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A B S T R A C T   

Moringa oleifera Lam. leaves are a new raw food material rich in polysaccharides. These polysaccharides exhibit 
various biological properties, including antioxidant, hypoglycemic and immunoregulatory effects. However, the 
use of Moringa oleifera Lam. leaves polysaccharides (MOLP) may be limited by their large molecular weight (MW) 
and presence of numerous impurities, such as pigments. Research has indicated that degraded polysaccharides 
usually exhibit high biological activity because of changes in physical structure and chemical properties. In this 
study, we focused on the extraction of a degraded-modified fraction from MOLP using the Ultraviolet/ Hydrogen 
peroxide (UV/H2O2) method. Specifically, the physicochemical properties and glycosidic bond composition of a 
particular fraction (UV/H2O2 degraded Moringa oleifera Lam. leaves polysaccharides in 3 h called DMOLP-3) 
were investigated. In addition, in vitro simulated digestion experiments showed that DMOLP-3 was only 
partially degraded during gastrointestinal digestion, indicating that DMOLP-3 can be utilised by gut microor-
ganisms. Furthermore, the prebiotic properties of MOLP and DMOLP-3 was studied using an in vitro faecal 
fermentation model. The results indicated that compared with MOLP, DMOLP-3 led to a decrease in both the 
colour and MW of the polysaccharides. In addition, this model exhibited enhanced solubility and antioxidant 
capabilities while also influencing the surface morphology. Moreover, DMOLP-3 can facilitate the proliferation of 
advantageous microorganisms and enhance the synthesis of short-chain fatty acids (SCFAs). These results provide 
valuable insights into the utilization of bioactive components in Moringa oleifera Lam. leaves for the intestinal 
health.   
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1. Introduction 

Moringa oleifera Lam. leaves which are abundant in tropical and 
subtropical regions, serve as a new raw food material (Ministry of 
Health, PRC, 2012; Document NO.19, http://www.nhc.gov.cn/) due to 
their remarkable abundance of active factors such as polysaccharides 
(Yang, Lin, & Zhao, 2023). Polysaccharides extracted from Moringa 
oleifera Lam. leaves exhibit diverse biological functions that are bene-
ficial to human health (Yang et al., 2022). Our previous summary 
indicated that MOLP are rich in monosaccharides, of which galactose 
and rhamnose are the main components (Yang et al., 2022). MOLP also 
contain uronic acid structures that contribute to their antioxidant 
properties. Furthermore, these structures make them readily available to 
human gut microbes (He et al., 2018). In addition, MOLP with ranched 
chains can form a cross-linked network structure, which improves the 
hygroscopicity and water retention of polysaccharides (Raja, Bera, & 
Ray, 2016). Several studies have shown that MOLP with special branch 
structures can also exert immune activity; for instance, MOLP containing 
arabinose, glucose and galactose moieties and specific glycosidic bonds 
(1 → 3,6)-β-D-Galp, (1 → 6)-β-D-Galp, (1 → 5)-α-L-Araf and T-α-L-Araf 
can improve the immune response of RAW 264.7 cells and increase their 
pinocytosis capacity (Li et al., 2020). Similarly, Cui et al. (2019) 
demonstrated that MOLP with certain α-glycosidic bonds, such as 
α-Araf, α-Gly, β-Galp, α-Galp and β-Gly, have the potential to enhance 
immune activity. Therefore, we speculated that polysaccharides may be 
important active factors in the biological function of Moringa oleifera 
Lam. Leaves, those functions including antioxidative effects, immune 
system regulation and antidiabetic effects (Ma, Ahmad, Zhang, Khan, & 
Muhammad, 2020). However, MOLP are characterised by a deep colour, 
large MW, high content of pigment, and poor solubility, which may affect 
its bioavailability in the body and exert their biological function (Chen, 
Zhang, Huang, Fu, & Liu, 2017; Raja et al., 2016). Therefore, it is 
necessary to continue to find ways to gently modify the structure of 
MOLP to better demonstrate its biological activity. 

The conventional degradation techniques commonly used for 
modification the structure of polysaccharides and enhancing their bio-
logical activity include acid hydrolysis, enzymatic hydrolysis, ultra-
sound treatment and microwave irradiation (Wang & Cheong, 2023). 
Some methods for modifying the structure of MOLP have been reported, 
for example, after MOLP has been treated with cellulase hydrolysis, 
high-temperature exposure, yeast fermentation, liquid nitrogen crush-
ing, the results show that MOLP turns into white flakes, indicating that 
the treatments affect the MOLP structure too much, and the poly-
saccharide structure has been modified (Yang et al., 2023). Previous 
research has shown that degrading polysaccharides improves their 
physiological properties, increasing their effectiveness in oxidative 
stress, preventing bacterial growth, hypoglycemic and hypolipidemic 
effects (Abou Zeid, Aboutabl, Sleem, & El-Rafie, 2014; Zhou, Chen, 
Chen, & Chen, 2022). Currently, UV/H2O2 treatment is a novel and 
highly promising technique for degrading plant polysaccharides. This 
method offers various advantages, including accessibility, simple oper-
ation and utilization of mild environmental conditions (Chen, You, Ma, 
Zhao, & Kulikouskay, 2021). Many studies have reported that compared 
with original polysaccharides, UV/H2O2− degraded polysaccharides 
usually exhibit high biological activity due to their different structures 
and physicochemical properties (Chen et al., 2021; Gong et al., 2021). 
Compared with their original counterparts, the polysaccharides exhibi-
ted reduced toxicity in LPS-induced RAW 264.7 cells following UV/ 
H2O2 treatment for 0.5–2 h (Chen et al., 2023). In recent years, the 
significant impact of natural plant polysaccharides as prebiotics on the 
gut microbiota has attracted increased amounts of attention (Yuan, Li, 
You, Dong, & Fu, 2020). MOLP have been reported to be prebiotics that 
regulate intestinal environmental health, but their complex structure 
may affect their function (Dou, Chen, & Fu, 2019; Gao et al., 2017). 
Recent studies have highlighted the importance of changes in poly-
saccharide structure for prebiotic activity, it has been observed that 

degradation of polysaccharides can improve their transport speed and 
absorption efficiency in the gastrointestinal system (Chen et al., 2020). 
Our early investigative studies showed that degradation of MOLP using 
UV/H2O2 (especially after 3 h) resulted in better antioxidant activity 
(production were not published). 

In this study, MOLP were treated with different UV irradiation times 
combined with H2O2, and the compositions of the MOLP and DMOLP-3 
were characterised, including their physical properties, MW, mono-
saccharide composition, particle size potential and apparent 
morphology. Moreover, the type of glycosidic bond of DMOLP-3 was 
characterised. By conducting in vitro simulated gastrointestinal digestion 
experiments, we examined the changes in the molecular weight, 
monosaccharide composition and reducing sugars of DMOLP-3. By 
conducting in vitro faecal fermentation experiments, we examined the 
prebiotic properties of MOLP and DMOLP-3. The purpose of this study 
was to provide a theoretical basis for the use of MOLP as functional food 
materials to support intestinal health regulation. 

2. Materials and methods 

2.1. Chemicals and standards 

The powdered of Moringa oleifera Lam. leaves were obtained from 
Tianyou Technology Co., Ltd. (Dehong, China). Hydrogen peroxide and 
manganese dioxide were obtained from Aladdin Technology Co., Ltd. 
(Shanghai, China). 2.2-diphenyl-picryl-hydrazyl radical (DPPH), 2,2′- 
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and hydroxyl 
radical assay kits were purchased from Solarbio Technology Co., Ltd. 
(Beijing, China). Monosaccharide standards were obtained from BoRui 
Polyscilife Co., Ltd. (Jiang Su China). Sixteen kinds of monosaccharide 
standards (fucose, rhamnose, arabinose, galactose, glucose, xylose, 
mannose, fructose, ribose, galacturonic acid, glucuronic acid, galactos-
amine hydrochloride, glucosamine hydrochloride, N-acetyl-D glucos-
amine, guluronic acid and mannuronic acid) were prepared as standard 
stock solutions. All the chemical reagents were of analytical grade. 

2.2. Methods for extracting MOLP and DMOLPs 

DMOLPs, a degraded form of MOLP, were prepared following a 
previously established method with some adjustments (Chen, Sun- 
Waterhouse, et al., 2021). Briefly, MOLP were obtained by hot water 
extraction. The experimental setup involved placing 30 mL of the re-
action solution, which consisted of MOLP and H2O2 at concentrations of 
3.5 mg/mL and 300 mmol/L in a 90 mm glass petri dish, respectively, 
the solution was subjected to different incubation times (0 h, 0.5 h, 1 h, 
1.5 h, 2 h, 2.5 h and 3 h) of UV irradiation after H2O2 treatment for 
different durations. The products were named as DMOLPs (including 
DMOLP-0.5 (0.5 h), DMOLP-1 (1 h), DMOLP-1.5 (1.5 h), DMOLP-2 (2 h), 
DMOLP-2.5 (2.5 h) and DMOLP-3 (3 h). To ensure the elimination of any 
residual H2O2, manganese dioxide was utilised. The obtained superna-
tant was concentrated through rotary evaporation, followed by freeze- 
drying to obtain DMOLPs. The preparation procedure is shown in 
Fig. 1A. 

2.3. Analysis of the physical and chemical properties of polysaccharides 

2.3.1. Colour analysis of MOLP and DMOLPs 
A colourimeter (CR-400/410 Konica Minolta Investment Co., Ltd., 

China) was utilised to measure the colour of the polysaccharide sample. 
Prior to conducting the measurements, the colourimeter was calibrated 
using a white standard plate. To ensure the accuracy of the experiment, 
three samples were randomly chosen from each group, with 5 points 
selected from each sample for further analysis. A colorimetric mea-
surement based on the study by Yang et al. (2023) assessed the bright-
ness (L*), red/green (a*) and yellow/blue (b*) colour values. 
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2.3.2. Solubility 
The colorimetric measurements were based on the study by Yu, Zhu, 

Xu, Wu, and Yu (2023). Polysaccharides (10 mg) were added to distilled 
water (2 mL) and stirred magnetically at room temperature for 1 h. The 
frontal dissolution of polysaccharides in water was observed and 
photographed. 

2.3.3. UV–vis scans of MOLP and DMOLPs 
Two milliliters of aqueous solutions of MOLP or DMOLPs (1.0 mg/ 

mL) were prepared and scanned using a UV spectrophotometer (UV- 
2550, Shimadzu Corporation, Co., Ltd., Japan) in the wavelength range 
of 200–400 nm− 1. 

2.3.4. pH values of MOLP and DMOLPs 
The pH of the DMOLPS was measured with a pH meter (FE28, Mettler 

Toledo Co., Ltd., Switzerland). All measurements were performed in 
triplicate. 

2.3.5. Polyphenol content of MOLP and DMOLPs 
The total phenol content in the MOLP and DMOLP-3 was determined 

by the folin phenol method following the methods of Dengta, Banshtu, 
Verma, Gautam, and Sharma (2023). A diluted sample (0.5 mL) was 
added to a 10 mL tube, and 1.5 mL of Folin phenol reagent (0.25 mol/L) 
was added. Then, a 3 mL sodium carbonate solution (75 g/L) was added 
to the mixed solution, and ultrapure water was added to a fixed volume 
of 10 mL. The absorbance was measured at 760 nm− 1 after the reaction 
had continued for 60 min, and the total phenol content was calculated 
using gallic acid as the standard. 

Fig. 1. Physicochemical properties of MOLP and DMOLPs (A). A schematic diagram of the sample preparation procedure; (B). Changes in the colour of MOLP and 
DMOLP-3 induced by UV/H2O2 treatment; (C). Changes in the solubility of MOLP induced by UV/H2O2 treatment; (D). Changes in the solubilities of DMOLP-3 
induced by UV/H2O2 treatment; (E). Changes in the pH of MOLP and DMOLP-3 induced by UV/H2O2 treatment; (F). Changes in the ultraviolet spectrum of 
MOLP and DMOLP-3 induced by UV/H2O2 treatment; (G). The phenol content of MOLP and DMOLP-3. 
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2.3.6. Polysaccharide chemical composition analysis of MOLP and DMOLP 
The contents of total carbohydrate content and uronic acid content 

were measured by using the phenol–sulfuric acid method and the car-
bazole‑sulfuric acid method (Bitter & Muir, 1962). The reducing sugar 
content was assessed by the 3,5-dinitrosalicylic acid method, following a 
previously described method (Li, Dong, et al., 2020). The protein con-
tent was determined using a total protein assay kit (P0010, Beyotime 
Bioengineering Institute, Nanjing, Jiangsu Province, China). Reference 
standards such as glucose, bovine serum albumin and glucuronic acid 
were used for these tests. 

2.3.7. Determination of the oxidation resistance of MOLP and DMOLP-3 
DPPH radical scavenging capacity was determined according to the 

DPPH Free Radical Scavenging Capacity Assay Kit method (NO: 
BC4755), ABTS was determined according to the ABTS Free Radical 
Scavenging Capacity Assay Kit (NO: BC4775), and Hydroxyl Free 
Radical was determined according to the Micro Hydroxyl Free Radical 
Scavenging Capacity Assay Kit method (NO: BC1325). All kits were 
purchased from Solarbio Technology Co., Ltd. (Beijing, China). The 
radical scavenging activity values are expressed as IC50 values (mg/mL), 
the concentration needed for 50% radical inhibition by MOLP, DMOLP-3 
or Vitamin C (VC). 

2.3.8. Determination of the Mw of MOLP and DMOLP-3 
The MW of the compound was successfully determined using High- 

performance gel permeation chromatography (HPGPC). For the anal-
ysis a HPGPC tandem gel column BRT105-104-102 (8 mm × 300 mm, 
BoRui Saccharide Biotech, China) and a refractive differential detector 
(RID-10A) were used in this research. The choice of a 0.2 M NaCl so-
lution as the mobile phase, a flow rate of 0.8 mL/min, a column tem-
perature of 40 ◦C, a 25 μL injection volume and an analysis time of 60 
min provided optimal conditions for accurate measurements. 

2.3.9. Determination of the monosaccharide composition of MOLP and 
DMOLP-3 

An ion chromatography column Dionex CarbopacTM PA20 (3 × 150 
mm, Dionex Corp. Sunnyvale, CA, USA) and a refractive differential 
detector were used for the determination of monosaccharide composi-
tion. MOLP (5 mg) and DMOLP-3 (5 mg) were placed in ampoule bottles, 
and 2 mL of 3-M trifluoroacetic acid (TFA) was added, the mixture was 
hydrolysed at 120 ◦C for 3 h. The acid hydrolysis solution was accurately 
absorbed and transferred to a tube for drying with nitrogen. Then, 5 mL 
of water was added, and the mixture was vortexed. A 50 μL sample was 
absorbed, and 950 μL of deionised water was added to bring the volume 
to 1 mL. The mixture was then centrifuged at 12,000 rpm for 5 min. The 
supernatant was collected for analysis. The composition of the mobile 
phase included deionised water (A), NaOH at a concentration of 15 mM 
(B), a combination of NaOH at 15 mM and NaOAc at 100 mM (C). The 
gradient was programmed as follows: at 0 min, the ratio of A:B:C was 
98.8:1.2:0 (V/V) at 18 min, it was adjusted to 98.8:1 (V/V) at 20 min, 
and the ratio was changed to A:B:C50:50:0 (V/V); at 30 min, the ratio 
was adjusted to be the same as that at A:B:C50:50:0 (V/V); and at 46 
min, the composition was shifted to A:B:C0:0:100 (V/V). In this exper-
iment, the column temperature was set at 30 ◦C. The flow rate used was 
0.3 mL/min, and the injection volume was 25 μL. 

2.4. Analysis of the composition characteristics of polysaccharides 

2.4.1. Fourier transform infrared (FT-IR) of MOLP and DMOLP-3 
A mixture of polysaccharide and spectral-grade potassium bromide 

powder was pressed into a microsphere, and its FT-IR spectrum was 
recorded in the range of 400–4000 cm− 1 using an FT-IR spectropho-
tometer (FT-IR650, Tianjin Port East Science and Technology Develop-
ment Co., Ltd., China). 

2.4.2. Congo red 
According to the method of Feng et al. (2022), 2.0 mg of dry poly-

saccharide sample was accurately weighed, dissolved in 2.0 mL of ul-
trapure water (UP water), and 100 μmol/L Congo red reagent was 
added, after which 0 mol/L, 0.05 mol/L, 0.1 mol/L, 0.15 mol/L, 0.2 
mol/L, 0.25 mol/L, 0.3 mol/L 0.35 mol/L, 0.4 mol/L, 0.45 mol/L and 
0.5 mol/L were added in sequence. The NaOH solution was mixed 
evenly and allowed to stand at room temperature for 20 min. A UV 
spectrophotometer (UV-2550, Shimadzu Corporation, Co., Ltd., Japan) 
was used to measure the maximum absorption wavelength of Congo red 
in NaOH solutions of different concentrations, with a scanning range of 
400–600 nm− 1. 

2.4.3. Scanning Electronic Microscopy (SEM) of MOLP and DMOLP-3 
SEM was employed to characterise the surface morphology and 

microstructure of the MOLP and DMOLP-3 (EVO 18, Carl Zeiss, Baden- 
Württemberg, Germany). Under a vacuum accelerating voltage of 10 kV, 
the freeze-dried polysaccharides were examined after being coated with 
a delicate gold layer. 

2.4.4. The Zeta potential of MOLP and DMOLP-3 
The zeta potentials of the samples were measured by using a nano-

particle size potentiometer (Malvern Zetasizer Nano ZS90, Malvern, 
UK). Before the assay, each group of samples was diluted 100-fold with 
distilled water. The average zeta potential was calculated based on three 
parallel measurements. 

2.4.5. Atomic force microscope (AFM) of MOLP and DMOLP-3 
Atomic force microscope (AFM) (Bruker, Santa Barbara, CA, Ger-

many) was used to observe the surface morphology and roughness of the 
MOLP and DMOLP-3. First, the polysaccharide was completely dissolved 
in distilled water at a concentration of 0.01 μg/mL. Subsequently, the 
solution was filtered through a 0.22 μm filter membrane. Next, a freshly 
cracked mica plate was chosen as the substrate, and 2 μL of the solution 
was carefully transferred onto it. The plate was then left to dry overnight 
at room temperature. The controller was used to capture AFM images, 
which were subsequently processed using the Nanoscop scanning image 
processor software (version 6.7.8, Denmark). 

2.4.6. Methylation analysis of DMOLP-3 
Methylation of DMOLP-3 was performed using a previously 

described method (Hui et al., 2023). In this method, methylated poly-
saccharide samples are first hydrolysed with 2 M trifluoroacetic acid 
(TFA) for 90 min. The samples are subsequently reduced with NaBH4 for 
8 h. Then, acetic anhydride was added and the acetylation reaction was 
performed at 100 ◦C for 1 h. The products were then extracted with 
CH2Cl2 and extracted with Na2SO4, after which the products were 
determined by Gas chromatography-mass spectrometry (GC–MS) 
(6890–5973, Agilent, USA). For GC–MS analysis a SIL Rsi-5 column 
(dimensions 30 m × 0.25 mm × 0.25 μm) was used. Helium was used as 
carrier gas at a flow rate of 1 mL/min. The inlet temperature was 250 ◦C, 
and the detector temperature was 250 ◦C. The heating process was as 
follows: both the initial and detector temperatures were set to 250 ◦C. 
The heating process started at an initial temperature of 120 ◦C and then 
increased to 250 ◦C at a rate of 3 ◦C/min, after which the temperature 
was maintained for 5 min. 

2.5. In vitro simulated gastrointestinal digestion of DMOLP-3 

To evaluate the stability of the digestive process of DMOLP-3, in vitro 
gastrointestinal digestion was performed based on previously reported 
methods (Minekus et al., 2014) with minor modifications. The simulated 
digestion steps were as follows: 

2.5.1. Oral salivary digestion 
DMOLP-3 (1 g) was dissolved in simulated saliva, after which 
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α-amylase (3700 U/mg) and 25 μL of CaCl2 solution (0.3 mM) were 
added. Subsequently, 10 mL of ultrapure water was added, and the 
mixture was incubated at 37 ◦C for 2 min. 

2.5.2. Gastric digestion 
An 8 mL gastric digestive reserve solution, 0.42 mL of pepsin (2000 

U/mL) and 27.5 μL of CaCl2 solution (44.1 g/L) were added to the oral 
digestion mixture; the pH was adjusted to 3.0, and adjusted to a final 
volume of 10 mL with ultrapure water. After fully mixing, the mixture 
was placed in a thermostat shaker in the dark and shaken at 37 ◦C for 2 
h. 

2.5.3. Intestinal digestive tract 
Then, 2.5 mL of pepsin (2000 U/mg), 1.5 mL of bile salt (200 mg/ 

mL) and 20 μL of CaCl2 solution were added to the intestinal digestive 
fluid, the pH was adjusted to 7.0, the supplemented ultrapure water was 
fixed to 20 mL, and the mixture was thoroughly mixed and placed on a 
shaking table at 37 ◦C in the dark and shaken for 2 h. The mixture was 
centrifuged at 4 ◦C (10,000 r/min) for 10 min and boiled in a water bath 
at 100 ◦C for 5 min to inactivate the enzymes. The supernatant was 
dialysed in ultrapure water (dialysis bag MW cut-off 500 Da), freeze- 
dried and named DMOLP-3I. 

2.6. In vitro faecal fermentation of MOLP and DMOLP-3 

In vitro faecal fermentation of MOLP and DMOLP-3 was conducted 
using a method previously described by Tan et al. (2020), with few 
modifications. Faecal samples were obtained from a total of four human 
participants (two men and two women). These individuals had not been 
subjected to any antibiotic treatments in the previous 6 months, and 
they also adhered to similar dietary patterns and environmental condi-
tions. Thus, the faecal materials collected were relatively standardised 
and comparable. The faecal samples were blended with phosphate 
buffer (32%, w/v) and promptly agitated. The surplus bulky food par-
ticles in the faecal mixture were eliminated through centrifugation at 
265 ×g for 5 min, and the resulting liquid was utilised as the slurry for 
subsequent investigations. Three sets of fermentation experiments 
resembling in vitro conditions were formulated, encompassing two 
experimental groups (MOLP and DMOLP-3) and a control group without 
any additional carbon sources. The samples that underwent fermenta-
tion for 24 h were promptly extracted for additional analysis, with each 
trial being replicated four times. 

2.6.1. Determination of the gut microbiota by 16S rRNA after MOLP and 
DMOLP-3 fermentation 

A DNA Kit (Omega Biotek, Norcross, GA, USA) was utilised to extract 
the overall DNA of the intestinal gut microbiota in all the experimental 
groups. Following the extraction process, the purity and concentration 
of the DNA samples were assessed using a NanoDrop 2000 nucleic acid 
protein spectrophotometer (Thermo Scientific, USA). After purification 
and quantification, Majorbio Bio-Pharm Technology Co., Ltd. 
(Shanghai, China) sequenced the gut microbiota using the Illumina 
MiSeq PE300 platform for sample analysis. The amplification of the 
bacterial communities was performed by selecting the region of the 16S 
rRNA gene. Subsequently, the sequenced 16S amplicons were analysed 
using QIIME software. Furthermore, R software was used to analyse the 
differences in beta diversity between groups. A Principal coordinate 
analysis (PCoA) based on unweighted UniFrac distances was used to 
evaluate beta diversity. LEfSe software was used with a default Linear 
discriminant analysis (LDA) score filter value of 2. 

2.6.2. Determination of SCFAs after MOLP and DMOLP-3 fermentation 

2.6.2.1. SCFA extraction. A 25 mg solid sample was accurately weighed 
into a 2 mL grinding tube, and 500 μL of water containing 0.5% 

phosphoric acid was added. The sample was frozen and ground at 50 Hz 
for 3 min, which was repeated twice, followed by ultrasonication for 10 
min and centrifugation at 4 ◦C and 13,000 × g for 15 min. Afterwards, 
200 μL of the aqueous mixture was removed from the 1.5-mL centrifuge 
tube, after which 0.2 mL of N-butanol solvent containing the internal 
standard 2-ethylbutyric acid (10 μg/mL) was added for extraction. 
Finally, the sample was vortexed for 10 s, ultrasonicated at low tem-
perature for 10 min, and then centrifuged at 4 ◦C and 13,000 × g for 5 
min, after which the supernatant was carefully transferred to sample 
vials for analysis. 

2.6.2.2. GC–MS analysis. The analysis was performed using an Agilent 
7890B gas chromatograph coupled to an Agilent 5977B/7000D mass 
selective detector with an inert electron impact ionisation source, and 
the ionisation voltage was 70 eV (Agilent, USA) at Majorbio Bio-Pharm 
Technology Co. Ltd. (Shanghai, China). For GC–MS analysis a HP-FFAP 
column (dimensions 30 m × 0.25 mm × 0.25 μm) was used. The GC 
column temperature was programmed to hold at 80 ◦C and then grad-
ually increase to 120 ◦C at a rate of 40 ◦C/min, then slowly increase to 
200 ◦C at a rate of 5 ◦C/min and finally hold at a temperature of 220 ◦C 
for 3 min. The injection volume of the samples was 1 μL, and the samples 
were introduced in splitting mode (10:1) with an inlet temperature of 
180 ◦C. The ion source temperature was 230 ◦C, and the quadrupole 
temperature was 150 ◦C. 

2.7. Statistical analysis 

GraphPad Prism 7.0 was used to analyse the experimental data. The 
mean ± standard error of the mean was used to express the values. 
Student’s t-test was used to compare the results. Each experiment was 
repeated in triplicate. Statistical significance was denoted as *P < 0.05, 
**P < 0.01 and ***P < 0.001, while #P < 0.05, ##P < 0.01 and ###P <
0.001 indicated substantial differences. 

3. Results 

3.1. Physicochemical properties of MOLP and DMOLPs 

MOLPs were treated with UV and H2O2 for various times (0 h, 0.5 h, 
1 h, 1.5 h, 1.5 h, 2 h, 2.5 h, and 3 h), and we found that these treatments 
effectively decolorized the MOLPs (Fig. 1A-B). The MOLP powder was 
dark and brown, whereas after UV/H2O2 treatment, the decolorization 
effect of the MOLP gradually increased and the DMOLP-3 powder was 
close to white, the colour change could be due to the degradation of 
phenolic compounds or proteins (Fig. 1A-B). 

In addition, DMOLP-3 exhibited superior solubility compared with 
MOLP (Fig. 1-D). The reason for this difference may be that the treat-
ments probably reduce the Mw, and also correlates with the increase in 
solubility as well as the treatment with H2O2, which most causes mod-
ifications that improve solubility. Yao et al. (2022) reported that 
seaweed polysaccharides have a high MW and poor solubility, which 
limits their function and application. However, UV/H2O2 treatment can 
effectively degrade seaweed polysaccharides. After 2 h treatment, the 
MW decreased from 271 kDa to 26 kDa, considerably improving the 
solubility. In addition, the H2O2 oxidation method is commonly used in 
the preparation of degraded polysaccharides because this method is less 
destructive to polysaccharides structures, and degraded polysaccharides 
exhibit better water solubility and biological function than original 
polysaccharides. Hou et al. (2012) used H2O2 to degrade fucoidan 
polysaccharides, and H2O2 can generate active free radicals that pro-
mote oxidation reactions. Moreover, Ma et al. (2022) reported that the 
tight triple helical structure and high MW of yeast β-glucan lead to its 
insolubility, which affects its biological activity and application range. 
Ultrasound-assisted H2O2 treatment can considerably improve the sol-
ubility of these materials. The difference in colour between MOLP and 
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DMOLPs in Table S1 also suggested the same results. Furthermore, the 
treatment duration exhibited a correlation with the decreasing trend of 
MOLP pH (Fig. 1E). The primary reason behind this pH decrease can be 
ascribed to the breakdown of glycosidic bonds within MOLP, which is 
induced by the presence of free radicals. The rate of change in pH during 
the irregular cleavage of glycosidic bonds to release uronic acid is 
initially rapid and then slows, this change may be attributed to the 
variations in the content of hydroxyl radicals in the reaction system 
(Chen, Sun-Waterhouse, et al., 2021; Gong et al., 2021). 

Several studies have shown that the deep colour of polysaccharides is 
caused by pigments, which may interfere the polysaccharides structural 
analysis and biological activity (Yuan, Zhong, & Liu, 2020). Ultraviolet 
spectrum analysis (200–400 nm− 1) also indicated that MOLP and 
DMOLP had characteristic absorption polysaccharides peaks at 
220–230 nm− 1. The absorption peaks at 260–280 nm− 1 indicated that 
there were still certain nucleic acids and proteins in the MOLP, and the 
signal above 300 nm− 1 revealed that a large amount of pigment was 
present in the MOLP. However, after UV/H2O2 treatment, the nucleic 
acid and protein band at 260–280 nm− 1 and most of the pigment bands 
after 300 nm− 1 gradually became flat (Fig. 1F), indicating that degra-
dation treatment may played a role in decolorization and deproteini-
zation. Moreover, polyphenols also affect the determination of the 
ultraviolet spectrum at 280 nm− 1 (Raal et al., 2012), so we evaluated 
polyphenol content in MOLP and DMOLPs, the results showed that 
compared with MOLP, the polyphenol content of DMOLP-3 was 
considerably lower after UV/H2O2 treatment. 

3.2. Chemical composition of MOLP and DMOLP-3 

Our previous studies have revealed that DMOLPs (especially 
DMOLP-3) exhibited better antioxidant properties (production were not 
published). Therefore, this study investigated the changes between 
MOLP and DMOLP-3. The chemical compositions of the MOLP and 
DMOLP-3 are showed in Table 1. After UV/H2O2 degradation, compared 
with MOLP, DMOLP-3 showed an increase in total carbohydrate con-
tents and uronic acid contents. Similar studies have shown that the total 
carbohydrate content of seaweed polysaccharides from Sargassum fusi-
forme increased after UV/H2O2 treatment, possibly because UV/H2O2 
treatment decomposes pigments and other impurities in poly-
saccharides, thereby increasing the efficiency of structural modification 
(Yao et al., 2022). Furthermore, Xu et al. (2019) used Fe2+ combined 
with H2O2 to treat raspberry fruit polysaccharides. The total carbohy-
drate content of the crude polysaccharides was 42.39% ± 1.14%, and 
the total carbohydrate content of the degraded polysaccharides was 
46.74% ± 0.87%. Ma et al. (2021) also used VC and H2O2 to prepare 
degradable polysaccharides from blue honeysuckle polysaccharides. 
The results showed that the total carbohydrate content of the degraded 
polysaccharide increased slightly, but the galacturonic acid content was 
significantly greater than that of the original polysaccharide. This dif-
ference may be due to the VC/H2O2-induced chain scission in the poly-
mer, which further releases galacturonic acid. These studies 
demonstrate that H2O2 treatment is an environmentally friendly method 
for modified polysaccharides by removing most impurities without 
significantly changing the basic polysaccharide structure, the results of 
our study are also similar to these studies. Therefore, we speculate that 
UV/H2O2 treatment induces the breakage of polysaccharide chains and 
the exposure of more groups and this treatment can reduce protein, 
polyphenol and pigment contents. Finaly, both effects may further 

increase the total carbohydrate of DMOLP-3 and modify its structure. 

3.3. Antioxidant properties of MOLP and DMOLP-3 

Numerous diseases, including ageing, diabetes and cardiovascular 
disease are linked to oxidative stress and the excessive generation of 
Reactive oxygen species (ROS) (Zhang et al., 2023). Polysaccharides 
have been extensively studied as dietary antioxidants with the aim of 
improving health by neutralizing free radicals. (Liang et al., 2019). 
MOLP have been reported to have antioxidant activity (Dong et al., 
2018). Thus, this study focused on the ABTS radical (Fig. 2A), DPPH 
radical (Fig. 2B) and hydroxyl radical (Fig. 2C) scavenging abilities of 
MOLP and DMOLP-3. The results clearly demonstrated the dose- 
dependent scavenging ability of both MOLP and DMOLP-3 toward 
these different types of free radicals. Among them, compared with 
MOLP, DMOLP-3 had a better scavenging effect, the antioxidant activity 
of DMOLP-3 was related to the change of its physical properties 
(Fig. 2D). These results indicated that DMOLP-3 may be developed as a 
natural antioxidant food material. 

Polysaccharides have been studied as antioxidants that can improve 
overall health by neutralizing free radicals. Some studies have found 
that the antioxidant properties of polysaccharides have a significant 
correlation with their Mw. Because low Mw polysaccharides have better 
water solubility, they have larger surface area and more reduced hy-
droxyl groups. In addition, the degradation of chemical groups in 
polysaccharides increases the opportunity to interact with free radicals, 
not only by providing electrons to reduce free radicals to more stable 
forms, but also by reacting directly with free radicals to terminate the 
chain reaction. At the same time, the antioxidant activity of poly-
saccharides is also affected by their functional groups and chemical 
composition. Degradation may lead to the release of electrophilic 
groups, degraded polysaccharides may have more reducing hydroxyl 
groups, which can target and react with active free radicals. It is worth 
noting that the change of polysaccharide spatial configuration caused by 
partial degradation treatment may also affect its antioxidant activity. 
The treatment may significantly change the aggregation state, particle 
size and surface morphology of polysaccharide chain conformation by 
destroying covalent bonds, thereby enhancing its free radical scavenging 
ability (Chen et al., 2023). Although the polyphenol content decreased 
after UV / H2O2 treatment, the improvement of the antioxidant capacity 
of the degraded polysaccharide obtained after treatment was greater 
than the degree of polyphenol degradation. This may be due to factors 
such as the Mw and monosaccharide composition of polysaccharides. 
Therefore, we next studied the Mw, monosaccharide composition and 
appearance of DMOLP-3. 

3.4. Effects of UV/H2O2 on MW of MOLP and DMOLP-3 

Fig. 3A-B shows the peak shapes of MOLP and DMOLP-3 are similar, 
indicating that the same polysaccharides was involved. Moreover, as the 
treatment time increases, the MW of the MOLP decreased, the peak 
distribution of DMOLP-3 was relatively uniform. This observation may 
suggest that the treatment primarily targets longer chains and breaks 
them into smaller fragments, consequently altering the peak shape 
(Chen, You, et al., 2021; Gong et al., 2021). Notably, the MOLP con-
tained two groups of polysaccharides with different MW (3024 Da and 
2142 Da, respectively) (Fig. 3A), whereas the DMOLP-3 polysaccharide 
had only one group of polysaccharides (2494 Da) (Fig. 3B). The decrease 
in the MW of MOLP is primarily due to the breakage of glycosidic link-
ages caused by the presence of free radicals. It is widely recognised that 
the MW of plant polysaccharides has an impact on their bioactivity (Li 
et al., 2013), excessively high MW hinders the ability of these materials 
to penetrate cell membranes and exert pharmacological effects, whereas 
low MW compromise the ability of these materials to form active poly-
mer structures (Chen et al., 2023). In addition, the antioxidant proper-
ties of polysaccharides exhibit a substantial correlation with their MW, 

Table 1 
Chemical compositions, particle size and zeta potential of MOLP and DMOLP-3.  

Chemical composition MOLP DMOLP-3 

Total carbohydrates(%) 46.5 ± 0.18b 50.7 ± 0.32a 

Uronic Acid (%) 15.8 ± 0.45b 37.6 ± 1.02a 

Protein (%) 15.3 ± 0.05 a 1.6 ± 0.05 b  
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and polysaccharides with lower MW exhibit superior antioxidant activ-
ity. This can be explained that low-Mw polysaccharides may have better 
water solubility, which increases their surface area and the number of 
hydroxyl groups. (Chen et al., 2023; Sun, Wang, Li, & Liu, 2014). Yan 
et al. (2021) found that the 2918 kDa polysaccharide from coccidia 
cylindricum polysaccharides has hardly any antioxidant activity, 
whereas the degraded polysaccharides (6.56 kDa) after H2O2/Vc/ ul-
trasound and H2O2/Fe2+/ultrasound treatment showed better antioxi-
dant activity. Therefore, degraded polysaccharides are known to possess 
enhanced biological activity, which can be attributed to changes in their 
physicochemical properties and structure. 

3.5. Monosaccharide composition of MOLP and DMOLP-3 

As shown in Fig. 3C and D, MOLP and DMOLP-3 were found to pri-
marily consist of rhamnose, arabinose, galactose, glucose, xylose, 
mannose and galacturonic acid. The result indicate that the treatment 
did not alter the main types of monosaccharides present, which is 
consistent with the previous studies. (Chen et al., 2017). However, after 
treatment, there were slight changes in the molar ratio of the 
monosaccharides. 

MOLP were composed of rhamnose (6.2%), arabinose (21.8%), 
galactose (44.8%), glucose (15.3%), xylose (2.2%), mannose (2.8%) and 
galacturonic acid (5.9%), with a molar ratio of 
2.82:9.91:20.36:6.95:1.00:1.27:2.68. After UV/H2O2 treatment, 
DMOLP-3 was composed of rhamnose (4.5%), arabinose (16.7%), 
galactose (57.6%), glucose (11.6%), xylose (1.7%), mannose (1.3%), 
galacturonic acid (4.8%), and glucuronic acid (0.7%), with a molar ratio 
of 6.43:23.86:82.29:16.57:2.43:1.86:6.86:1.00. The results indicated a 
remarkable decrease in the molar ratio of arabinose to glucose within 

the MOLP, potentially suggesting the vulnerability of arabinose and 
glucose residues to free radicals (Chen, You, et al., 2021; Yao et al., 
2022). Conversely, there was a notable increase in the molar ratio of 
galactose to glucuronic acid in DMOLP-3. This change was possibly 
attributed to the intricate composition of the polysaccharides and the 
non-discriminate assault of uncontrolled radicals (Chen, Sun- 
Waterhouse, et al., 2021; Zhu, Chen, Chang, Qiu, & You, 2023). Dong 
et al. (2018) discovered that MOLP can reduce the levels of Reactive 
oxygen species (ROS), Nitric oxide (NO), Interleukin-6 (IL-6) and 
Tumour necrosis factor-α (TNF-α) under specific galactose and uronic 
acid compositions. In summary, DMOLP-3, which contains more galac-
tose and glucuronic acid with low Mw can be studied as antioxidant in 
the future. 

3.6. FT-IR analysis of MOLP and DMOLP-3 

The FT-IR spectra of MOLP and DMOLP-3 were compared and are 
shown in Fig. 3E, MOLP and DMOLP-3 displayed similar infrared 
characteristic peaks. The peak at 3300–3400 cm− 1 was caused by the 
stretching vibration of O–H, which is the characteristic peak of poly-
saccharides (Cui et al., 2019). The peaks at 2924 cm− 1 (MOLP) and 
2922 cm− 1 (DMOLP-3) were caused by C–H stretching vibrations 
(Yuan, Li, et al., 2020). The peak at 1603 cm− 1 (MOLP) and 1606 cm− 1 

(DMOLP-3) may be attributed to the C––O asymmetric tensile vibration 
(Dong et al., 2018). There are absorption peaks at 1415 cm− 1 (MOLP) 
and 1414 cm− 1 (DMOLP-3) which may be attributed to the deformation 
vibration of the C–H bond and the incorporation of hydroxyls and 
carbonyls, respectively (Bissaro, Kommedal, Røhr, & Eijsink, 2020; 
Dong et al., 2018). The peak at approximately 1150–1010 cm− 1 is due to 
the stretching vibration of the pyranose ring of the glycosyl residue (Wu 

Fig. 2. The antioxidant properties of MOLP and DMOLP-3 (A). The ABTS scavenging percentage of MOLP and DMOLP-3; (B). The DPPH scavenging percentage of 
MOLP and DMOLP-3; (C). The Hydroxyl scavenging percentage of MOLP and DMOLP-3; (D). The relative between physicochemical properties scavenging percentage 
of MOLP and DMOLP-3. 
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et al., 2022). The absorption peaks in the range of 1000–1200 cm− 1 were 
related to the C–O–H and C–O–C stretching spectra (Hu et al., 2023), 
indicating that MOLP and DMOLP-3 contained pyranose rings, but the 
peak shape of DMOLP-3 decreased, presumably due to UV/H2O2 
degradation of polysaccharides that destroyed the sugar ring structure. 
In addition, the absorption peaks at approximately 888 cm− 1 (MOLP) 
and 880 cm− 1 (DMOLP-3) indicate the presence of α-glycosidic bonds (Li 
et al., 2020), and the absorption peaks at approximately 842 cm− 1 

(MOLP) and 843 cm− 1 (DMOLP-3) indicate the presence of β-glycosidic 
bonds (Liu, Xue, Tong, Dong, & Wu, 2018). The results indicated that 
UV/H2O2 treatment did not alter the main functional groups present in 
the MOLP. 

3.7. Congo red analysis of MOLP and DMOLP-3 

Polysaccharides, which exhibit a triple helix conformation can form 
a complex with the Congo red. As a consequence of this complex for-
mation, a shift in the maximum absorption wavelength occurs in com-
parison with that of the Congo red solution (Li, Guo, et al., 2020). 
However, as the concentration of NaOH increases, the complex 
arrangement disintegrates, causing a decrease in the maximum ab-
sorption wavelength of the solution (Dong et al., 2018). As shown in 
Fig. 4A, the highest wavelength at which Congo Red or polysaccharide 
absorption occurred did not redshift when the cells were subjected to 
various concentrations of NaOH solution, indicating that MOLP and 
DMOLP-3 may not contain a triple helix structure and suggesting that 
MOLP and DMOLP-3 may have disordered structures. 

3.8. The particle size and zeta potential of MOLP and DMOLP-3 

The stability of polysaccharides can be elucidated by considering the 
particle size and zeta potential of these compounds. Gong et al. (2021) 
indicated that enhancing the bioactivities of polysaccharides is 

achievable through particle size reduction. The particle size distribution, 
Polymer dispersity index (PDI) and zeta potential had important effects 
on the stability of the polysaccharides. A higher PDI indicates that the 
particle size distribution is more dispersed. Conversely, a smaller PDI 
indicates a more uniform distribution of polysaccharides, which also 
indicates greater stability. 

The results shown in Fig. 4B clearly demonstrate the substantial 
reduction in the particle size of MOLP through UV/H2O2 treatment. The 
particle sizes of both MOLP and DMOLP-3 decreased gradually as the 
treatment time increased. Specifically, the average particle size 
decreased from 765.1 ± 2.01 nm (MOLP) to 479.3 ± 1.83 nm (DMOLP- 
3), indicating a notable reduction in particle size. This observation is 
consistent with the decrease in the MW observed in Fig. 3A and B. As 
shown in Fig. 4C, the average PDI of the MOLP was 0.831 ± 1.05 nm, 
indicating that the particles were dispersed, the PDI of DMOLP-3 was 
0.036 ± 1.26 nm, indicating that the polysaccharide distribution was 
relatively uniform and stable. 

The zeta potential is used to characterise the surface charge prop-
erties of polysaccharides. The higher the absolute value of the zeta po-
tential is, the easier it is for polysaccharides to disperse during 
dissolution (Sun et al., 2023). The average absolute zeta potential of 
DMOLP-3 (14.5 ± 1.84 mV) as considerably greater than that of the 
MOLP (8.79 ± 1.38 mV) (Fig. 4D). When the PDI decreased, the zeta 
potential increased, further confirming that UV/H2O2 treatment can 
increase the stability of DMOLP-3. These results suggest that DMOLP-3 
may have better stability and solubility than MOLP. 

3.9. SEM images of MOLP and DMOLP-3 

The surface topographies of MOLP and DMOLP-3 were analysed 
using SEM. As shown in Fig. 4E and F, the MOLP had a rough surface 
morphology, the polysaccharides had a granular distribution, and the 
surface was thick and unevenly distributed. After UV/H2O2 treatment, 

Fig. 3. The composition of MOLP and DMOLP-3 (A). Molecular weight of MOLP; (B). Molecular weight of DMOLP-3; (C). Monosaccharide composition of MOLP and 
DMOLP-3; (D). Ion chromatogram of the monosaccharide composition of MOLP and DMOLP-3; (E). FT-IR spectra of MOLP and DMOLP-3. In Fig. 3C: 1: Fuc, 2: GalN, 
3: Rha, 4: Ara, 5: GlcN, 6: Gal, 7: Glc, 8: Xyl, 9: Man, 10: Fru, 11: Rib; 12: GalA, 13: GulA, 14: GlcA, 15: ManA. 
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Fig. 4. The apparent appearance of MOLP and DMOLP-3 (A). Congo red analysis in the presence; (B). The particle sizes of MOLP and DMOLP-3; (C). The PDI of 
MOLP and DMOLP-3; (D). The zeta potential of MOLP and DMOLP-3; (E-F). SEM images of MOLP and DMOLP-3; (G-H). AFM planar and 3D images of MOLP and 
DMOLP-3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the surface roughness and compactness of DMOLP-3 considerably 
decreased. Furthermore, a small amount of fragmentation was observed 
in DMOLP-3, possibly resulting from the hydrolysis of glycosidic link-
ages throughout the degradation procedure. At the same time, the sur-
face of DMOLP-3 exhibits a smooth sheet shape. The morphological 
changes in MOLP and DMOLP-3 can be attributed to the attack of free 
radicals on the covalent bonds of polysaccharides, which reduces the 
degree of intermolecular cross-linking and is conducive to the depoly-
merisation of the polysaccharide backbone and substituents. 

3.10. AFM measurements of MOLP and DMOLP-3 

AFM was utilised to elucidate the morphology of polysaccharide 
samples because structures can be observed at the molecular level under 
near-natural conditions (Wang & Nie, 2019). As shown in Fig. 4G and H, 
MOLP and DMOLP-3 were irregular spherical clumps with uneven par-
ticle size distributions. The heights of the MOLP and DMOLP-3 were 1.3 
± 3.67 nm and 1.2 ± 2.49 nm, respectively. The protrusion height of 
MOLP was greater than that of DMOLP-3. In addition, the root mean 
square roughness and average roughness of the MOLP were measured to 
be 0.281 ± 0.16 nm and 0.154 ± 0.28 nm, respectively. However, for 
DMOLP-3, these values decreased to 0.220 ± 1.08 nm and 0.146 ± 0.95 
nm, indicating that the surface of the MOLP was rougher than that of 
DMOLP-3. This observation could be attributed to the decrease in the 
MW of DMOLP-3 compared with that of MOLP, as the MW plays a sub-
stantial role in determining the surface roughness of the film. The results 
indicate that the surface roughness of the polysaccharide was notably 
influenced by UV/H2O2 treatment, which could be attributed to the 
impact of free radical attack, which disrupted the primary chain and 
reduced intermolecular hydrogen bonding. As a result, there was a 

decrease in both particles and agglomerates (Yao et al., 2022; Chen, Sun- 
Waterhouse, et al., 2021; Gong et al., 2021). 

3.11. Methylation analysis of DMOLP-3 

The monosaccharide linkage of DMOLP-3 was determined by 
methylation and GC–MS analysis. The GC–MS analysis results for 
DMOLP-3 are shown in Fig. 5A and Table 2 (Fig. S1 also showed the Ion 
current diagram of a single glycosidic bond) after comparison with the 
Complex Carbohydrate Research Center (CCRC) standard mass spec-
trometry database. The results showed that DMOLP-3 contained 10 
glycosidic bonds. These glycosidic bonds mainly include Araf-(1 → 
(37.3%), →5)-Araf-(1 → (4.8%), Galp-(1 → (6.0%), →3,5)-Araf-(1 → 
(6.4%), →2,4)-Rhap-(1 → (5.2%), →4)-Galp-(1 → (5.2%), →3)-Galp-(1 
→ (5.2%), →6)-Galp-(1 → (6.1%), →3,4)-Galp-(1 → (13.1%) and →3,6)- 
Galp-(1 → (3.2%). This finding is consistent with the monosaccharide 
composition results and confirmed that DMOLP-3 is composed mainly of 
galactose and arabinose. 

Many studies have indicated that MOLP are rich in galactose and 
rhamnose (Yang, Lin, & Zhao, 2023). Li, Guo, et al. (2020) indicated that 
MOLP contain arabinose, glucose and galactose moieties and specific 
glycosidic bonds (1 → 3,6)-β-D-Galp, (1 → 6)-β-D-Galp, (1 → 5)-α-L-Araf 
and T-α-L-Araf can improve the immune response of RAW 264.7 cells 
and increase their pinocytosis capacity. Similarly, Cui et al. (2019) 
demonstrated that MOLPs with certain α-glycosidic bonds, such as 
α-Araf, α-Gly, β-Galp, α-Galp and β-Gly, exhibited improved immune 
capacity. Moreover, MOLP had the main effect. In addition, the main 
stems of MOLP exhibit a → 1)-β-D-Galp-(3,4→) pattern with distinct 
branches at O-4 originating from →1)-β-D-Galp-(4→,→1)-α-D-Galp-(2 
→ Araf-(1 → Galp-(1 → branch chain, which enhances the iron-reducing 

Fig. 5. The composition of DMOLP-3 and DMOLP-3I (A). GC–MS methylation analysis of DMOLP-3; (B) Molecular weight of DMOLP-3I; (C) Ion chromatogram of the 
monosaccharide composition of DMOLP-3I; (D) Monosaccharide composition of DMOLP-3 and DMOLP-3I; (E). The reducing sugar content of DMOLP-3 and DMOLP- 
3I. In Fig. 5C: 1: Fuc, 2: GalN, 3: Rha, 4: Ara, 5: GlcN, 6: Gal, 7: Glc, 8: Xyl, 9: Man, 10: Fru, 11: Rib; 12: GalA, 13: GulA, 14: GlcA, 15: ManA. 
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ability and subsequently enhances the scavenging potential of ABTS and 
DPPH (He et al., 2018). Our results are similar to these studies, sug-
gesting that DMOLP-3 may have functional activity. 

3.12. Characterisation of the physicochemical properties of DMOLP-3 
during simulated gastrointestinal digestion 

The digestion and absorption of nutrients is a complex process in the 
human digestive system. A low pH and enzyme activity in gastrointes-
tinal fluid may lead to the degradation of polysaccharides (Li et al., 
2024). As shown in the Fig. 5B, the Mw of the product (DMOLP-3I) after 
simulated gastrointestinal digestion was 2248 Da. The results indicated 
that the Mw of DMOLP-3 did not change considerably after simulated 
gastrointestinal digestion, which indicates that DMOLP-3 is only slightly 
degraded in simulated gastrointestinal. The composition of mono-
saccharides during fermentation can also be used to evaluate the 
digestion of polysaccharides in the body. As shown in the Fig. 5C and D, 
DMOLP-3I was composed of rhamnose (6.7%), arabinose (13.5%), 
galactose (55%), glucose (5.5%), xylose (1.3%), mannose (2.1%), gal-
acturonic acid (12.8%), and glucuronic acid (2.8%), with a molar ratio 
of 5.15:10.38:42.31:4.23:1.00:1.62:9.85. The results indicated that the 
glucose was severely degraded, the galactose was slightly degraded, and 
the molar ratio of galacturonic acid to glucuronic acid increased, the 
main monosaccharides composition of DMOLP-3 did not significantly 
change during digestion. 

The Mw of polysaccharides is reduced by cleavage of glycosidic 
bonds or depolymerisation of aggregates. Breakage of glycosidic poly-
saccharide bonds also leads to an increase in reducing sugar content (Hu 
et al., 2023). Therefore, the content of reducing sugars can reflect the 
degree of damage to glycosidic bonds by digestive enzymes. The results 
showed that the reducing sugar content of DMOLP-3 was 0.86 ± 0.23 
mg/mL. After digestion, the reducing sugar content increased to 1.24 ±
0.31 mg/mL. The reducing sugar content also indicated that DMOLP-3 
could be slight degraded by gastrointestinal digestive enzymes. The 
above results showed that during the simulated digestion, DMOLP-3 is 
only partially broken down in the gastrointestinal tract and the overall 
structure is relatively stable. In addition, it can be used as a prebiotic for 
intestinal microorganisms to produce probiotic metabolites such as 
SCFAs. 

3.13. Effects of MOLP and DMOLP-3 on gut microbial diversity 

To study the prebiotic properties of polysaccharides, researchers 
often use in vitro fermentation models. The use of in vitro fermentation 
models in polysaccharide research helps identify specific microorgan-
isms involved in the degradation process and assess their impact on gut 
health (Dedhia, Marathe, & Singhal, 2022). The presence of poly-
saccharides in the intestine can promote microbial growth or generate 
advantageous metabolites, thereby modulating the human circulatory 
system and promoting overall well-being (Duque et al., 2021). MOLP 
regulate gut microbial health (Li et al., 2021; Wang et al., 2019). 

Therefore, we next used an in vitro faecal fermentation model to further 
study the prebiotic properties of DMOLP-3. 

A total of 844,928 valuable sequences were obtained in this study. 
The dilution curve based on the Chao1 and Sobs indices accurately 
represented a substantial amount of microbial diversity information in 
this particular sample (Fig. 6A, B). According to the classification curve, 
the number of samples was sufficient, and the species distribution within 
the community was relatively equal. Furthermore, the analysis con-
ducted using Bray–Curtis dissimilarity revealed that MOLP has a sig-
nificant difference trend relative to the principal coordinate PCoA (PC1: 
95.94%; PC2: 1.91%) compared with DMOLP-3 (Fig. 6C). This obser-
vation strongly suggested that the composition of gut microorganisms 
during DMOLP-3 fermentation is noticeably different from that MOLP 
fermentation. In addition, compared with MOLP group, the Sobs index 
in the DMOLP-3 group was notably lower. This outcome could be 
attributed to the fermentation process associated with DMOLP-3 
prompting an increase in certain gut microorganisms while concur-
rently causing a decrease in community diversity (Fig. 6D). 

3.14. Effects of MOLP and DMOLP-3 on the overall structure of the 
microbial community 

As shown in Fig. 6E and F, the dominant bacteria identified in the 
MOLP and DMOLP-3 groups were Firmicutes, Bacteroidota, Proteobac-
teria and Actinobacteriota, which are normal components of the human 
gut microbiota. In addition, after 24 h of in vitro fermentation, the 
composition of the DMOLP-3 group was different from that of the MOLP 
group. Compared with those in MOLP group, the relative abundances of 
Firmicutes, Bacteroidetes, and Actinobacteria in DMOLP-3group 
increased, while the relative abundance of Proteobacteria decreased. 
The Firmicutes can cause indigestion of the gut, while the Proteobacteria 
is regarded as a potential indicator of both intestinal inflammation and 
intestinal cancer (Wu et al., 2022). Low Mw polysaccharides are easily 
absorbed by the body and also showed a positive effect on regulating gut 
microbes (Chen et al., 2023). Moreover, Firmicutes can generate SCFAs 
through the fermentation of carbohydrates (Tawfick, Xie, Zhao, Shao, & 
Farag, 2022). We also evaluated different microorganisms at the genus 
level (Fig. 6G, H). The abundance of Bacteroides and Bifidobacterium was 
higher in the DMOLP-3 group than in the MOLP group. Bacteroides and 
Bifidobacterium are well-known probiotics that have been shown to 
produce SCFAs, which are effective at reducing gut inflammation (Wang 
et al., 2019). In addition, the abundance of Escherichia–Shigella 
decreased in the DMOLP-3 group, research indicated that Escherichia–-
Shigella caused severe gut disease by producing toxins (Wu et al., 2021). 
Both of these results suggest that DMOLP-3 may have certain prebiotic 
advantages over MOLP in regulating gut microbes. 

3.15. LEfSe analyses of changes in key taxonomic species 

We obtained different levels of dominant bacteria in each group by 
LEfSe and LDA analyses (Fig. 7A, B). Fig. 7C shown that compared with 

Table 2 
Methylation analysis of DMOLP-3.  

RT (min) Methylated sugar Mass fragments (m/z) Molar ratio (%) Type of linkage 

15.813 2,3,5-Me3-Araf 43,71,87,101,117,129,145,161 37.3 Araf-(1→ 
29.274 2,3-Me2-Araf 43,71,87,99,101,117,129,161,189 4.8 →5)-Araf-(1→ 
29.791 2,3,4,6-Me4-Galp 43,71,87,101,117,129,143,161,205 6.0 Galp-(1→ 
30.73 2-Me1-Araf 43,58,85,99,117,127,159,201 6.4 →3,5)-Araf-(1→ 
31.369 3-Me1-Rhap 43,87,101,117,129,143,159,189 5.2 →2,4)-Rhap-(1→ 
40.219 2,3,6-Me3-Galp 43,87,99,101,113,117,129,131,161,173,233 5.2 →4)-Galp-(1→ 
40.777 2,4,6-Me3-Galp 43,87,99,101,117,129,161,173,233 12.6 →3)-Galp-(1→ 
41.175 2,3,4-Me3-Galp 43,87,99,101,117,129,161,189,233 6.1 →6)-Galp-(1→ 
48.793 2,6-Me2-Galp 43,87,99,117,129,149 13.1 →3,4)-Galp-(1→ 
57.381 2,4-Me2-Galp 43,87,117,129,159,189,233 3.2 →3,6)-Galp-(1→ 

RT: Retention time. 
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control group, the levels of intestinal probiotics related to SCFAs syn-
thesis (such as Megamonas, Dorea, Ruminococcus_torques_group, Rumino-
coccus_gnavus_group, Bifidobacteria, and Blautia) were higher in the 
MOLP and DMOLLP-3 groups. This phenomenon indicated an increased 
abundance of these beneficial bacteria in the MOLP and DMOLLP-3 
groups. Interestingly, compared with MOLP group, the levels in the 
DMOLP-3 group were substantially higher, indicating that DMOLP-3 
increases the relative abundance of intestinal probiotics, thereby pro-
moting human intestinal health. Many studies have demonstrated the 
ability of these gastrointestinal microorganisms to ferment and metab-
olise carbohydrates to produce various forms of SCFAs. Additionally, 
these probiotics have been shown to support the maintenance and sta-
bilisation of the intestinal mucosal barrier while modulating the im-
mune function of the gut (Wu et al., 2020; Wu et al., 2022). Some 
Research indicated that Ruminococcus_torques_group and 

Ruminococcus_gnavus_group can inhibit the activation of the Nuclear 
factor kappa-B (NF-κB) pathway and exert intestinal anti-inflammatory 
effects (Colin et al., 2023). Bifidobacterium species not only can treat 
intestinal infections but also prevent endotoxin from damaging the liver 
through blood by inhibiting the number of harmful bacteria that pro-
duce endotoxin (Perez-Burillo et al., 2021). Blautia can activate G 
protein-coupled receptors, namely, GPR41 and GPR43, resulting in the 
inhibition of insulin signalling and fat accumulation in adipocytes (Liu 
et al., 2021). 

In contrast, compared with those in the control group, the abundance 
of Paeniclostridium, Escherichia–Shigella, Enterobacter and Eggerthella in 
the MOLP and DMOLP-3 fermentation groups decreased (Fig. 7D). These 
harmful bacteria can cause intestinal tissue necrosis and induce serious 
diseases, such as intestinal toxaemia and toxic shock. Among these 
bacteria, Escherichia–Shigella and Enterobacter have been shown to cause 

Fig. 6. The human microbiota community was affected in the MOLP and DMOLP-3 groups after 24 h fermentation. (A-B) Chao1 and Sobs dilution curve indices of 
MOLP and DMOLP-3; (C) PCoA of MOLP and DMOLP-3; (D). Chao1, Shannon, and simpson indices of MOLP and DMOLP-3; (E). The relative abundance of bacterial 
community at the family; (F) The relative abundance of bacterial community thermography at the family level; (G). The relative abundance of bacterial community at 
the genus level; (H) The relative abundance of bacterial community thermography at the genus level. 

Fig. 7. The differences in gut microbes were compared based on LEfSe and LDA scores. (A). LEfSe analysis of MOLP and DMOLP-3 at the OTUs level; (B). LDA scores 
among MOLP and DMOLP-3 at the OTU level; (C). Positively regulated microorganisms among MOLP and DMOLP-3 at the OTUs level; (D). Negatively regulate 
microorganisms among MOLP and DMOLP-3 at OTUs level; (E). Positively regulated of nerve microorganisms among the MOLP and DMOLP-3 strains at the OTU 
level; (F). Negatively regulate nerve-microorganisms among MOLP and DMOLP-3 at OTUs level; (G). The concentrations of SCFAs among MOLP and DMOLP-3; 
(H–I). Spearman Correlation analysis between genus level microorganism and SCFAs among MOLP and DMOLP-3. All the data are expressed as the means ±
SEM from three independent experiments, and significance was determined using an unpaired t-test; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control; #p <
0.05, ##p < 0.01, and ###p < 0.001 vs. the MOLP group. 
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serious diseases by producing toxins, and a high abundance of Egger-
thella can aggravate obesity-related metabolic syndrome (Tawfick et al., 
2022; Wang et al., 2019). 

In addition, our study demonstrated that the fermentation of MOLP 
and DMOLP-3 has the potential to promote the proliferation of benefi-
cial microorganisms related to neurocognitive functions, such as Lach-
nospiraceae (Fig. 7E). In the DMOLP-3 group, there was a substantial 
increase in the relative abundance of Coprococcus, Fusicatenibacter and 
Hungatella compared with that in the other groups. These gut microbes 
can play a positive neuroprotective role by fermenting carbohydrates 
and regulating brain–gut axis microorganisms. These protective effects 
mainly include the prevention of Parkinson’s disease and cerebral an-
eurysms; the gut microbes that can regulate human emotions (related to 
depression) showed a substantial negative correlation (Valles-Colomer 
et al., 2019). 

More importantly, we also evaluated changes in several harmful 
bacteria associated with intestinal nerves (Fig. 7F). The results showed 
that the abundances of Oscillibacter, Flavonifractor and Alistipes 
decreased in the MOLP and DMOLP-3 groups, especially in the DMOLP-3 
group. The se harmful bacteria are inversely related to good neurolog-
ical status, and higher levels of these bacteria may lead to stroke, tem-
porary brain damage, or depression (Liu et al., 2021). 

These results may indicate that DMOLP-3 plays a more beneficial 
role in regulating gut microbe communities than MOLP. 

3.16. Changes in SCFAs levels after MOLP and DMOLP-3 fermentation 

Gut microbes convert indigestible carbohydrates into SCFAs, which 
are critical for maintaining gut function and human health. SCFAs such 
as acetate, propionate, and butyrate have been shown to have a variety 
of positive effects on gut health. For instance, acetate has been found to 
regulate gut motility and improve digestive function (Wang et al., 2019). 
Propionate has been associated with reducing inflammation in the gut 
and preventing colitis (Tawfick et al., 2022), and butyrate has been 
shown to play a crucial role in promoting the growth and differentiation 
of intestinal cells (Wang et al., 2019). After 24 h of fermentation, the 
main fermentation products of the MOLP and DMOLP-3 groups were 
significantly different from those of the control group. Interestingly, the 
fermentation of DMOLP-3 had a more substantial impact on the pro-
duction of SCFAs than did the fermentation of MOLP. Notably, acetic 
acid, propionic acid and butyric acid were the predominant substances 
generated during this process (Fig. 7G). Moreover, butyric acid pro-
duction was greater in the MOLP group and DMOLP-3 group. Studies 
have shown that propionate metabolism serves the gluconeogenic 
pathway and inhibits cholesterol synthesis. Additionally, the presence of 
butyrate provides a valuable source of energy to intestinal epithelial 
cells, which in turn plays an important role in preventing the onset of 
colon disease, reducing intestinal inflammation, and improving the 
overall function of the intestinal barrier (Perez-Burillo et al., 2021). 

In summary, gut microbes can utilise MOLP and DMOLP-3 to pro-
duce SCFAs. The DMOLP-3 group produced greater amounts of propi-
onic acid and butyric acid than did the MOLP group. This result 
suggested that DMOLP-3 can be decomposed by intestinal microorgan-
isms and ultimately contribute to the prebiotic effect of these bacteria. 

3.17. Correlations between SCFAs and gut microbes produced through 
MOLP and DMOLP-3 fermentation 

Based on our results, we evaluated the relationship between SCFAs 
production and intestinal microbial growth during fermentation with 
MOLP or DMOLP-3. In the present study, we investigated the possible 
associations between SCFAs and intestinal microbial growth during 
fermentation. 

The results indicated that there was a substantial positive correlation 
between the abundance of gene groups (Eubacterium_hallii_group, Rumi-
nococcus_torques_group, Blautia, and Bifidobacterium) and the 

concentrations of propionic acid and butyric acid. In addition, the 
abundance of Dorea was strongly positively correlated with the con-
centration of butyric acid. These results suggest a potential relationship 
between these bacterial groups and the production of propionic acid and 
butyric acid. In contrast, the abundances of Sellimonas, Flavonifractor, 
UCG-002, Eggerthella and Phascolarctobacterium were negatively corre-
lated with propionate concentration. These results indicate that the 
abundance of these bacteria decreases as the propionate concentration 
increases. There was a negative correlation between the concentration 
of butyric acid and the abundance of Eggerthella, Flavonifractor, Phas-
colarctobacterium and Escherichia–Shigella in the DMOLP-3 group 
(Fig. 7H, I). 

Based on our results, it can be inferred that DMOLP-3 holds prom-
ising potential as a prebiotic raw material in the future food industry. 
The results of our study suggest that DMOLP-3 is suitable for use in the 
production of prebiotic foods. Therefore, further investigations and 
additional research are needed to fully explore the potential and benefits 
of DMOLP-3 in the food industry. 

4. Conclusions 

This study focused on evaluating the composition, antioxidant ac-
tivity and prebiotic properties of polysaccharides from Moringa oleifera 
Lam. leaves that were treated with UV/H2O2, UV/H2O2 treatment 
significantly reduced the colour, Mw and particle size of the MOLPs and 
changed their surface morphology. Compared to MOLP, DMOLP-3 has 
an increased molar ratio of galactose to glucuronic acid, thereby 
improving its antioxidant activity. Moreover, DMOLP-3 contained 10 
glycosidic bonds. These glycosidic bonds mainly include Araf-(1 → 
(37.3%), →5)-Araf-(1 → (4.8%), Galp-(1 → (6.0%), →3,5)-Araf-(1 → 
(6.4%), →2,4)-Rhap-(1 → (5.2%), →4)-Galp-(1 → (5.2%), →3)-Galp-(1 
→ (5.2%), →6)-Galp-(1→, (6.1%), →3,4)-Galp-(1 → (13.1%) and →3,6)- 
Galp-(1 → (3.2%). In addition, in vitro simulated digestion experiments 
showed that DMOLP-3 was only partially degraded during gastrointes-
tinal digestion, indicating that DMOLP-3 can be utilised by gut micro-
organisms. Therefore, we used an in vitro human faecal model to ferment 
these two polysaccharides. These results indicate that DMOLP-3 has 
better prebiotic effects than MOLP in the gut. Overall, the results indi-
cated that DMOLP-3 has a significant impact on gut health by increasing 
the abundance of beneficial bacteria and reducing the abundance of 
harmful bacteria. In addition, DMOLP-3 can promote the production of 
SCFAs by intestinal microorganisms. Therefore, through this study, 
DMOLP-3 may be a new prebiotic dietary raw material for regulating 
intestinal health by improving the intestinal microbial environment. 
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