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Abstract
The structure and antioxidant activity of a polysaccharide from mycelia fermentation of Hirsutella sinensis 

were analyzed. The natural active component water-soluble polysaccharides was isolated from mycelia, and three 
polysaccharide fractions HSP-1, HSP-2, and HSP-3 were purified with chromatography and the structures were 
identified. The structural characteristics determination with a combination of chemical and instrumental analysis methods 
showed that the mainly component HSP-1 was about 1.7×104  Da, and composed of glucose, mannose and galactose 
at a molar ratio of 4.5:1.0:1.4. Further researches revealed that HSP-1 was a branched polysaccharide possessing 
a backbone of (1→4)-α-D-glucose residues (~70%), (1→4)-α-D-mannose residues (~15%) and (1→4)-α-D-galactose 
residues (~15%). The branches were at the (1,2,4,6→)-α-D-glucose residues (~8%) of the backbone, mainly composed 
of (1→4)-α-D-glucose residues, (1→4)-α-D-galcatose residues, (1→4)-α-D-mannose residues, and terminated with 
α-D-galactose residues. The in vitro antioxidant assay proved HSP-1 possessed the hydroxyl radical-scavenging activity 
with an IC50 value of 0.834 mg/mL.
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Introduction
In recent years, many polysaccharides and polysaccharide-protein 

complexes isolated from fungi have been used as a source of therapeutic 
agents [1,2]. Many studies showed that fungi polysaccharide have series 
of pharmacological action, including anti-oxidation, hypoglycemic, 
boost immunity, anti-fatigue and anti-cancer [3-7]. Therefore, it is 
significant to discover and extract the valuable polysaccharides from 
fungi as safe compounds for functional foods or medicine.

O. sinensis, called Cordyceps or Dong Chong Xia Cao in China,
is one of the most valuable traditional Chinese medicinal fungi. It is 
generally used to nourish the kidney, moisten the lung, fight fatigue and 
enhance immunity [8]. Furthermore, the wild O. sinensis is exiguity and 
expensive in the market, so the mycelia fermentation has become to an 
economical method to meet large requirement of the market [5]. Several 
Intracellular Polysaccharides (IPS) have been purified from the mycelia 
of O. sinensis, and the molecular structures have been elucidated [9-11]. 
In this study, the mycelia we used are called Hirsutella sinensis, which is 
a novel fungus isolated from the fruiting body of the wild O. sinensison 
the Tibetan Plateau. It has been identified as an anamorphic fungus 
by the Chinese Academy of Sciences. Numerous liquid fermentations 
have been conducted to optimize the production of mycelia biomass. 
However, the IPS purified from H. sinensis has not been reported yet.

Since the structure of IPS is closely related with its functions, it 
would be of interest for an in-depth research. The aim of this study is 
to characterize the molecular structure and antioxidant activity of the 
polysaccharide, HSP-1, which was isolated and purified from the crude 
IPS produced by the H.sinensis liquid fermentation.

Materials and Methods
Fungus and mycelia fermentation

The strain used in this research was Hirsutella sinensis, which was 
identified as the anamorph of Ophiocordyceps sinensis [12,13]. 0.8 L 
culture was pre-cultivated in a 1 L flask for 10 days at 16°C, 180 rpm 
and natural pH. The medium consists of, in (g/L): glucose (30.0), 
yeast extract (22.0), KH2PO4(0.1), MgSO4.7H2O (0.05). Then it was 
transferred to a 50 L fermentation tank by 10% (v/v) inoculums size 
in a liquid medium, which containing, in (g/L): glucose (40.0), yeast 
extract (33.0), KH2PO4(0.1), MgSO4.7H2O (0.05). The total volume 
of the fermentation medium was 30 L, cultivated for 10 days at 16°C, 
200rpm. During the fermentation process, the pHwas natural. After the 
fermentation finished, the mycelium was collected and dried at 60°C 
for 24 h. 

Isolation and purification of polysaccharide
The dried H. sinensis mycelium was extracted by deionized water 

at 100°C for 90 min, and the ratio of solid to liquid was 1:10 (w/v), 
which was repeated three times. The supernatant was collected 
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after and concentrated under reduced pressure. It was mixed with 3 
volume of ethanol and precipitated for 24 h at 4°C to obtain the crude 
polysaccharide. The protein was removed by Sevag method [14], and 
dialyzed against running water and deionized water for 48 h. After the 
non-dialyzable phase was precipitated with 3 volume of ethanol, the 
precipitation was collected by centrifugation. The precipitation was 
washed with absolute ethyl alcohol, acetone and diethyl ether, and 
finally was dried under vacuum. 

The obtained crude polysaccharide was purified by DEAE-cellulose 
column eluted with gradient NaCl aqueous solution (0-1 M). The 
fractions were collected and detected by phenol-sulfuric acid [15]. The 
resulting fractions were further purified by Sephadex G-100 column 
eluted with deionized water. Three polysaccharide fractions were 
detected after purification process, which were termed HSP-1, HSP-
2, and HSP-3 respectively. The main fraction HSP-1 was used for the 
further structure elucidation and antioxidant activity assay.

Homogeneity and molecular weight measurement of HSP-1

The homogeneity of HSP-1 was measured by Sephacryl S-300 HR 
column chromatography and Ultraviolet (UV) spectroscopy scanning. 
Gel chromatographic method [9,16] was used to measure the molecular 
weight of HSP-1. The blue dextran 2000 and different weight-average 
molecular weights standard dextrans T-500, T-70, T-40 and T-10 were 
passed through the Sephacryl S-300 HR column, eluted with deionized 
water at a flow rate of 0.2 mL/min. The standard curve was established 
using the elution volumes plotted against the negative logarithms of 
their known molecular weights. HSP-1 (5 mg) dissolved in deionized 
water (0.5 mL)passed through the column, so the molecular weight of 
HSP-1 was obtained by plotting the elution volume with the standard 
curve.

Analysis of monosaccharide composition

Dried HSP-1 (5 mg) was hydrolyzed with 2 mL trifluoroacetic acid 
(TFA) (2 M) at 100°C for 8 h. After the hydrolysis finished, excess acid 
evaporated under reduced pressure and then washed three times with 
absolute ethyl alcohol. The hydrolysate with 20 mg methoxylamine 
hydrochloride was dissolved in 1 mL pyridine at 70°C for 2 h, then 
150 µL of the sample was mixed with 100 µL of bis(trimethylsilyl)
trifluoroacetamide (trimethylchlorosilane 1%) derivatized at 70°C for 1 
h. The silylation derivatized sample was ready for Gas Chromatograph-
Mass Spectrometer (GC-MS) analysis. GC-MS analysis was conducted 
with an Agilent Technologies 7890A/5975C instrument, using a HP-
5MS capillary column (30 m × 0.25 mm × 0.25 nm). The initial column 
temperature was kept at 70°Cfor 4 min, first increased to 200°C at 3°C/
min, kept for 0 min, and then increased to 300°C at 10°C/min, kept for 5 
min. The ionization potential was 70 eV and the temperature of the ion 
source was 280°C. Similarly, the standard monosaccharides D-glucose, 
D-mannose, D-galactose, D-arabinose D-xylose and D-inositol were 
derivatized.

Periodate oxidation-Smith degradation 

The HSP-1 (20 mg) was oxidized with 15 mM NaIO4 (20 mL) and 
kept in the dark at 4°C. 100 µL aliquots were withdrawn for every 12 h, 
the aliquots were diluted to 25 mL and tested using a spectrophometer 
at 223 nm [17]. The oxidation was stopped by adding 1 mL glycol until 
the absorbance did not change any more.The production of HCOOH 
was measured by titration with 0.005 M NaOH and the consumption 
of NaIO4 was determined by spectrophotometric methods [18]. The 
solution was dialyzed against running water and deionized water each 

for 24 h, reduced by NaBH4 (70 mg) overnight, neutralized with 50% 
acetic acid, dialyzed against running water and deionized water each 
for 24 h, and vacuum dried. The product was hydrolyzed with 2 M 
trifluoroacetic acid (TFA) at 100°C for 8 h in a sealed tube and analyzed 
by GC-MS with the same method as mentioned above for the analysis 
of monosaccharide composition.

Methylation analysis

The HSP-1 (20 mg) was methylated by the method of Needs and 
Selvendran [19]. The methylated HSP-1 was depolymerized with 90% 
HCOOH for 6 h at 100°C. The residues were hydrolyzed with 2 M TFA 
(2 mL) for 8 h after removal of the HCOOH. The resulting products 
were silylation derivatized and analyzed by GC-MS as the method 
mentioned for the analysis of monosaccharide composition. The 
methylated sugar linkages were identified on the basis of the retention 
time and fragmentation patterns [19,20].

Partial hydrolysis of HSP-1

The HSP-1 (100 mg) was hydrolyzed by 0.05 M TFA (4 mL) at 
100°C for 12 h, After dilution the products with deionized water and 
dialyzed against deionized water for 24 h in a dialysis bag (cut off 3, 500 
Da), the solution in the bag was diluted with ethanol. The fraction out 
of the bag and the precipitate and supernatant in the bag were collected, 
driedand hydrolyzed. GC-MS analysis was carried out to understand 
the monosaccharide composition. 

IR analysis 

1mg HSP-1 was ground and mixed with KBr before being flaked. 
TheInfra-Red (IR) spectrums werescanned in the range of 400-4000 
cm-1 on a Nicolet 6700 Fourier transformed IR spectrophotometer.

NMR spectroscopy

20 mg HSP-1 was dried under vacuum over P2O5 for several days 
and then put it into a 5-mm Nuclear Magnetic Resonance (NMR) tube 
with 1 mL of D2O. NMR (1H, 13C) spectra were accomplished with a 
Bruker 400 spectrometer.

Hydroxyl radical-scavenging activity

Hydroxyl radical-scavenging assay was carried out by Fenton’s 
reaction method described by He et al. [21] with a slight modification. 
Briefly, the reaction mixture included 1.0 mL of brilliant green (0.435 
mM), 2.0 mL of FeSO4 (0.5 mM), 1.5 mL of H2O2 (3.0%), 0.5 mL samples 
of different concentrations and was made up to 5.0 mL with deionized 
water. The absorbance of the reaction mixture was measured at 624 nm 
after incubating at room temperature for 20 min. 

The hydroxyl radicals can eliminate the brilliant green, so the 
scavenging ability for hydroxyl radical can be characterized by the 
absorbance variation of the reaction mixture. The hydroxyl radical-
scavenging activity can be expressed as:

Scavenging rate (%) = (AO -AS)/(A-AO) × 100%(1)

Where, AS is the absorbance of the mixture with the sample, 
AO is the absorbance of the control without the sample and A is the 
absorbance in the absence of the sample and Fenton reaction system. 
Vc was used as a control.

Statistical analysis

The data were expressed as means ± SD. A statistical analysis of 
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the data was assessed by Student’s T-test. P< 0.05 was considered as a 
statistically significant difference.

Results and Discussion
Isolation, purification and composition of polysaccharide

Crude polysaccharide was extracted from the mycelium of Hirsutella 
sinensis with a yield of 8.239%. After the polysaccharidefractionated by 
DEAE-cellulose and Sephadex G-100 column with phenol sulfuric acid 
to detect the polysaccharide distribution, three main fractions were 
obtained and termed HSP-1, HSP-2 and HSP-3, respectively. The main 
fraction HSP-1 was chosen for subsequent analysis.

The purification of HSP-1 was tested with the Sephacryl S-300 
HR column using phenol sulfuric acid to detect the polysaccharide 
distribution. A single and symmetric sharp peak was obtained (Figure 
1). The UV spectrum of the HSP-1 solution showed no absorption 
at 260 nm and 280 nm, indicating that HSP-1 did not contain either 
nucleic acid or protein; therefore it is a homogeneous polysaccharide. 
Using different dextran markers passed through a Sephacryl S-300 
HR column, the average molecular weight of HSP-1 was 1.7×104 Da. 
The total carbohydrate content was 92.4% determined by the phenol-
sulfuric acid method.

The monosaccharide composition of HSP-1 was measured 
by silylation derivatization and GC-MS analysis (Figure 2). Three 

Figure 1: Profile of HSP-1 tested with Sephacryl S-300 HR column chromatography.

 

 
Figure 2: GC-MS profiles of silylation derivatized (A) monosaccharide standards (Peaks:  Xyl (1,3); Ara (2); Gal (4, 5, 9, 10); Man (6, 7); Glu (8); Ino 
(11)) and (B) HSP-1 constituents (Peaks: Man (1, 2); Glu (3); Gal (4)). Three monosaccharides were identified in the hydrolysate of HSP-1, and the 
composition was D-glucose, D-mannose and D-galactose with a molar ratio of 4.5:1.0:1.4.
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monosaccharides were identified in the hydrolysates of HSP-1, and the 
composition was D-glucose, D-mannose and D-galactose with a molar 
ratio of 4.5:1.0:1.4.

Structure characterization of HSP-1

The results of periodate oxidation which showed the ratio of HI04 
consumption to formic acid production was 2.644 (larger than 2). It 
meant there were 1,2- or 1,2,6- or 1,4- or 1,4,6-linkages in the HSP-
1 structure which was not able to produce formic acid when being 
oxidated. Furthermore, Glycerin, erythritol and D-glucose were 
detected from the periodate oxidation product of HSP-1 by GC-MS. 
The presence of glycerin suggested that there were 1- or 1,6- or 1,2- 
or 1,2,6-linkages in the structure of HSP-1; the presence of erythritol 
suggested that there should have 1,4- or 1,4,6-linkage; the presence of 
glucose suggested that a part of glucose in the HSP-1 should be in 1,3- 
or 1,3,6- or 1,2,3- or 1,2,4- or 1,3,4- or 1,2,3,4-linkage which could not 
be oxidized by periodate. 

The methylated HSP-1 was analyzed by GC-MS (Table 1), and the 
result showed five components, namely 2,3,6-Me3-Gal, 2,3,4,6-Me4-
Gal, 2,3,6-Me3-Man, 2,3,6-Me3-Glu, 3-Me-Glu in a molar ratio of 2.97: 
1.89: 4.12: 17.88: 1.00 (about 3:2:4:18:1). This pattern of linkage was 
in good agreement with the results by periodate oxidation and Smith 

degradation, which showed a good correlation between terminal and 
the branched residues. Furthermore, the molar ratio was fitted well 
with the monosaccharide composition and the ratio of HSP-1 measured 
above.

The monosaccharide compositions of HSP-1 fractions derived 
from partial acid hydrolysis were subjected to GC-MS analysis (Table 
2). The results showed that the precipitation in the dialysis bag (fraction 
A) which mainly composed of the backbone structure of HSP-1, was 
mainly consisted of D-glucose with a little amount of D-mannose and 
D-galactose in a molar ratio of 4.835:1:1.422; the supernatant in the 
dialysis bag (fraction B) which mainly composed of the branch chains 
of HSP-1 was consisted of D-glucose, D-mannose and D-galactose in a 
molar ratio of 5.724:1:1.463; D-glucose, D-mannose and D-galactose 
in a molar ratio of 2.944:1:6.665 were presented out of the dialysis bag 
(fraction C), which indicated its existence in the terminal position of 
the branch chains. The molar ratio from the partial acid hydrolysis 
matched well with the monosaccharide composition and ratio of HSP-1 
and the methylation results measured above.

The Fourier Transform Infrared Spectroscopy (FT-IR) spectrum 
of HSP-1 was presented in Figure 3. In the spectrum, the attributions 
of the main absorptions were the characteristic of glycosidic structures 
and related to OH stretching (3200-3600 cm-1 ); CH stretching (2800-
3000 cm-1 ); CO stretching (1600-1700 cm-1 ); CH vibration (1200-1400 
cm-1); C-O-C stretching (1000-1200 cm-1). It implied that the glycosidic 
structures of HSP-1 were pyranoidform. Moreover, the characteristic 
absorptions at 840 cm-1and the absence at 890 cm-1indicated that 
there was only α-configuration, inexistence of β-configuration in the 
structure of HSP-1. 

In the 1H NMR spectrum (Figure 4A), the chemical shifted from 
4.9 to 5.6 ppm corresponding to α configuration [22]. The region 
shifted from 3.3 to 4.2 ppm was assigned to protons of carbons C2 to 
C6 of glycosidic ring [23]. In the 13C NMR spectrum (Figure 4B), six 
strong signals between 60 to 100 ppm were attributed to C1, C2, C3, 

Methylated sugar Molar ratio Linkages
2,3,6-Me3-Gal

2,3,4,6-Me4-Gal
2,3,6-Me3-Man
2,3,6-Me3-Glu

3-Me-Glu

2.97
1.89
4.12
17.88
1.00

1,4-
T-

1,4-
1,4-

1,2,4,6-

Table 1: GC-MS results from the methylated product of HSP-1.

Fraction
Molar ratio

D-glucose D-mannose D-galactose
A
B
C

4.835
5.724
2.944

1
1
1

1.422
1.463
6.665

A: precipitation in the dialysis bag
B: supernatant in the dialysis bag
C: fraction out of the dialysis bag

Table 2: GC-MS analysis results of fractions from partial acid hydrolysis of HSP-1.

Figure 3: Fourier transform infrared spectrum of HSP-1: OH stretching 
(3200-3600 cm-1), CH stretching (2800-3000 cm-1 ), CO stretching (1600-
1700 cm-1), CH vibration (1200-1400 cm-1) and C-O-C stretching (1000-
1200 cm-1) implied that the glycosidic structures of HSP-1 were pyranoid 
form; characteristic absorptions at 840 cm-1 and the absence at 890 cm-1 
indicated that there was only α-configuration, inexistence of β-configuration 
in the structure of HSP-1

 

 

A
A 

B
A 

Figure 4: NMR spectra of HSP-1 in D2O. (A) 1H NMR spectrum. The 
chemical shifted from 4.9 to 5.6 ppm corresponding to α configuration. The 
region shifted from 3.3 to 4.2 ppm was assigned to protons of carbons 
C2 to C6 of glycosidic ring. (B) 13C NMR spectrum. Six strong signals 
between 60 to 100 ppm were attributed to C1, C2, C3, C4, C5 and C6 of 
D-glucopyranosyl unit of the main (1→4)-linked a-D-Glup linkage.
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C4, C5 and C6 of D-glucopyranosyl unit of the main (1→4)-linked 
a-D-Glup linkage [22]. In the anomeric carbon region of 95-105 ppm, 
five main signals were detected, namely δ 95.70, 95.83, 99.44, 99.53, 
and 99.66. Based on the data obtained in the literatures [6,24-26], in 
the anomeric carbon region, signal at δ 95.70 was attributed to C-1 of 
(1→4)- linked α-Galp, δ 95.83 to C-1 of (1→4)-linked α-Manp, δ 99.44 
to C-1 of (1→2,4,6)-linked α-Glup, δ 99.53 to C-1 of T-linked α-Galp 
and δ 99.66 to C-1 of (1→4)-linked α-Glup, respectively. The presence of 
C-1 signal demonstrated that all monosaccharides should be in pyran 
ring, because of the resonance of furan ring should be in 107-109 ppm 
[27]. The results of NMR analysis were in agreement with the results of 
GC-MS and FT-IR data.

On the basis of the results gained above, the structure of the 
polysaccharide HSP-1 was demonstrated that HSP-1 was a branched 
polysaccharide possessing a backbone of (1→4)-α-D-glucose residues 
(~70%), (1→4)-α-D-mannose residues (~15%) and (1→4)-α-D-galactose 
residues (~15%). The branches are at the (1,2,4,6→)-α-D-glucose 
residues (~8%) of the backbone, mainly composed of (1→4)-α-D-
glucose residues, (1→4)-α-D-galactose residues, (1→4)-α-D-mannose 
residues, and mainly terminated with α-D-galactose residues. One of 
the possible repeating units of HSP-1 was shown in Figure 5.

Hydroxyl radical-scavenging activity of HSP-1
As shown in Figure 6, HSP-1 was found to have a high hydroxyl 

radical-scavenging activity in a concentration-dependent manner. In 
a concentration range from 0 to 1 mg/mL, the scavenging rate was 
strengthened with the concentration increasing, with an IC50value 
of 0.834 mg/mL. On the same conditions, Vitamin C (Vc) showed a 
slightly higher scavenging rate on the hydroxyl radical, with an IC50 
value of 0.590 mg/mL. Three repetitions were conducted and the RSD 
values were not more than 3.0%.

The Reactive Oxygen Species (ROS) like hydroxyl radicals, 
superoxide anion and hydrogen peroxide, are bound up with the 
pathogenesis of various diseases [11,28]. Hydroxyl radical can cause 

severe damage to the biomolecules, so the antioxidant activity of the 
HSP-1 polysaccharide to hydroxyl radical-scavenging rate in vitro was 
measured in the present study.

The hydroxyl radical-scavenging activity of the polysaccharides 
might be influenced by the protein content, Molecular Weight (MW) 
or monosaccharide composition [29-31]. However, the relationship 
between the structure and antioxidant activity was still uncertain, 
therefore the further study was focused on the scavenging activity 
mechanism of the hydroxyl radicals, which was beneficial to understand 
the bioactivity of the polysaccharide HSP-1.

Hirsutella sinensis is a kind of hyphomycete; there were few reports 
about the structure and antioxidant activity of its polysaccharides. One 
exopolysaccharide produced by Hirsutella sp. showed antibacterial 
activity against gram-positive bacterium and the monosaccharide 
component of EPS was mannose, galactose and glucose with a 
molar ratio of 4.0:8.2:1.0. Its molecular weight was 23 kDa [32].  A 
novel polysaccharide designated EPS-1A with an average molecular 
weight around 40 kDa was fractionated and purified from the crude 
exopolysaccharide (EPS) isolated from fermentation broth of Cs-HK1, 
a Tolypocladium s. Fungus isolated from wild Cordyceps sinensis. EPS-
1A was composed of glucose, mannose and galactose at 15.2:3.6:1.0 M 
ratio [11]. Recently, studies could also be found in the research of the 
polysaccharides isolated from cultured Cordyceps mycelia and Cordyceps 
militaris. By using anti-oxidation activity-guided fractionation, a 210 
kDa polysaccharide was isolated from cultured Cordyceps mycelia. The 
polysaccharide, containing glucose, mannose and galactose in a ratio 
of 1:0.6:0.75, had a strong anti-oxidation activity. The pretreatment of 
isolated polysaccharide on the cultured rat pheochromocytoma PC12 
cells showed strong protective effect against hydrogen peroxide (H2O2)-
induced insult [3].The water-soluble crude polysaccharides were 
obtained and purified from the fruiting bodies of cultured Cordyceps 
militaris, giving main three polysaccharide fractions termed P50-1, 
P70-1, and P70-2, structural features of P70-1 were investigated. In the 
in vitro antioxidant assay, P70-1 was found to possess hydroxyl radical-
scavenging activity with an IC50value of 0.548 mg/mL [33]. A novel 
polysaccharide named CBP-1 was isolated from the fruiting body of 
cultured Cordyceps militaris; its structural features were investigated. In 
the in vitro antioxidant assay, CBP-1 was found to possess the hydroxyl 
radical-scavenging activity with an IC50 value of0.638 mg/mL [34].

Conclusion
Previous researches on Hirsutella sinensis showed that fungi 

polysaccharides have series of pharmacological action and the structure 
of polysaccharide is closely related with its functions. However, hardly 
any research focus on the polysaccharide purification from H. sinensis, it 
would be of interest for an in-depth research on the molecular structure 
and bioactivity of the polysaccharide isolated from Hirsutella sinensis.

In this research, three polysaccharide fractions named HSP-
1, HSP-2, and HSP-3 were purified from mycelia fermentation of 
Hirsutella sinensis. The polysaccharide HSP-1 isolated was identified 
as a heteropolysaccharide, which was composed of glucose, mannose 
and galactose in a molar ratio of 4.5:1.0:1.4. The HSP-1 was a branched 
polysaccharide possessing a backbone of (1→4)-α-D-glucose residues 
(~70%), (1→4)-α-D-mannose residues (~15%) and (1→4)-α-D-
galactose residues (~15%). Anti-oxidation tests showed that HSP-1 
could sweep the hydroxyl radical with an IC50value of 0.834 mg/mL.
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