination of Free Radical–Scavenging
Ability

2.11.1 DPPH∙ Radical Scavenging Assay

The DPPH∙ radical scavenging assay was conducted according
to previous research with some modifications (Chen et al. 2019).
SGP, FA-SGP, and CA-SGP (5 mg) were dissolved in distilled
water and diluted to varying concentrations (0.05, 0.1, 0.2, 0.4,
0.8, and 1.0 mg/mL). The solutions (1 mL) were mixed with 1 mL
of DPPH∙ (0.2 mmol/L in ethanol) and incubated in the dark at
25◦C for 30min. A control sample containing the DPPH∙ solution
without the sample was also prepared. In the blank, the DPPH∙
solution was substituted with ethanol (Zhang et al. 2022; Wang
et al. 2022). Then, the absorbance values of each resulting solution
weremeasured at 517 nmusingUV spectrophotometer (UV-9000,
Shanghai Metasch Instruments Co. Ltd., China). Although FA
and CA have excellent antioxidant activity, they were not selected
as positive control due to their poor water solubility. However,
the same concentration of Vc was taken as a positive control.
The antioxidant activity of the sample was evaluated using the
inhibition percentage of the DPPH∙ with the following equation:

DPPH ∙ radical − scavenging activity (%)

=
[
1 −

𝐴1 − 𝐴2

𝐴0

]
× 100

where A0 represents the OD value of the mixture of 50% ethanol
and DPPH∙,A1 represents the OD value of the mixture of sample,
and A2 represents the OD value of the mixture of sample and
ethanol.

2.11.2 OH∙ Scavenging Assay

The OH∙ scavenging activity was determined by the Fenton
method (Chen and Huang 2019). SGP, FA-SGP, and CA-SGP
(5 mg) were dissolved in distilled water and diluted to varying
concentrations (0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 mg/mL). The
solutions (1 mL) were mixed with ferrous sulfate solution (1 mL,
9 mmol/L), hydrogen peroxide solution (1 mL, 8.8 mmol/L), and
salicylic acid solution (1mL, 9mmol/L in ethanol), and incubated
in the dark at 25◦C for 1 h. Then, the absorbance values of
each resulting solution were measured at 510 nm using a UV
spectrophotometer. Distilled water and Vc were taken as blank
control and positive control, respectively. The OH∙ scavenging

activity was determined as follows:

OH ∙ scavenging activity (%) =
[
1 −

𝐴1 − 𝐴2

𝐴0

]
× 100

whereA0 represents the OD value of distilled water,A1 represents
the OD value of the mixture of sample, and A2 represents the OD
value of distilled water instead of salicylic acid.

2.11.3 ABTS∙ Scavenging Assay

The ABTS∙ scavenging assay was conducted according to previ-
ous research with some modifications (Zhang et al. 2021; Zhou
et al. 2011). SGP, FA-SGP, and CA-SGP (5 mg) were dissolved in
distilled water and diluted to varying concentrations (0.05, 0.1,
0.2, 0.4, 0.8, and 1.0 mg/mL). The ABTS∙ scavenging activity was
determined using the ABTS∙ reagent kit with the antioxidant
trolox as standard and expressed as Trolox-equivalent antioxidant
capacity (TEAC):

TEAC (mM) = −1.1214 × 𝐴 + 1.1262

where A represents the OD value of the mixture of sample.

2.12 Cell Viability Assay

The frozen SH-SY5Y cells were resuscitated at 37◦C and resus-
pended in DMEM cell culture medium containing 10% fetal
bovine serum and 1% penicillin–streptomycin. The mixture was
centrifuged at 2000 rpm for 3 min. The SH-SY5Y cells were
incubated in an incubator with a carbon dioxide concentration
of 5% and a temperature of 37◦C. The SH-SY5Y cells undergone
passaging culture were selected and inoculated into a 96-well
plate (5 × 104 cells/100 µL cell suspension/well), followed by
incubation. Subsequently, the wells were added with SGP, FA-
SGP, and CA-SGP solution to achieve final concentrations of
0, 50, 100, 200, 400, and 800 µg/mL, respectively, and placed
in incubator for 48 h. Afterward, the wells were added with
CCK-8 solution (10 µL) and placed in incubator for 1 h. The
absorbance value of each well was measured at 450 nm using
a full wavelength scanning enzyme labeler (Spectra MAX190,
Molecular devices), and the cell viability was calculated (Zheng
et al. 2024).

2.13 Cell Model Construction

Cell model, H2O2-damaged SH-SY5Y cells, was constructed
according to previous research (Jin andWang 2019). The SH-SY5Y
cells undergone passaging culture were selected and inoculated
into a 96-well plate (5 × 104 cells/100 µL cell suspension/well),
followed by incubation. Subsequently, the wells were added with
H2O2 solution to achieve final concentrations of 0, 50, 100, 200,
400, and 800 µmol/L, respectively, and placed in incubator for
24 h. Afterward, thewells were addedwithCCK-8 solution (10 µL)
and placed in incubator for 1 h. The absorbance value of eachwell
was measured at 450 nm, and the cell viability was calculated.
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2.14 Experiment on the Protective Effect on Cell
Model

The SH-SY5Y cells undergone passaging culture were selected
and inoculated into a 96-well plate (5 × 104 cells/100 µL
cell suspension/well), followed by incubation. Low-dose group
(100 µg/mL), medium-dose group (200 µg/mL), and high-dose
group (400 µg/mL) containing SGP, FA-SGP, and CA-SGP were
set, as well as the control group (Con) without polysaccharide
and model group (M) with H2O2 solution (200 µmol/L). The
groups were incubated for 24 h and added with H2O2 solution
(200 µmol/L), followed by incubation for another 24 h. Afterward,
the wells were added with CCK-8 solution (10 µL) and placed
in incubator for 1 h. The absorbance value of each well was
measured at 450 nm, and the cell viability was calculated.

2.15 Measurement of Oxidative Stress-Related
Indicators andWestern Blotting

Based on Section 2.14, the control group, model group, and
medium-dose group (200 µg/mL) were selected to measure the
oxidative stress-related indicators, SOD and MDA. Briefly, the
cells of the groupswere collected and lysed usingRIPA lysis buffer
(containing PMSF). The mixture was centrifuged at 12,000 rpm
at 4◦C for 5 min, and the supernatant was used for determination
of the content of SOD and MDA according to the instructions of
the kit. Then, the western blotting was conducted. Specifically,
the proteins in the above supernatant were separated by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to polyvinylidene fluoride (PVDF) mem-
brane for 1 h at a constant current of 300 mA. The membranes
were sequentially incubated with primary antibody (Bcl-2, Bax,
Caspase-3, and GAPDH), secondary antibody (goat anti-rabbit
IgG), and enhanced chemiluminescence (ECL) solution, followed
by autoradiography. The intensity of the blot was analyzed by
Image pro plus 6.0.

2.16 Statistical Analysis

All experiments were conducted in triplicate. Data were
expressed as mean ± standard deviation (SD) and analyzed using
GraphPad Prism statistical software (8.0.1).

3 Results and Discussion

3.1 Total and Reducing Sugar Content in SGP

The crude S. grosvenorii polysaccharide was purified using a
DEAE-52 cellulose column with distilled water as an eluent. The
elution curve is shown in Figure 1A. This indicated that DEAE-52
cellulose column displayed a good separation from SGP. The UV
full wavelength scanning spectrum of the refined SGP is shown
in Figure 1B. No absorption peaks appeared at 260 nm (typical
absorption of nucleic) and 280 nm (typical absorption of protein),
indicating that the nucleic and protein were removed. The total
sugar content in SGP was determined to be 92.98%, according to
the glucose standard curve, as shown in Figure 1C. In addition,
the reducing sugar content in SGP was determined to be 4.75%

according to the reducing sugar standard curve, as shown in
Figure 1D.

3.2 Monosaccharide Composition and Linkage
Type of SGP

In the present study, an equimolar mixture of nine monosaccha-
ride standards (fucose, rhamnose, arabinose, galactose, glucose,
xylose, fructose, galacturonic acid, and glucuronic acid) as well as
the treated SGP were separated well on high-performance liquid
chromatography (Figure 2A,B). Based on the chromatograms, it
was determined that SGP was composed of glucose and xylose in
a ratio of 98.23:1.57.

The individual peaks of partially methylated alditol acetates
(PMAA) were separated well using a gas chromatography–
mass spectrometer (Figure S1). The PMAA and fragmentation
patterns can be identified by their mass spectra and RT. The
ratios of the peak areas (total ion current) were considered the
percentage of methylated sugars. The result of the methylation
analysis is presented in Table 1. Five peaks were found. By
comprehensively considering RT andmass fragments, the PMAA
were determined to be 2,3,4,6-Me4-Glcp; 2,4,6-Me3-Glcp; 2,3,6-
Me3-Glcp; 2,3,4-Me3-Glcp; and 2,4-Me2-Glcp, with molar ratios
of 0.356:0.424:0.076:0.048:0.095, respectively. The linkage type
was determined to be Glcp-(1→, →3)-Glcp-(1→, →4)-Glcp-(1→,
→6)-Glcp-(1→, →3,6)-Glcp-(1→ (Gao et al. 2020a; Hou et al.
2023).

3.3 Molecular Weight of SGP

The molecular weight of SGP was determined by gel exclusion
chromatography. Based on the chromatogram (Figure S2A), the
calibration curve illustrated by plotting lgMw against RT was
established to calculate the molecular weight. The molecular
weight of SGP was determined to be 2.64 kDa. Until then, SGP
with a molecular weight of 19.037 and 33 kDa was extracted from
the fruits of S. grosvenorii (Gong et al. 2022, 2023). The difference
in molecular weight may be mainly attributed to variations in
extraction and purification methods.

3.4 Phenolic Acid Modification of SGP

Under the protection of nitrogen, Vc reacted with H2O2, and the
resulting free radicals selectively attacked the hydroxyl hydrogens
of SGP, leading to the production ofmacromolecular free radicals.
Subsequently, phenolic acid (FA and CA) conjugated with SGP
by covalent linkage to form phenolic acid–SGP (FA-SGP and
CA-SGP). The molecular weight of FA-SGP and CA-SGP was
determined by gel exclusion chromatography (Figure S2B,C) as
5.34 and 3.83 kDa, respectively. The result indicated that FA-SGP
consisted of one mass number of SGP and 14 mass numbers of
FA (grafting ratio: 50.56%), and CA-SGP consisted of one mass
number of SGP and seven mass numbers of CA (grafting ratio:
31.07%). As shown in Figure 3, FA exhibited two characteristic
peaks at 297 and 322 nm, and CA exhibited two characteristic
peaks at 295 and 325 nm due to the π conjugations of the
benzene rings in their structures. FA-SGP and CA-SGP showed

1534 of 1543 Food Frontiers, 2025



FIGURE 1 (A) Elution curve of SGP, (B) UV spectrum of SGP, (C) glucose standard curve, and (D) reducing sugar standard curve.

two characteristic peaks similar to FAandCA, respectively, which
correspond to the conjugation of the benzene rings in themoieties
of phenolic acids. Compared to FA and CA, the UV characteristic
peaks of FA-SGP and CA-SGP showed a slight blue shift. This
may be due to the covalent bond between phenolic acids and SGP.
The result indicated that FA andCAwere successfully conjugated
to SGP. The intensity of the absorption peak of FA-SGP slightly
exceeded that of CA-SGP, suggesting a higher conjugating rate
of FA-SGP in the free radical–mediated reaction. This may be
because FA had a greater chance of collision with SGP due to its
smaller steric hindrance. In addition, Liu et al. (2017) found that
the methoxy group on the meta-position of the benzene ring in
hydroxybenzoic acid could increase its reactivity. Both FA andCA
are hydroxybenzoic acids. The former contains a methoxy group
on the meta-position of the benzene ring, while the latter does
not possess that. This may be another factor leading to a higher
conjugating rate of FA-SGP in the free radical–mediated reaction.

3.5 Surface Characteristics of SGP, FA-SGP, and
CA-SGP

SEMwas used to observe the microstructure of SGP, FA-SGP, and
CA-SGP. The surface features were identified at 500, 1000, and
2000 fold exaggeration conditions (Figure 4). SGP existed in flaky,

spherical, and rod-like structures. They were stacked on top of
each other (Figure 4A), indicating that SGP possessed the main
structural features of polysaccharides. In addition, SGP displayed
a pore-like structure, which endowed a good hydrophilicity to
the polysaccharide (Gao et al. 2020b). The FA and CA presented
rectangular crystals (Figure 4B,C). The morphology of FA-SGP
and CA-SGP showed a significant difference compared to native
SGP, FA, and CA (Figure 4D,E). FA-SGP and CA-SGP existed in
tightly interconnected reticulation structureswith some folds and
relatively smooth surfaces. This may be due to the reduction of
inter- and intramolecular hydrogen bonding between SGP after
phenolic acid modification.

3.6 FT-IR Spectra of SGP, FA-SGP, and CA-SGP

The features of functional groups in SGP, FA-SGP, and CA-SGP
were examined via FT-IR spectroscopy. As shown in Figure 5, the
FT-IR spectra of SGP displayed typical polysaccharide absorption
in the range of 500–4000 cm−1. The distinct and broad absorption
peak at 3414 cm−1 was assigned to the O–H stretching vibration.
The small and weak absorption peak at 2930 cm−1 was assigned
to the -CH2 antisymmetric stretching vibration. The absorption
peak at 1641 cm−1 was due to the asymmetric stretching vibration
of the carbonyl group. The signal peaks between 800 and 1200
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FIGURE 2 Liquid chromatogram of (A) monosaccharide standards
and (B) SGP.

FIGURE 3 UV spectrum of FA-SGP, CA-SGP, FA, and CA.

cm−1 were the fingerprint regions of carbohydrates (Xie et al.
2013). The signal at 1078 cm−1 was ascribed to the glucopyranose-
based pyranose ring’s characteristic resonance. The band at 1030
cm−1 suggested that the glucosyl residues were interglycosidic
in the β configuration (Zhao et al. 2020). The peak at 846 cm−1

indicated that the SGP contained α-glycosidic bonds. Therefore,
it was speculated that SGP was a pyran-type polysaccharide with
both α-glycosidic and β-glycosidic bonds. Compared to SGP, the

1536 of 1543 Food Frontiers, 2025



FIGURE 4 SEM images of (A) SGP, (B) FA, (C) CA, (D) FA-SGP, and (E) CA-SGP at the magnification of 500, 1000, and 2000 folds.

FT-IR spectra of FA-SGP and CA-SGP showed new characteristic
peaks at 1516 and 1526 cm−1, respectively, indicating that carboxyl
groups of FA and CA were covalently linked to the hydroxyl
groups of SGP and formed aromatic esters. Wang et al. (2021)
prepared an FA–curdlan graft copolymer and found that FA was
covalently attached to curdlan through ester bonding.

3.7 NMR Analysis of SGP, FA-SGP, and CA-SGP

The structural characteristics of SGP, FA-SGP, and CA-SGP were
further analyzed by NMR spectroscopy. It was published that
the chemical shift corresponding to the hydrogen proton on
the heterocyclic carbon (C1) higher than 5 ppm indicated an
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FIGURE 5 FT-IR spectra of (A) FA-SGP group and (B) CA-SGP
group.

α-glycosidic bond. Meanwhile, the chemical shift corresponding
to the hydrogen proton on the C1 lower than 5 ppm indicated a β-
glycosidic bond (Huang et al. 2016). The 1HNMRof SGP exhibited
multiple heterohead hydrogen signals in the range of δ 4.3–
5.3 ppm, indicating that both α-glycosidic and β-glycosidic bonds
existed in SGP. This result was consistent with that of FT-IR.
Compared to SGP, the 1H NMR of FA-SGP appeared to have new
characteristic peaks at 6.3, 6.87, 7.0, 7.2, and 7.3 ppm, while the
1H NMR of CA-SGP appeared to have new characteristic peaks at
6.3, 6.87, 7.05, 7.2, and 7.54 ppm. These new characteristic peaks in
the range of δ 6.0–8.0 ppmwere assigned to the hydrogen protons
on the benzene rings in moieties of phenolic acids (Bunzel et al.
2003). The chemical shifts corresponding to C3 andC5were lower
than 80 ppm in 13C NMR of SGP, which indicated the existence of
a pyran ring (Dertli et al. 2013). The chemical shift corresponding
to C1 appeared at 99.72 and 102.77 ppm, which indicated the
existence of both α-glycosidic and β-glycosidic bonds (Zhong and
Wang 2015). The results were consistent with those of FT-IR
and 1H NMR. New characteristic peaks were observed at 144,
122.4, and 116 ppm in 13C NMR of FA-SGP and CA-SGP, which

corresponded to the C═C of the derivatives. A new peak at
171 ppm was also found, which was attributed to the formation
of the carbonyl group of the derivatives (Pasanphan et al. 2010).

3.8 Free Radical-Scavenging Ability Analysis of
SGP, FA-SGP, and CA-SGP

Radical-scavenging activity is usually used to express the antiox-
idant activity of natural compounds and their derivatives (Chen
et al. 2019). In the present study, the DPPH∙ radical–scavenging
activity of SGP, FA-SGP, and CA-SGP was determined. As shown
in Figure 6A, SGP, FA-SGP, and CA-SGP exhibited DPPH∙
radical–scavenging activity in a concentration-dependent man-
ner at 0.05–1.0 mg/mL. The results suggested that the DPPH∙
radical–scavenging activity of FA-SGP and CA-SGP was signif-
icant higher than that of SGP. The DPPH∙ radical–scavenging
activity of FA-SGP, CA-SGP, and SGP at 1.0 mg/mL was 88.19 ±
0.04%, 71.42 ± 0.21%, and 23.24 ± 0.06%, respectively. The DPPH∙
radical–scavenging activity of FA-SGP was close to that of Vc
(93.82 ± 0.04%) at 1.0 mg/mL.

OH∙ radicals possess extremely strong electron harvesting ability,
resulting in a production of oxidation ability. The scavenging
activity of SGP, FA-SGP, and CA-SGP onOH∙ radicals is shown in
Figure 6B. SGP, FA-SGP, and CA-SGP exhibited OH∙ scavenging
activity in a concentration-dependentmanner at 0.05–1.0mg/mL.
The OH∙ scavenging activity of FA-SGP and CA-SGP was signif-
icantly higher than that of SGP. The OH∙ scavenging activity of
FA-SGP, CA-SGP, and SGP at 1.0 mg/mLwere 52.68± 1.65%, 32.27
± 1.64%, and 26.61 ±0.30%, respectively. The scavenging activity
of SGP and its derivatives was weaker than those of Vc (99.35 ±
0.02%) at all tested concentrations.

ABTS∙ scavenging ability assay is another fast and convenient
method for evaluating antioxidant capacity. The scavenging
activity of SGP, FA-SGP, and CA-SGP on ABTS∙ free radicals
is shown in Figure 6C. SGP, FA-SGP, and CA-SGP exhibited
ABTS∙ scavenging activity in a concentration-dependent manner
at 0.05–1.0mg/mL. TheABTS∙ scavenging activity of FA-SGP and
CA-SGP was significantly higher than that of SGP. The ABTS∙
scavenging activity of FA-SGP, CA-SGP, and SGP at 1.0 mg/mL
was 2.73 ± 0.04, 2.78 ± 0.02, and 2.14 ± 0.03 mM, respectively.

These findings demonstrated that FA-SGP and CA-SGP exhibited
superior scavenging capacity on DPPH∙, OH∙, and ABTS∙ free
radicals than native SGP. This may be because FA-SGP and CA-
SGP possessed higher hydrogen donating ability. The result was
consistent with previous findings suggesting that phenolic acid
modification could enhance the antioxidant activity of polysac-
charides (Karaki et al. 2017; Zhang et al. 2023; Xie et al. 2014).
For example, Ma et al. (2019) found that FA-maltodextrin graft
copolymer showed enhanced antioxidant activity compared to
nativemaltodextrin.Wang et al. (2019) found that the antioxidant
activity of CA-chitosan graft copolymer was significantly higher
than that of chitosan. Although FA-SGP and CA-SGP were
similar in structure, FA-SGP showed higher antioxidant activity
than CA-SGP as a whole. This may be mainly attributed to the
higher phenolic acid grafting ratio of FA-SGP than CA-SGP. This
result was consistent with that of Liu et al. (2017).
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FIGURE 6 (A)DPPH∙, (B)OH∙, and (C)ABTS∙ radical–scavenging
activity of SGP, FA-SGP, and CA-SGP, **p < 0.01, compared to SGP.

3.9 Protective Effect of SGP, FA-SGP, and CA-SGP
on H2O2-Damaged SH-SY5Y Cells

First, the effect of SGP, FA-SGP, and CA-SGP on healthy SH-
SY5Y cell viability was evaluated. As shown in Figure 7A, the
cell viability of the SGP, FA-SGP, and CA-SGP treatment groups

FIGURE 7 (A) The effect of SGP, FA-SGP, and CA-SGP on healthy
SH-SY5Y cell viability; (B) the effect of H2O2 on healthy SH-SY5Y cell
viability; and (C) the protective effect of SGP, FA-SGP, and CA-SGP on
H2O2-damaged SH-SY5Y cell. ##p < 0.01, compared to control group
(Con); **p < 0.01, compared to model group (M).

slightly increased with the increase in their concentration at 12.5–
100 µg/mL. The cell viability decreased when the concentration
continued to increase at 100–800 µg/mL. Thus, 100, 200, and
400 µg/mL of polysaccharides were selected as low-, medium-,
and high-dose groups. Second, the optimal action concentration
of H2O2 was selected to construct oxidative-damaged SH-SY5Y
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FIGURE 8 The effect of SGP, FA-SGP, and CA-SGP toward oxidative stress in SH-SY5Y. (A) SOD; (B) MDA; (C) protein imprinting graph; (D)
Caspase-3 protein expression; (E) Bax protein expression and (F) Bcl-2 protein expression. ##p < 0.01, compared to control group (Con); **p < 0.01, *p
< 0.05, compared to model group (M).

cells. As shown inFigure 7B, the cell viability ofH2O2-treated cells
decreased with an increase in its concentration at 50–800 µmol/L.
The cell viability was approximately 50% at 200 µmol/L, meeting
the requirement for constructing a cell model. Finally, the
protective effect of SGP, FA-SGP, and CA-SGP on H2O2-damaged
SH-SY5Y cells was evaluated. As shown in Figure 7C, SGP, FA-
SGP, and CA-SGP could significantly enhance the cell viability
of the H2O2-damaged SH-SY5Y cells under the intervention of
three concentrations of 100, 200, and 400 µg/mL. The best effect
was found at 200 µg/mL. FA-SGP and CA-SGP showed a higher

protective effect on H2O2-damaged SH-SY5Y cells than on native
SGP.

3.10 Analysis of Oxidative Stress-Related
Indicators andWestern Blotting

Previous studies have shown that oxidative damage significantly
affects intracellular antioxidant enzymes (Bai et al. 2020). SOD is
an antioxidant enzyme that serves as the first line of defense for
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the human body against oxidative damage (Ighodaro and Akin-
loye 2018). It maintains an intracellular oxidative–antioxidant
balance by inhibiting oxidative damage. As shown in Figure 8A,
SOD levels significantly decreased in the cells of the model group
after H2O2 induction, while they significantly increased after
SGP, FA-SGP, and CA-SGP intervention. This suggested that the
intracellular antioxidant levels were enhanced by SGP, FA-SGP,
and CA-SGP intervention. As substantial carbohydrate resources,
polysaccharides have been reported to demonstrate antioxidant
activity. Ruan et al. (2023) found thatUlva lactuca polysaccharide
(ULP) can promote SOD activity to reduce oxidative stress.

MDA is a major secondary metabolite of lipid peroxidation
formed by free radicals during oxidative stress. Its level indirectly
reflects the degree of cellular damage (Xiao et al. 2008). As shown
in Figure 8B, MDA levels were significantly higher in the cells
of the model group than in the blank control group after H2O2
induction, while they significantly decreased after SGP, FA-SGP,
and CA-SGP intervention. This suggested that the treatments of
SGP, FA-SGP, and CA-SGP not only significantly inhibited lipid
peroxidation but also reduced intracellular oxidative damage.
Similarly, Zhang et al. (2024) reported that a lowMw tea polysac-
charide (TPS) fraction significantly attenuated oxidative damage
by decreasing MDA levels.

The Bcl-2 protein family is crucial in regulating cell apoptosis.
It comprises two major categories: apoptosis-promoting proteins
(e.g., Bax and Bak) and antiapoptotic proteins (e.g., Bcl-2 and
Bcl-xl) (Liu et al. 2011). Caspase-3 is considered an indispensable
protease in the process of apoptosis, occupying a central position
in the complex biochemical network of apoptosis regulation.
Many different apoptotic pathways eventually converge on the
activation of Caspase-3 (Asadi et al. 2022). When cells are stim-
ulated by proapoptotic signals such as ROS, a series of apoptotic
signaling mechanisms are stimulated. Among them, the Bax
protein changes the mitochondrial structure and opens the mito-
chondrial permeability transition pore, leading to the release of
apoptotic factor cytochrome C from cells. In addition, it activates
the Caspase family, initiating enzymes through apoptotic vesicle
cytochrome C–dependent complexes. Caspase-3, when activated,
inhibits the normal function of the antiapoptotic protein Bcl-2
and accelerates apoptosis (Chetsawang et al. 2006). In the present
study, the effect of SGP, FA-SGP, andCA-SGP on the expression of
three proteases Caspas-3, Bax, and Bcl-2 was revealed by western
blotting analysis. As shown in Figure 8C–F, the expression levels
of Caspas-3 and Bax were upregulated, and the expression level of
Bcl-2 was significantly suppressed in the model group compared
to the blank control group. This suggested that Caspas-3 can be
activated byhydrogenperoxide stimulation, and the antiapoptotic
protein Bcl-2 is inhibited, thereby accelerating apoptosis. After
the intervention of SGP, FA-SGP, and CA-SGP, the expression
levels of Caspas-3 and Bax were significantly downregulated, and
the expression level of Bcl-2 was significantly upregulated. The
results indicated that SGP, FA-SGP, and CA-SGP may alleviate
the oxidative damage of H2O2 on SH-SY5Y cells by increasing
the expression level of Bcl-2 and inhibiting the expression levels
of Caspase-3 and Bax in the Bcl-2/ Caspase-3/Bax signaling
pathways.

This study assessed and revealed the efficacy of the cellular
antioxidant defense system with treatments of SGP, FA-SGP, and

CA-SGP by measuring key biochemical indicators. These mea-
surements revealed the effectiveness of antioxidant interventions.
These results showcased their potential application in preventing
and alleviating diseases related to oxidative stress.

4 Conclusion

In summary, a novel polysaccharide was successfully isolated
from the mogroside waste liquid of S. grosvenorii. Subsequently,
two derivatives (FA-SGP and CA-SGP) were prepared by modify-
ing native SGP with FA and CA free radical–mediated method.
Structural analysis revealed that SGP was a neutral polysaccha-
ride consisting of glucose and xylose with a molecular weight
of 2.64 kDa. The linkage types were Glcp-(1→, →3)-Glcp-(1→,
→4)-Glcp-(1→, →6)-Glcp-(1→, →3,6)-Glcp-(1→. The covalent
linkage of FA and CA to SGP was achieved by the ester bond.
The molecular weights of FA-SGP and CA-SGP were 5.34 and
3.83 kDa, respectively. Compared to native SGP, FA-SGP and CA-
SGP exhibited superior scavenging capacity on DPPH∙, OH∙,
and ABTS∙ free radicals and higher protective effects on H2O2-
damaged SH-SY5Y cells. The regulation of FA-SGP and CA-SGP
toward oxidative stress in SH-SY5Y cells might be related to the
Bcl-2/Caspase-3/Bax signaling pathways. These findings would
encourage the total utilization of S. grosvenorii. However, there
are some limitations in the work, such as the lack of FA and CA
as a control in antioxidant assays due to their poorwater solubility
and deep study on the mechanism of action. Further research is
required to comprehensively elucidate the molecular structure–
physicochemical property–functional activity relationships of
FA-SGP and CA-SGP in water and lipid environments.
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