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Natural polysaccharides are a type of natural biomacromolecule found in plants, fungi, algae, animals, and

bacteria. Due to their nontoxic, stable, biodegradable, biocompatibility, and excellent antioxidant activity, natural

polysaccharides contribute to the potential value in treating or preventing disease caused by oxidative stress.

Polysaccharides can reduce the damage to the cell structure, regulate the signal pathways related to antioxidation,

improve the intracellular antioxidant enzyme system, reduce the substances that easily produce reactive oxygen

species (ROS), and protect the body tissue from ROS-induced damage through free radical scavenging activity

and immunomodulatory activity. Natural polysaccharides play an irreplaceable therapeutic role and have received

more and more attention. Publications related to natural polysaccharides are also increasing.

natural polysaccharides  antioxidant  reactive oxygen species (ROS)  drug delivery

1. Antioxidant Activity of Natural Polysaccharides

1.1. Higher Plant Polysaccharides

Higher plant polysaccharides have the highest proportion of natural polysaccharides. They are also the type of

natural polysaccharide with the most abundant sources, convenient extraction, and extensive research. It has been

reported that plant polysaccharides have many pharmacological effects, such as anti-tumor and anti-diabetes

effects. These pharmacological effects are closely related to antioxidant function.

Lycium barbarum polysaccharides (LBP) are the most bioactive polymer in Lycium barbarum fruit extracts and are

widely used for food and medical treatment. Due to its multiple pharmacological effects, such as antioxidant, anti-

cancer, anti-diabetes, and neuroprotection, LBP has been extensively studied in various disease models. The

content of LBP is an important factor affecting the efficacy of Lycium barbarum . Studies have shown that LBP

can play an antioxidant role by removing superoxide anions from mitochondria in cells through an oxidation

reaction. In addition, four molecular weight polysaccharide components were extracted from LBP using an

integrated tandem hybrid membrane technology, and all of them have antioxidant activity. Ferric-reducing

antioxidant power (FRAP) assay showed that the lower molecular weight polysaccharide component (LBP4 MW =

38 kDa) has more significant antioxidant activity. Moreover, the increase in polysaccharide concentration is also

helpful to scavenge superoxide free radicals. As such, the four polysaccharides have scavenging activity that is

maximal at 2.0 mg/mL . LBP also indirectly acts on free radicals by capturing reactive oxygen species (ROS)
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produced during the peroxidative chain reaction. The polysaccharides capture ROS to reduce the level of lipid

peroxidation and alleviate oxidative damage .

Some researchers have made the first study on the antioxidant activity of Astragalus polysaccharides (AP). The

results showed that APs contain mannose, glucose, arabinose, and galactose, and their proportions decreased in

order. Compared with normal rats, AP-treated rats could significantly inhibit the production of malondialdehyde

(MDA) and increase superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) levels in

the blood and liver . Many factors affect the antioxidant activity of polysaccharides, such as the extraction

method. Some researchers have evaluated the effect of extraction methods on the antioxidant activity of APs. By

comparing hot water extraction, ultrasonic-assisted extraction, enzyme-assisted extraction, and enzyme ultrasonic-

assisted extraction, some researchers found that the polysaccharides extracted by enzyme-assisted extraction had

the highest extraction rate and antioxidant activity . Recently, it was found that APs can reduce the side effects of

tilmicosin in rats, mainly because APs can relieve tilmicosin-induced oxidative stress by causing a significant

decline in the levels of MDA and other oxidative stress indexes .

Dendrobium officinale is a type of precious traditional Chinese medicine that has a remarkable curative effect on

treating pharynx and lung diseases. In terms of pharmacological effects, flavonoids are found to have vital

antioxidant activities . In addition to flavonoids, Dendrobium officinale polysaccharides (DOP) also have

antioxidant activity. Some studies found DOPs with a smaller molecular weight have more potent antioxidant

activity through antioxidant tests such as DPPH radical scavenging, ABTS radical scavenging, and hydroxyl radical

scavenging . In addition to the influence of molecular weight, DOP obtained by the freeze-drying method (FD)

has the best antioxidant effect . Some researchers purified the crude DOP by chromatographic separation. It was

concluded that the main monosaccharide components in the purified polysaccharides were mannose and glucose,

which protect RAW 264.7 macrophages by resisting H O -induced oxidative damage .

As a well-known blood-tonifying medicine, Angelica sinensis has good pharmacological effects, such as anti-

oxidation and anti-tumor effects. ASP is one of the vital active ingredients for these pharmacological effects.

Recently, studies have explored the antioxidant effect of ASPs on human OA chondrocytes induced by H O . It

was found that compared with normal human chondrocytes, OA chondrocytes produce more ROS, NO, and MDA,

while ASP increases the activity of iNOS, SOD, and CAT . Studies have also shown that ASP can protect H9c2

cells from apoptosis induced by H O . The results are because ASP inhibits the production of ROS and lactic

dehydrogenase release by activating the ATF6 pathway, thereby improving oxidative stress and endoplasmic

reticulum stress levels 12]. Tian S et al. studied the antioxidant activity of ASPs obtained by the best extraction

process. Taking ascorbic acid as the positive control group, they studied the effect of ASPs at different

concentrations on the scavenging of several common free radicals. The results showed that the scavenging ability

of hydroxyl free radicals was closely related to the concentration. When the maximum measured concentration was

800 mg/mL, the clearance rate was about 60%, close to ascorbic acid .

Gastrodia elata has many active components, such as gastrodin and luteolin. Since Liu reported another active

component, Gastrodia elata polysaccharides (GP), in 1981 , more and more studies on GP have been reported,
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such as the modification of the structure , the neuroprotective effect , regulation of intestinal flora , and

immune enhancement . These research results showed that GP has excellent pharmacological effects.

Recently, the anti-aging activity of GP has gradually attracted people’s attention. One study extracted GP by the

hot water extraction method, and chemical characterization by UV spectrometer and HPLC, then detected its

antioxidant activity in vitro and in vivo. The results showed that GP could effectively remove hydroxyl radicals and

has a substantial reduction ability . Oral GP can increase the activities of SOD and GSH-Px in aging mice

induced by D-galactose. Based on the above results, it can be concluded GP has high antioxidant activity and is

beneficial in alleviating human aging.

Purslane polysaccharides (PP) can promote the production of serum cytokines and enhance the immune response

in gastric cancer rats induced by N-methyl-N’-nitro-N-nitrosoguanidine (MNNG). PP plays an antioxidant role by

increasing the activities of SOD, CAT, and GSH-Px. In addition, the protective effect on oxidative damage is dose-

dependent . Other researchers specially studied the free radical scavenging characteristics of PP by

spectrophotometry. It was found that PP composed of glucose and galactose could scavenge superoxide anion

free radicals, hydroxyl free radicals, DPPH free radicals, and NOs . Free radicals have strong oxidizability, so

they have a strong electron absorption ability, which will snatch the electrons of adjacent molecules and cause

oxidative damage. Therefore, the free radical scavenging ability of PP has a certain application value in the

antioxidation effect of diseases.

Polygonatum sibiricum polysaccharides (PSP) are considered to have an indispensable role in the treatment of

diseases such as fatigue and diabetes . Recent literature reported that PSP could also affect depressive

behavior . It was found that taking PSP can reduce the decrease of hippocampal 5-HT levels and hippocampal

oxidative stress induced by lipopolysaccharides. Comprehensive analysis shows that PSP may treat depression by

inhibiting ROS/HPA axis hyperfunction and inflammatory response, which can be attributed to the antioxidant effect

of PSP. Some researchers specially studied the antioxidant effect of PSP . In vitro tests show that the

components isolated from PSP had the highest hydroxyl radical scavenging rate (78.585%) at 5 mg/mL

concentration and had a strong ability to scavenge ABTS and DPPH radicals with scavenging rates of 92.794%

and 75.648%, respectively. In addition, the power of chelating Fe  was up to 98.721%, which is in sharp contrast

with other components. Polygonatum odoratum, similar to Polygonatum sibiricum, is also a Liliaceae plant with an

antioxidant capacity . For example, studies have explored the effect of polysaccharides isolated from

Polygonatum odoratum (PPO) on oxidative stress induced by fatigue exercise. They have detected the changes in

various biochemical parameters in serum and liver. PPO stimulates a protective effect on oxidation induced by

fatigue exercise by reducing lipid peroxidation, which is attributed to the antioxidant effect of PPO.

1.2. Algal Polysaccharides

Algae are a class of substances with excellent nutrients in the ocean and are a crucial edible and medicinal

resource. Polysaccharides are the main component of algae. Many biological activities of algae are closely related

to algal polysaccharides. The monosaccharide composition, proportion, and molecular weight of algal

polysaccharides are closely related to their biological activities, especially the sulfuric acid groups.
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Five kinds of algal polysaccharides, Ulva pertusa, Laminaria japonica, Enteromorpha linza, Bryopsis plumose, and

Porphyra haitanensis have been extracted and tested by in vitro antioxidant activity . The results showed that all

samples had antioxidant activity and strong free radical scavenging ability, and their scavenging effect could

remain stable at high temperatures. In the test results of reduction ability, Laminaria japonica polysaccharides

(LJP) showed the most potent reduction ability, which may be because LJP contains more sulfate and less

hydroxyl, so fewer hydrogen atoms can be provided. The time-saving and straightforward microwave-assisted

extraction technology is a commonly used extraction method for algae polysaccharides. The composition,

properties, and biological activities of polysaccharides prepared by different extraction conditions are different and

the optimal extraction conditions can be determined by response surface methodology. Fucoidan extracted from

brown algae is a type of sulfated polysaccharide. The best extraction method is to extract for 15–17 min at a

temperature of 120 °C and then obtain fucoidan with a concentration of 16%. The DPPH scavenging and reducing

power measurement results showed that the fucoidan extracted at 90 °C has the highest antioxidant activity .

Similarly, Ulva pertusa polysaccharides were also extracted by microwave-assisted extraction technology . The

results of DPPH and ABTS showed that they had a strong antioxidant capacity and could improve H O − induced

oxidative stress by increasing the activities of SOD and CAT.

Compared with green algae and red algae, brown algae have better antioxidant activity. Some studies have

extracted fucoidan, laminaran, and alginate polysaccharides from Malaysian brown seaweeds and compared their

antioxidant activities . Among them, laminaran polysaccharides from Sargassum polycystum have the highest

superoxide anion scavenging ability, and alginate has high DPPH scavenging activity. It shows that Sargassum

polycystum polysaccharides may be a promising natural antioxidant. Alginate was extracted and isolated from the

Sargassum polycystum. Lipid peroxidation levels and antioxidant enzyme activities were measured in arthritis rats

to analyze whether alginate alleviates oxidative stress. The treatment of alginate can reduce the activity of various

enzymes, and its antioxidant effect helps reduce inflammation in arthritis rats . In addition, before the extraction

of fucoidan and alginate, different fungal fermentation treatments enhance their antioxidant capacity . After

treatment, the molecular weight of the two polysaccharides decreased by nearly half. The content of fucose and

sulfate in fucoidan and the ratio of mannuronic acid to guluronic acid (M/G) in alginate increased, suggesting that

molecular weight and monosaccharide components may be the key factors affecting antioxidant capacity.

Radiation is often used to degrade sodium alginate. Some researchers analyzed the effects of the ratio of M/G and

the molecular weight of mannuronic acid and guluronic acid on the antioxidation ability. The results showed that the

lower the molecular weight, the higher the 50% inhibition concentration . Under the same molecular weight, the

fraction with higher M/G has more potent antioxidant activity. It further shows that the molecular weight, content,

and proportion of monosaccharide components are essential factors affecting the antioxidant properties of

polysaccharides. In addition to radiation degradation, heat treatment depolymerization also obtained low molecular

weight sodium alginate. ABTS and superoxide radical scavenging tests obtained similar results . This suggests

that low molecular weight sodium alginate is a rich and potential source of natural antioxidants.

1.3. Microbial Polysaccharides

1.3.1. Fungal Polysaccharides
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Fungal polysaccharides are natural polymer compounds isolated from the fruit body, or mycelium, of fungi. They

are mainly derived from medicinal mushrooms. Their excellent antioxidant effect and safe properties enable them

to be widely used in medicine, food, cosmetics, and other industries.

Mushroom polysaccharides are a large class of fungal polysaccharides, mainly including Lentinus edodes

polysaccharides (LEP), Flammulina velutipes polysaccharides (FVP), Pleurotus ostreatus polysaccharides (POP)

and so on. Studies have extracted LEP with hot water extraction . The results of scavenging hydroxyl free

radicals, superoxide free radicals, and Fe  chelating capacity have verified that LEP has a dose-dependent

antioxidant activity. There are also many reports on the effects of different molecular weights on the antioxidant

activity of purified LEP . By detecting the contents of various peroxidases and MDA in the liver, it was concluded

that LEP has a protective effect on oxidative stress induced by D-galactose, and the effect of medium molecular

weight is the best. To accurately assess the antioxidant capacity of LEP, some studies have adopted two methods

of protein removal . The results found that the deproteinized polysaccharides showed reduced antioxidant

activity. The reduced antioxidant activity may be due to the hydrophobic cavity and fissure formed by the covalent

bond between polysaccharides and protein. In addition, the study also showed that the neutral protease protein

removal method was better for retaining the antioxidant activity of polysaccharides. The results of the antioxidant

evaluation of polysaccharides by different extraction methods are very different. Some studies have compared the

differences in antioxidant activity caused by different extraction methods of FVP . It was found that enzymatic

extraction has a strong hydroxyl radical scavenging and metal chelating ability, while ultrasonic extraction has a

good effect on DPPH scavenging. The hot water extraction method has stronger antioxidant activity in terms of

reduction ability. In another study, microwave-assisted extraction was used . The effect of FVP on scavenging a

variety of free radicals in vitro was analyzed. The results showed that the acid polysaccharides rich in glucose and

the low average molecular weight components had stronger antioxidant potential. A study compared the

relationship between the structural characteristics and antioxidant activity of polysaccharides extracted from

Pleurotus eryngii, Flammulina velutipes, Pleurotus ostreatus, and white Hypsizygus marmoreus . It was found

that POPs rich in acid groups and with low molecular weight had the best antioxidant effect. Similarly, another

study on extracting and isolating four polysaccharides from Agaricus bisporus, Auricularia auricula, Flammulina

velutipes, and Lentinus edodes also showed that the polysaccharides of Agaricus bisporus with a low molecular

weight had the most potent antioxidant activity .

In addition to the common mushroom polysaccharides, Grifola frondosa, a rare medicinal and edible fungus, has

also attracted extensive attention. Some studies have extracted the Grifola frondosa polysaccharide (GFP) and

separated three main polysaccharide components through chromatographic purification . The results of in vitro

antioxidant experiments showed that it has noticeable scavenging effects on various free radicals. In addition,

strong reducing power and Fe  chelating ability were also observed. Based on these studies, some researchers

have explored the effect of GFP on improving memory and anti-aging . The behavioral experimental results

suggested that GFP can significantly improve the memory ability of elderly rats. The pathological analysis also

showed that the changes in brain histology and ultrastructure after aging are weaker, and the total antioxidant

capacity and the activities of various antioxidant enzymes are improved. At the same time, it also reduced the
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levels of NO and MDA. The above results showed that GFP had an antioxidant ability and could effectively improve

memory.

Ganoderma lucidum is widely popular because it contains a variety of highly bioactive compounds . Ganoderma

lucidum polysaccharides (GLP) with antioxidant effects have been extensively studied. Additionally, similar to the

optimum drying method of other polysaccharides, the vacuum freeze-drying method used on GLP has a strong

reducing power and free radical scavenging rate . In many studies on the antioxidant effect of GLP, extraction

methods occupy many of them. The early studies detected the antioxidant activity of ultrasonic-extracted GLP .

It was found that the four components separated by ultrafiltration membrane were rich in glucose and galactose.

Recent studies have found that the antioxidant activity of GLP extracted by hot water extraction is stronger than

that extracted by ultrasound . The polysaccharides obtained by the two extraction methods have the same kind

of monosaccharide, but the proportion of glucose in the polysaccharide extracted by hot water is about twice that

extracted by ultrasound. There are also studies on extracting GLP by superfine grinding technology . Among the

three crude polysaccharides, the proportion of glucose is very similar. GLP 80 with the highest proportion of

galactose has the highest antioxidant activity. Based on the above research results, this may be the result of the

joint influence of the content and proportion of glucose and galactose.

In addition to the more researched fungi reviewed above, there are also other polysaccharides from Hericium

erinaceus , Cordyceps sinensis, and Ganoderma atrum  that have good antioxidant activities. Activating

antioxidant enzyme activity prevents mitochondrial-dependent apoptosis and plays a regulatory and protective role

in colonic immune disorder and hepatotoxicity.

1.3.2. Bacterial Polysaccharides

In addition to fungal polysaccharides, bacterial polysaccharides are also a part of microbial polysaccharides.

Because they are more suitable for producing extracellular polysaccharides than plants, animals, and seaweed,

they have gradually attracted people’s attention . The extracellular polysaccharides extracted from Lactobacillus

plantarum have no cytotoxicity. The clearance of DPPH and lipid peroxidation can reach 64% and 66%,

respectively . The extracellular polysaccharides of Brevibacterium otitidis BTS 44 with good antioxidant activity

were determined by in vitro antioxidant test . The components were mannose, arabinose, glucose, and

mannouronic acid, and the proportion decreased successively. An extracellular polysaccharide was extracted and

purified from Bacillus sp. strain LBP32, which can alleviate LPS-induced inflammation by inhibiting oxidative stress

. Streptomyces isolated from soil can produce an extracellular polysaccharide mainly composed of mannose

and glucose . It can effectively scavenge hydroxyl radicals and DPPH radicals and has a high Fe  chelation

ability. Various results showed that the extracellular polysaccharides produced by Streptomyces had good

antioxidant activity. Some researchers studied the antioxidant activity of extracellular polysaccharides of

Streptomyces violaceus MM72 from marine actinomycetes and obtained similar results . The above results

show that bacterial polysaccharides may be a good source of natural antioxidants.

1.4. Animal Polysaccharides
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Animal polysaccharides are mainly derived from marine animals. Because of the unique living environment of

marine animals, marine animal polysaccharides have unique structures and characteristics . For example, the

contents of sulfated polysaccharides in marine animal polysaccharides are higher than that in terrestrial animal

polysaccharides. Many studies have proven that sulfated polysaccharides contribute to antioxidant activity . In

addition, compared with other marine organisms, marine animal polysaccharides usually exist in the form of

covalent bonds and protein complexes. This particular structure also contributes to the antioxidant function .

Misgurnus anguillicaudatus polysaccharide (MAP) is a natural neutral polysaccharide in loach mucus. Early studies

have proved that MAPs can scavenge various ROS, and their antioxidant activity can significantly reduce damage

to the DNA chain by hydroxyl radicals. Based on this, some researchers have studied the therapeutic effects of

MAP on diabetes and found that MAP can significantly scavenge superoxide anion free radicals and hydroxyl free

radicals in a dose-dependent manner . The results showed that its antioxidant and anti-glycosylation capabilities

could protect the body from diabetes-induced oxidative damage.

Two kinds of chondroitin sulfate were extracted and isolated from two kinds of sea cucumber . They can

scavenge free radicals in a dose-dependent manner, which is suitable proof of the antioxidant capacity of animal

polysaccharides.

Animal polysaccharides exist in mucus, cartilage, and the skin, such as Rana chensinensis skin. Some researchers

have optimized the best process for extracting polysaccharides from Rana chensinensis skin (RCSP) . Under

the conditions of extraction temperature at 100 °C, water–material ratio of 60:1, extraction frequency of 1, and

extraction time of 4.96 h, a yield of RCSP of about 2.03% can be obtained. In vitro experiments showed that RCSP

had significant scavenging effects on superoxide anion and DPPH and showed a strong reducing ability. Similar

results were obtained in another study . The preliminary characterization experiment showed that RCSP was

composed of glucose, galactose, and mannose (87.82:2.77:1.54), and its molecular weight was 12.8 kDa. The

antioxidant experiment in vitro showed good free radical scavenging activity. The antioxidant experiment in vivo

showed that it increased the antioxidant enzyme activity in the liver and serum of mice induced by D-galactose and

decreased the level of MDA. Therefore, RCSP is a potent natural antioxidant that can be used in food and

medicine.

Chitosan is a natural polysaccharide with multiple biological activities. It can be produced from shellfish, shrimps,

and crabs and can also be produced from microorganisms . Chitosan is an excellent N-center free radical

scavenger, which can scavenge peroxide free radicals and has a good antioxidant protection effect on human

serum albumin . Low molecular weight chitosan can inhibit neutrophil activation and play a significant role in

serum albumin oxidation, reducing the oxidative stress associated with uremia. The sources and main

monosaccharides of representative polysaccharides with antioxidant activity are shown in Figure 1.
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Figure 1. Sources and main monosaccharides of representative natural polysaccharides.

2. Antioxidant Activity of Natural Polysaccharide Derivatives

2.1. Sulfated Polysaccharides

Sulfated polysaccharides are important derivatives of polysaccharides. The most common methods are the

chlorosulfonic acid-pyridine method (CSA-Pyr) , phenol-sulfuric acid method , sulfur trioxide pyridine method,

and amino sulfonic acid-pyridine method (ASA-Pyr) . The sulfation modification methods of neutral

polysaccharides and acidic polysaccharides are different. Neutral polysaccharides can be dissolved in organic

solvents and then sulfate esterification is used to obtain sulfated polysaccharides. Acidic polysaccharides have

fewer hydroxyl groups and are difficult to dissolve in organic solvents, so they need to be reorganized with acidic

resins and then sulfated to obtain sulfated polysaccharides with a high degree of substitution. The neutral

polysaccharides and acidic polysaccharides of Auricularia auricula polysaccharides (AAP) were sulfated by

sulfation . The completion of sulfation was successfully proved by ion chromatography and infrared

spectroscopy. The results of antioxidant experiments in vitro showed that both had stronger antioxidant activity

than the natural AAP without sulfation modification, especially in scavenging hydroxyl free radicals and lipid

peroxidation. Studies have been performed on the sulfation modification of Flammulina velutipes polysaccharides

(FVP) . The results of structural characterization and antioxidant experiments in vivo and in vitro showed that the

characteristic functional groups and monosaccharide composition of FVP have changed. Studies also found

sulfated FVP has more antioxidant effects than natural polysaccharides and could improve aging and inflammatory

responses. Some researchers are also interested in the sulfation modification of plant polysaccharides .

Sulfated Momordica charantia polysaccharides with different substitution positions were synthesized by CSA-Pyr. It

was found that C-6 substitution had more advantages than C-2 substitution through spectral analysis. In addition,

both of them have more antioxidant activity than natural Momordica charantia polysaccharides. It is concluded that

a high degree of substitution and medium molecular weight significantly affects improving antioxidant activity. The

effects of sulfated polysaccharides on antioxidant activity from different angles are not all positive. For example,

sulfated pumpkin polysaccharides with different degrees of substitution are only superior to pumpkin

polysaccharides in scavenging superoxide anions. Their reducing power is lower than pumpkin polysaccharides,

even with no scavenging ability to hydroxyl radicals . There are studies on the sulfation modification of

Cyclocarya paliurus polysaccharides. In a study, the derivatives with the best antioxidant properties have the

lowest degree of substitution and the highest relative molecular mass and protein content . The degree of

substitution, relative molecular weight, sulfate content, and protein of modified polysaccharides combined may

influence the degree of antioxidant. Among animal polysaccharides, the in vitro experiments of sulfated chitosan

with different modified sites also showed more potent antioxidant activity than chitosan. The inhibition of

deoxyribose oxidation was dose-dependent, which could effectively alleviate oxidative stress, but safety needs to

be evaluated in vivo .

2.2. Phosphorylated Polysaccharides
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Several commonly used phosphorylation reagents include phosphorus oxychloride, phosphate, phosphoric acid

and anhydride, and phosphorus pentoxide. Generally, the characteristic peaks obtained by Fourier-transform

infrared spectroscopy and nuclear magnetic resonance are used for qualitative analysis of polysaccharides .

Scientists have reported the phosphorylation modification of a variety of polysaccharides. For example, pumpkin

polysaccharides were modified with phosphorus oxychloride-pyridine to obtain phosphorylated pumpkin

polysaccharides . Compared with unmodified pumpkin polysaccharides, phosphate-modified pumpkin

polysaccharides have higher superoxide and hydroxyl radicals scavenging ability. Some studies came to similar

conclusions about ginseng polysaccharides using the same method . Studies on the phosphorylation of garlic

polysaccharides indicated that the higher concentration of phosphorylated garlic polysaccharides, the stronger the

antioxidant capacity within a certain range . In the animal tissue oxidative damage protection experiment of

phosphorylated Momordica charantia polysaccharides, the content of antioxidant enzymes in mouse serum, liver,

and other tissues had increased . These results indirectly proved that sulfated Momordica charantia

polysaccharides had a strong antioxidant ability. This feature has also been proven in the Pleurotus ostreatus of

fungal polysaccharides, which can effectively treat chemical liver toxicity by improving the antioxidant enzyme

activity and reducing the content of MDA in the liver . These provide strong evidence for the enhanced

antioxidant activity of phosphorylated polysaccharides.

2.3. Carboxymethylated Polysaccharides

Carboxymethylation is a common modification method of polysaccharides to improve water solubility and biological

activity. The aqueous medium and organic solvent methods are the most common synthesis methods of

carboxymethylation. The aqueous medium method dissolves the polysaccharides with an alkaline solution, adds

monochloroacetic acid (MCA) to mix and react for several hours, and adds an acid solution to adjust the pH to a

neutral range. Ethanol is the precipitation solvent, and carboxymethyl polysaccharide derivatives can be obtained

after dialysis and freeze-drying . This method is unstable and takes a long time, but it is cheap and commonly

used. The organic solvent method is to dissolve polysaccharides in organic solvents such as isopropanol or

ethanol, and then add MCA for etherification reaction to obtain carboxymethyl polysaccharide derivatives . The

reaction is stable and rapid, but the price is relatively expensive with the toxic organic reagent. Carboxymethyl-

modified pumpkin polysaccharides prepared by the aqueous medium method were proven to have a good

scavenging ability of superoxide anion free radicals and hydroxyl free radicals (Liu & Huang, 2019). It has been

reported that the carboxymethylated polysaccharides with a molecular weight of 354 kDa were obtained by the

chemical modification of Sargassum fusiforme polysaccharides . Compared with the unmodified Sargassum

fusiforme polysaccharides, the modified carboxymethyl polysaccharides have a stronger free radical scavenging

ability and total antioxidant activity. Similarly, the crude polysaccharides of Enteromorpha prolifera were degraded

with hydrogen peroxide or ascorbic acid and modified by carboxymethyl . The reaction conditions of

carboxymethylation were optimized by the response surface method. The product was characterized and analyzed,

and carboxymethylated Enteromorpha prolifera polysaccharides with a degree of substitution of 0.849 were

obtained. The carboxymethylated Enteromorpha prolifera polysaccharides had stronger antioxidant activity

evaluated by DPPH, hydroxyl radical, and superoxide anion radical scavenging ability. Similar conclusions have

also been proven in the studies of various carboxymethylated polysaccharides .
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2.4. Other Modification Methods

In addition, studies on multiple derivatives of the same polysaccharides also showed that the modified

polysaccharide derivatives had better antioxidant activity than those without modification . In addition to the

above modification methods, acetylation modification, hydroxy-propylation modification, selenization modification,

sulfonation modification, ammonium modification, and other modification methods can also affect the water

solubility and biological activity of polysaccharides . The commonly used chemical modification methods of

natural polysaccharides are shown in Figure 2.

Figure 2. Several common modification methods and schematic diagrams of natural polysaccharides. (A) Sulfation

modification with CSA; (B) Phosphorylation modification with phosphoric acid; (C) Carboxymethylation modification

with monochloroacetic acid.
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