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Abstract Epimedium polysaccharide (EPS) and isatis root
polysaccharide (IRPS) were extracted, purified, and
selenizingly modified by nitric acid-sodium selenite method
to obtain nine selenizing EPSs (sEPSs), sEPS1–sEPS9 and
nine selenizing IRPSs (sIRPSs), sIRPS1–sIRPS9, respectively.
Their effects on chicken peripheral lymphocyte proliferation
in vitro were compared by MTT assay. The results showed
that selenium polysaccharides at appropriate concentration
could promote lymphocyte proliferation more significantly
than unmodified polysaccharides, sEPS5 and sIRPS5 with
stronger actions were picked out and injected into the chickens
vaccinated with Newcastle disease vaccine in vivo tests. The
peripheral lymphocyte proliferation and serum antibody titer
were determined. The results showed that sEPS5 and sIRPS5
could elevate serum antibody titer and promote lymphocyte
proliferation more significantly than unmodified polysaccha-
rides, sEPS5 possessed the strongest efficacy. These results
indicate that selenylation modification can significantly en-
hance the immune-enhancing activity of EPS and IRPS, and
sEPS5 can be as a new-type immunopotentiator of chickens.

Keywords Epimedium polysaccharide . Isatis root
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Introduction

Polysaccharides that exist widely in nature are highly hydrated
polymers composed of repeating single units (monosaccharides)
joined by glycosidic linkages. They can be homo- or
heteropolymers and may be substituted with both organic and
inorganic molecules. Plant polysaccharides exhibit more com-
plex branching structure and may either be neutral or have
polyanions [1]. In recent decades, polysaccharides have attracted
a great deal of attention because of their various biological activ-
ities, largely due to their immunostimulatory, antiviral, antioxi-
dant, and antiaging effects. A large number of immune tests
proved that polysaccharides could not only activate complements
and immune cells, such as T, B lymphocytes, macrophages, nat-
ural killer cells (NK) and so on, but also improve the production
of cytokines and even play a regulatory role in the immune
system [2, 3]. Epimedium herb (Herba Epimedii) and isatis root
(Radix isatidis) are commonly used as traditional Chinese med-
icines, in which polysaccharide is one of their most important
active ingredients.

Many researches found that appropriate molecular modifi-
cation or structure reform could make polysaccharides gener-
ate new activity or further enhance original activity [4–6]. At
present, people pay more attention to selenylation modifica-
tion of polysaccharides. The most commonly used method is
nitric acid-sodium selenite (HNO3-Na2SeO3) method since it
is characterized by simpler reaction conditions, shorter dura-
tion, the derivant with higher selenium content, and so on.

According to our previous researches, epimedium polysac-
charide (EPS) and isatis root polysaccharide (IRPS) were
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extracted by water decoction and ethanol precipitation,
selenizingly modified by HNO3-Na2SeO3 method according
to L9(3

4) orthogonal design of three factors, the usage amount
of sodium selenite, reaction temperature, and reaction time,
each at three levels to obtain nine selenizing EPSs, sEPS1–
sEPS9, and nine selenizing IRPSs, sIRPS1–sIRPS9. Their se-
lenium contents were determined by hydride generation atom-
ic fluorescence spectrometry (HG-AFS), and the structures
were identified by Fourier transform infrared (FT-IR).
In vitro and in vivo experiments, their immune-enhancing
activities were measured. The object of this study is to verify
the probability that selenylation modification improves the
immune-enhancing activity of unmodified polysaccharides,
select out the best selenizing polysaccharide and its optimal
modification conditions, and offer theoretical evidence for the
development of new-type immunopotentiator.

Materials and Methods

Herbs and Reagents

Epimedium and isatis root were purchased from Nanjing
Jinling pharmacy of Jiangsu province, the former was the
product of Anhui Jiren Pharmaceutical Co., Ltd., and the latter
was the product of Xuzhou Pengzu Chinese traditional med-
icine company, China.

Nitric acid (HNO3) and sodium nitrite (Na2SeO3) were the
products of Shanghai Lingfeng Chemical Reagent Co., Ltd.
Na2SeO3 was dissolved into 0.05 g mL−1 with ultrapure water.
An Se element standard solution (standard values
1000 μg mL−1) that was provided by the National Center of
Analysis and Testing for Nonferrous Metals and Electronic
Materials was accurately diluted into 1 μg mL−1. Perchloric
acid (HClO4) was the product of Tianjin Xinyuan Chemical
Co., Ltd.

Sodium heparin was dissolved into 5 mg mL−1 with calci-
um and magnesium-free (CMF) phosphate-buffered saline
(PBS, pH 7.4) and filtered through a 0.22-μm syringe filter.
Hanks’ solution, pH was adjusted to 7.4 with 5.6 % sodium
bicarbonate solution, supplemented with benzylpenicillin 100
and 100 IU mL−1 streptomycin. RPMI-1640 (Gibco) supple-
mented with 100 IU mL−1 benzylpenicillin, 100 IU mL−1

streptomycin and 10% fetal bovine serum was used for wash-
ing and resuspending cells, dilutingmitogen, and culturing the
cells. The 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT, Biosharp) was dissolved into 5 mg mL−1

with CMF PBS and filtered through a 0.22-μm syringe filter.
The sodium heparin solution was stored at −20 °C, the others
were at 4 °C, and MTT solution was in a dark bottle. Lym-
phocyte Separation Medium was manufactured by Shanghai
Hengxin Chemicals Ltd. Dimethylsulfoxide (DMSO) was the
product of Shanghai Lingfeng Chemical Reagent Co., Ltd.

Newcastle disease vaccine (ND vaccine, La Sota strain) was
purchased from Nanjing Tianbang Biotechnology Co., Ltd.

Extraction and Purification of EPS and IRPS

Epimedium pieces and isatidis root pieces (1 kg of each) were
respectively refluxed with 95 % alcohol to remove colored in-
gredients and small molecular impurities. After drying, the res-
idues were extracted twice, every 2 h in hot water. Extraction
solutions were concentrated into about 1000 mL and centri-
fuged at 3500 rpm for 15 min. The supernatant was precipitated
with a fourfold volume of 90% ethanol solution for 12 h at 4 °C.
Precipitates were solubilized in deionized water, deproteinized
by Sevage assay, freeze-dried to obtain EPS, and IRPS.

Selenylation Modification of EPS and IRPS

Three factors respectively at three levels, the usage amount of
sodium selenite at 200, 300, and 400 mg for 500 mg of poly-
saccharide (A), the reaction temperature at 50, 70, and 90 °C
(B), and the reaction time for 6, 8, and 10 h (C) were selected.
Nine modification conditions were designed according to L9

(34) orthogonal test (Table 1).
Two kinds of polysaccharides were respectively divided

into nine portions, each portion was 500 mg, respectively,
added into the three-necked flask filled with 50 mL of 0.5 %
HNO3 solution and stirred to make polysaccharide completely
dissolve. Then, the sodium selenite solution was added, and
the reaction was performed at a definitive temperature and
duration designed in Table 1. After the reaction finished, the
mixture was cooled to room temperature, adjusted pH to 5–6
with saturated sodium carbonate solution, centrifugated, and
dialyzed in a dialysis sack with a 1-kDa ultrafiltration mem-
brane against tap water until no free sodium selenium was
detected by ascorbic acid method [7], and the polysaccharide
solution was concentrated and freeze-dried. Nine selenizing
EPSs named sEPS1–sEPS9 and nine selenizing IRPSs named
sIRPS1–sIRPS9 were obtained.

Identification of sEPSs and sIRPSs

The contents of selenium and carbohydrate and the FT-IR
spectra of sEPSs and sIRPSs were tested. The carbohydrate
contents were determined by phenol-sulfuric acid method [8].

Selenium Content Assay of sEPSs and sIRPSs

HG-AFS was used to determine selenium contents by SA-10
atomic fluorescence morphological analyzer (Beijing Jitian
Instrument Co., Ltd.) [9]. The working conditions were as
follows: the negative high voltage was 270 V, the height of
atomizer was 8 mm, the atomization temperature was 200 °C,
the discharges of carrier gas and shield gas flow were
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400 mV min−1 and 1000 mL min−1 respectively, the injection
volume was 1 mL, the reading mode was peak area, reading
time was 10 s, and the delay time was 10 s. One hundred
milliliters of standard selenium solution and 5 % HCl solution
as diluent was linked to the HG-AFS. The concentrations of
standard curve were set at 0, 2.5, 5, 10, 20, 40 ng mL−1, the
corresponding absorbances were determined. The standard
curve was drawn taking the selenium concentration as abscis-
sa and fluorescence intensity as vertical axis.

Twenty milligrams of each selenium polysaccharide (nine
sEPSs and nine sIRPSs) weighed accurately was dissolved in
10 mL of ultrapure water, 0.5 mL of selenium polysaccharide
solution was accurately measured and added into a triangular
flask with a cork, 10 mL of HClO4-HNO3 (v/v, 1:1) mixed
acid solution was added to digest for 12 h at 4 °C then heated
under 180 °C, replenishing the mixed acid solution timely.
When the solution became clear, colorless, and accompanied
by white smoke, it was concentrated to about 2 mL. After
being cooled to room temperature, 8 mL of 6 mol L−1 HCl
was added, shaken well, heated again under 180 °C until the
solution was concentrated to about 2 mL, again cooled to
room temperature, and diluted accurately to 25 mL with 5 %
HCl solution, from which 1 mL of the solution was accurately
shifted and diluted into 100 mL with 5 % HCl solution then
the sample solution was obtained. The blank sample solution
was prepared by the same method. The fluorescence intensi-
ties of the sample solution and the blank sample solution were
detected by the spectrometer. The selenium contents were cal-
culated according to the standard curve.

Infrared Spectroscopy Analysis of sEPSs and sIRPSs

After drying in a drying oven for 2 h, 1mg of EPS, IRPS, sEPSs,
or sIRPSs was mixed with 100–200 mg of dried potassium
bromide (KBr), ground in the agate mortar and crushed into
slice by the KBr pellets method. The FT-IR spectra of in a
wavenumber range of 4000–400 cm−1 were recorded with a
Nicolet 200Magna-IR spectrometer (Nicolet instrument Corp.).

Comparison of Immune-enhancing Activity In Vitro
of sEPSs and sIRPSs

The effect of sEPS1–sEPS9, sIRPS1–sIRPS9, EPS, and IRPS
on chicken peripheral lymphocyte proliferation in vitro was
determined by MTT assay [10]. Nine sEPSs and nine sIRPSs
were respectively diluted with RPMI-1640 twofold serially
from 1.563 to 0.098 μg mL−1, a total of five concentrations,
based on the results of the safety concentration determination.
Blood samples were collected from 50-day-old non-
vaccinated chickens and transferred immediately into aseptic
capped tubes with sodium heparin then diluted with an equal
volume of Hanks’ solution and carefully layered on the sur-
face of Lymphocyte Separation Medium. After 20 min of
centrifugation at 2000 rpm, a white cloud-like lymphocytes’
band was collected and washed twice with RPMI-1640 media
without fetal bovine serum. The resulting pellet was resus-
pended to 2.5 × 106 mL−1 with RPMI-1640 media added with
fetal bovine serum and inoculated into 96-well culture plates,
100 μL per well. Then, in polysaccharide groups, the 20

Table 1 The modification
conditions, yields, and contents of
selenium and carbohydrate of
sEPSs and sIRPSs (n = 4)

Group A (mg) B (°C) C (h) Yield (%) Selenium content
(mg g−1)

Carbohydrate content
(%)

sEPS1 200 50 6 36.54 3.32 32.73

sEPS2 200 70 10 24.44 7.17 41.24

sEPS3 200 90 8 19.70 15.42 34.56

sEPS4 300 50 8 32.86 6.42 40.33

sEPS5 300 70 6 27.70 7.20 47.92

sEPS6 300 90 10 19.12 19.32 35.22

sEPS7 400 50 10 34.44 7.53 30.07

sEPS8 400 70 8 26.91 10.76 38.16

sEPS9 400 90 6 23.20 21.89 33.00

sIRPS1 200 50 6 26.02 2.65 69.02

sIRPS2 200 70 10 25.44 6.81 64.69

sIRPS3 200 90 8 16.75 10.35 86.56

sIRPS4 300 50 8 24.23 6.43 68.62

sIRPS5 300 70 6 27.34 8.97 73.62

sIRPS6 300 90 10 18.32 12.87 84.37

sIRPS7 400 50 10 23.48 7.54 72.16

sIRPS8 400 70 8 24.58 11.31 75.31

sIRPS9 400 90 6 22.22 15.21 82.06
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polysaccharides at series of concentrations were respectively
added, 100 μL per well, four wells each concentration, in cell
control group (CC), RPMI-1640 media of 100 μL. The plates
were incubated at 38.5 °C in a humid atmosphere of 5 % CO2.

After incubation for 44 h, 20 μL of MTT (5 μg mL−1) was
added into each well and continued to incubate for 4 h. The
supernatant was removed carefully and 100 μL of DMSO
were added into each well. The plates were shaken for 5 min
to dissolve the crystals completely. The absorbance of cells in
each well was measured by a microliter enzyme-linked immu-
nosorbent assay reader (Model DG-3022, East China Vacuum
Tube Manufacturer) at a wavelength of 570 nm (A570 value)
[11]. Meanwhile, the cellular proliferation rate was calculated
to compare the strength of lymphocyte proliferation according
to the equation [12, 13]: lymphocyte proliferation rate
(%) = (Apolysaccharide group − Acontrol group) / Acontrol group × 100%
(Awas an average value of five concentration groups of poly-
saccharide or four wells of cell control group).

Comparison of Immune-enhancing Activity In Vivo
of sEPS5 and sIRPS5

sEPS5 and sIRPS5 were selected to further compare their
immune-enhancing activity in vivo based on the results of
in vitro test. Four polysaccharideswere respectively diluted into
2 mg mL−1 with deionized water according to the net contents
of polysaccharides. The diluted preparations were sterilized by
pasteurization and detected for endotoxin by pyrogen tests.
When the endotoxin amount was up to the standard of the
Chinese Veterinary Pharmacopoeia (less than 0.5 EU mL−1)
(Veterinary Pharmacopoeia Commission of the People’s Re-
public of China, 2010), they were stored at 4 °C for the test.

Animals and Experimental Design

One-day-old White Roman chickens (male) were purchased
from Tangquan Poultry Farm and housed in wire cages
(100 × 60 × 40 cm) in air-conditioned rooms at 37 °C with
24 h light at the beginning of the pretrial period. The temper-
ature was gradually decreased to room temperature and the
light to 12 h per day. These parameters were maintained dur-
ing the following days. The chickens were fed with commer-
cial diet provided by the feed factory of Jiangsu Academy of
Agricultural Science. All animal experiments were performed
in accordance with the guideline approved by the Institutional
Animal Care and Use Committee of the Laboratory Animal
Research Center in Nanjing Agricultural University.

At 14 days old, their average maternal ND-HI antibody
titer was 3.2 log2, 180 chickens were randomly assigned into
six groups. The chickens except in blank control (BC) group
were vaccinated with ND vaccine, repeated vaccination at
28 days old. At the same time of each vaccination, the
chickens in four polysaccharide groups were intramuscularly

injected respectively with 0.5 mL of sEPS5, sIRPS5, EPS, and
IRPS, in vaccination control (VC) and BC groups, with the
equal volume of physiological saline.

Serum HI Antibody Assay

On days 7 (D7), 14 (D14), 21 (D21), and 28 (D28) after the first
vaccination, the blood samples of eight chickens randomly
from each group were collected for examination of serum
hemagglutination inhibition (HI) antibody titer by micro-
method [14].

Peripheral Lymphocytes Proliferation Assay

On days 7 (D7), 14 (D14), 21 (D21), and 28 (D28) after the first
vaccination, the blood samples of four chickens randomly
from each group were collected for the determination of pe-
ripheral lymphocyte proliferation by MTT assay mentioned
above. The cellular A570 values were determined as the index
of lymphocyte proliferation. Meanwhile, the average lympho-
cyte proliferation rates were calculated to compare the
strength of lymphocyte proliferation according to the equa-
tion: Average lymphocytes proliferation rate (%) = (‾A-

polysaccharide group − ‾ABC group) / ‾ABC group × 100 % (‾Awas
an average value of each group).

Statistical Analysis

Data were expressed as means ± SD and the Duncan’s multi-
ple range test was used to determine the difference among
groups with the software SPSS 17.0. Differences between
means were considered significant at P < 0.05.

Results

The Modification Conditions, Yields, and Contents
of Selenium and Carbohydrate of sEPSs and sIRPSs

The modification conditions, yields, and contents of selenium
and carbohydrate of sEPSs and sIRPSs are listed in Table 1. In
nine sEPSs, the yield of sEPS1 was the highest, up to 36.54 %,
and the next were sEPS7, sEPS4, and sEPS5. The highest
selenium content was sEPS9 (21.89 mg g−1), and the next
were sEPS6, sEPS3, and sEPS8. The highest carbohydrate
content was sEPS5 (47.92 %), and the next were sEPS2,
sEPS4, and sEPS8. Moreover, in nine sIRPSs, the yield of
sIRPS5 was the highest, up to 27.34 %, and the next were
sIRPS1, sIRPS2, and sIRPS8. The highest selenium content
was sIRPS9 (15.21 mg g−1), and the next were sIRPS6,
sIRPS8, and sIRPS3. The highest carbohydrate content was
sIRPS3 (86.56 %), and the next were sIRPS6, sIRPS9, and
sIRPS5.
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The Infrared Spectroscopy Characteristic of sEPS
and sIRPS

The FT-IR spectra of sEPS, sIRPS, EPS, and IRPS in the
ranges of 4000–400 cm−1 are illustrated in Figs. 1 and 2.
The spectra of EPS (Fig. 1b) and IRPS (Fig. 2b) exhibited

the characteristic vibration bands of polysaccharides. The
broad O–H stretching absorption band appeared at
3363.16 cm−1 in EPS and 3387.74 cm−1 in IRPS, and a weak
C–H stretching vibration band at 2935.53 cm−1 in EPS and
2933.16 cm−1 in IRPS could be observed. The peak at
1637.89 cm−1 in EPS or at 1642.52 cm−1 in IRPS was
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characteristic of the C=O stretching vibration in COOH. The
bands attributed to C–O–C stretching vibrations appeared at
about 1400–1000 cm−1.

As compared with the spectrogram of unmodified
polysaccharides, the FT-IR spectroscopy of sEPS
(Fig. 1a) and sIRPS (Fig. 2a) presented one characteris-
tic absorption band at 662.82 and 634.65 cm−1, respec-
tively, describing an asymmetrical Se–O–C stretching

vibration mode, which signified that EPS and IRPS
were successfully modified in selenylation.

The Peripheral Lymphocyte Proliferation Changes
of Polysaccharide In Vitro

The cellular A570 values of every group are listed in Table 2.
The A570 values in sEPS1 and sEPS6 at 0.391–0.098 μg mL−1;
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Table 2 Changes of lymphocyte proliferation in every group of sEPSs, EPS, sIRPSs, and IRPS (A570 value, n = 4)

Conc. (μg mL−1) sEPS1 sEPS2 sEPS3 sEPS4 sEPS5

1.563 0.162 ± 0.004c 0.176 ± 0.003c 0.159 ± 0.006b 0.166 ± 0.005c 0.176 ± 0.003c

0.782 0.169 ± 0.003c 0.189 ± 0.005b 0.179 ± 0.004a 0.185 ± 0.002b 0.191 ± 0.003ab

0.391 0.177 ± 0.004ab 0.208 ± 0.007a 0.174 ± 0.005a 0.182 ± 0.004b 0.186 ± 0.004bc

0.196 0.187 ± 0.006a 0.190 ± 0.003b 0.185 ± 0.003a 0.191 ± 0.005b 0.200 ± 0.002a

0.098 0.189 ± 0.007a 0.181 ± 0.004bc 0.185 ± 0.004a 0.203 ± 0.004a 0.195 ± 0.004ab

vCC 0.156 ± 0.005c 0.159 ± 0.002d 0.158 ± 0.004b 0.154 ± 0.004d 0.151 ± 0.005d

Conc. (μg mL−1) sEPS6 sEPS7 sEPS8 sEPS9 EPS

1.563 0.191 ± 0.005c 0.219 ± 0.002c 0.155 ± 0.003cd 0.162 ± 0.004bc 0.176 ± 0.005ab

0.782 0.198 ± 0.005bc 0.240 ± 0.003b 0.158 ± 0.004c 0.169 ± 0.004bc 0.181 ± 0.005a

0.391 0.214 ± 0.005ab 0.242 ± 0.005b 0.168 ± 0.002c 0.171 ± 0.007bc 0.182 ± 0.004a

0.196 0.223 ± 0.004a 0.246 ± 0.005ab 0.183 ± 0.004b 0.174 ± 0.004b 0.177 ± 0.004ab

0.098 0.227 ± 0.004a 0.258 ± 0.005a 0.198 ± 0.007a 0.188 ± 0.004a 0.170 ± 0.002ab

CC 0.185 ± 0.009c 0.215 ± 0.007c 0.143 ± 0.005d 0.157 ± 0.004c 0.167 ± 0.002b

Conc. (μg mL−1) sIRPS1 sIRPS2 sIRPS3 sIRPS4 sIRPS5
1.563 0.207 ± 0.004ab 0.228 ± 0.005bc 0.253 ± 0.006bc 0.238 ± 0.006bc 0.201 ± 0.007bc

0.782 0.210 ± 0.008a 0.239 ± 0.004abc 0.280 ± 0.007a 0.244 ± 0.006abc 0.215 ± 0.010ab

0.391 0.225 ± 0.005a 0.259 ± 0.010a 0.278 ± 0.006a 0.263 ± 0.005a 0.238 ± 0.004a

0.196 0.214 ± 0.006a 0.235 ± 0.004bc 0.277 ± 0.003a 0.250 ± 0.010ab 0.230 ± 0.010a

0.098 0.217 ± 0.010a 0.243 ± 0.008ab 0.272 ± 0.005ab 0.240 ± 0.009abc 0.218 ± 0.012ab

CC 0.187 ± 0.005b 0.218 ± 0.010c 0.245 ± 0.009c 0.226 ± 0.006c 0.185 ± 0.005c

Conc. (μg mL−1) sIRPS6 sIRPS7 sIRPS8 sIRPS9 IRPS

1.563 0.253 ± 0.007b 0.216 ± 0.014ab 0.216 ± 0.007bc 0.175 ± 0.005c 0.217 ± 0.007a

0.782 0.272 ± 0.004a 0.227 ± 0.008a 0.220 ± 0.013ab 0.176 ± 0.003bc 0.192 ± 0.006ab

0.391 0.265 ± 0.005ab 0.210 ± 0.005ab 0.243 ± 0.008a 0.213 ± 0.010a 0.202 ± 0.007ab

0.196 0.253 ± 0.003b 0.219 ± 0.005ab 0.221 ± 0.006ab 0.201 ± 0.006a 0.188 ± 0.009b

0.098 0.254 ± 0.007b 0.216 ± 0.006ab 0.211 ± 0.007bc 0.195 ± 0.005ab 0.192 ± 0.005ab

CC 0.227 ± 0.006c 0.197 ± 0.004b 0.192 ± 0.006c 0.165 ± 0.003c 0.185 ± 0.007b

Column data marked without the same letters (a–d) differ significantly (P < 0.05)
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sEPS2, sEPS4, and sEPS5 at 1.563–0.098 μg mL−1; sEPS3,
sEPS7, and sEPS8 at 0.782–0.098 μg mL−1; sEPS9 at 0.196–
0.098 μg mL−1; and EPS at 0.782–0.391 μg mL−1 groups
were significantly larger than that of the corresponding cell
control group (P < 0.05). The A570 values in these ten poly-
saccharide groups from the rest of the concentration groups
were larger than that of the corresponding cell control group
(P > 0.05).

The A570 values in sIRPS1, sIRPS3, and sIRPS5 at 0.782–
0.098 μg mL−1, sIRPS2 at 0.391 and 0.098 μg mL−1, sIRPS4
at 0.391–0.196 μg mL−1, sIRPS6 at 1.563–0.098 μg mL−1,
sIRPS7 at 0.782 μg mL−1, sIRPS8 at 0.782–0.196 μg mL−1,
sIRPS9 at 0.391–0.098 μg mL−1, and IRPS at 1.563 μg mL−1

groups were significantly larger than that of the corresponding
cell control group, respectively (P < 0.05). The A570 values in
these ten polysaccharide groups at the rest concentration
groups were larger than that of the corresponding cell control
group (P > 0.05).

The lymphocyte proliferation rates of every group are il-
lustrated in Fig. 3. In nine sEPSs, the proliferation rate in
sEPS5 group was the highest (25.50 %), the next were sEPS8
(20.56 %), sEPS4 (20.29 %), and sEPS2 (18.68 %) groups,
these four groups were significantly higher than that of EPS
group (P < 0.05). The proliferation rates of the rest of the
polysaccharide groups were higher than that of EPS group
(P > 0.05). In nine sIRPSs, the proliferation rate in sIRPS5
group was the highest (19.01 %), the next were sIRPS9
(16.41 %) and sIRPS8 (15.68 %), these three groups were

significantly higher than that of IRPS group (P < 0.05). The
proliferation rates of the rest of the polysaccharide groups
were higher than that of IRPS group (P > 0.05). Among 18
selenium polysaccharides, the proliferation rate of sEPS5
group was the highest.

The Changes of Serum Antibody Titer In Vivo

The antibody titers of every group are illustrated in Table 3.
On D7, the antibody titer in sEPS5 group was significantly
higher than those in VC and BC groups (P < 0.05). On D14,
the serum antibody titers in all polysaccharides except IRPS
groups were significantly higher than that in VC group; in
sEPS5 and sIRPS5 groups, the serum antibody titers in all
polysaccharides except IRPS groups were significantly higher
than those in EPS and IRPS groups, respectively. On D21, the
serum antibody titers in all polysaccharide groups were sig-
nificantly higher than those in VC and BC groups; in sEPS5
group, the serum antibody titers in all polysaccharide groups
were significantly higher than that in EPS group. On D28, the
serum antibody titers in all polysaccharide groups were sig-
nificantly higher than those in VC and BC groups. On D7–
D28, sEPS5 group was the highest.

The Changes of Lymphocyte Proliferation In Vivo

The cellular A570 values of every group are illustrated in Ta-
ble 4. OnD7–D28, the A570 values in sEPS5 and sIRPS5 groups
were significantly higher than those in VC and BC groups at
the same time points (P < 0.05). OnD7–D21, the A570 values in
sEPS5 and sIRPS5 groups were significantly higher than those
in EPS and IRPS groups at the same time points, respectively.

The average lymphocyte proliferation rates of every group
are illustrated in Fig. 3. The lymphocyte proliferation rate in
sEPS5 group was the highest on D21 (50.12 %), the following
were sEPS5 group on D28 (48.36 %) and sIRPS5 group on D21

(41.71 %), they were significantly higher than that of the cor-
responding unmodified polysaccharide at the same time points
(P < 0.05) (Fig. 4).

Table 3 The dynamic variation of HI antibody titer (Log2, n = 8)

Group D7 D14 D21 D28

sEPS5 3.63 ± 0.18a 7.00 ± 0.19a 7.50 ± 0.19a 6.88 ± 0.23a

sIRPS5 3.25 ± 0.31ab 6.63 ± 0.18ab 7.25 ± 0.25ab 6.38 ± 0.18ab

EPS 3.29 ± 0.29ab 6.14 ± 0.26bc 6.57 ± 0.30b 6.29 ± 0.18ab

IRPS 3.00 ± 0.31abc 5.86 ± 0.34cd 6.43 ± 0.30b 5.86 ± 0.26b

VC 2.71 ± 0.29bc 5.29 ± 0.29d 5.43 ± 0.30c 4.86 ± 0.26c

BC 2.20 ± 0.20c 2.29 ± 0.18e 2.14 ± 0.34d 2.00 ± 0.22d

Column data marked without the same letters (a–e) differ significantly
(P < 0.05)

Table 4 The dynamic variation of peripheral lymphocyte proliferation (A570 value, n = 4)

Group D7 D14 D21 D28

sEPS5 0.231 ± 0.003b 0.269 ± 0.004a 0.303 ± 0.007a 0.294 ± 0.002a

sIRPS5 0.246 ± 0.005a 0.268 ± 0.008a 0.286 ± 0.004b 0.270 ± 0.002ab

EPS 0.189 ± 0.008d 0.245 ± 0.005b 0.285 ± 0.005b 0.271 ± 0.008ab

IRPS 0.232 ± 0.003b 0.241 ± 0.006bc 0.263 ± 0.007c 0.261 ± 0.007b

VC 0.210 ± 0.004c 0.234 ± 0.002c 0.248 ± 0.002d 0.235 ± 0.004c

BC 0.185 ± 0.004d 0.191 ± 0.003d 0.202 ± 0.006e 0.198 ± 0.005d

Column data marked without the same letters (a–e) differ significantly (P < 0.05)
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Discussion

It has been reported that alpha glycosidic bond may connect
Se to monosaccharide residues in ganoderma lucidum poly-
saccharides. Se element might take the form of C–O–SeO3 or
Se=O in selenium polysaccharide so that tertiary and quater-
nary structures of the polysaccharide chain were changed
[15–17]. The results of our studies showed that the selenium
contents of nine sEPSs were 3.32–21.89 mg g−1, and those of
nine sRIPSs were 2.65–15.21 mg g−1. Infrared spectrum anal-
ysis showed that sEPS and sIRPS respectively presented one
characteristic absorption band at 662.82 and 634.65 cm−1 as
compared with the spectrogram of unmodified polysaccha-
rides, describing an asymmetrical Se–O–C stretching vibra-
tion mode. This confirmed that there were selenite groups in
the structures of sEPS and sIRPS, and EPS and IRPS were
successfully modified in selenylation.

By stimulation of mitogens or antigens in vitro, lympho-
cytes can be converted into lymphoblasts then split and pro-
liferated. Usually lymphocyte proliferation is an effective in-
dex to evaluate cellular immunity [11].The results of experi-
ments in vitro displayed that the A570 values of sEPS2, sEPS4,
and sEPS5 at five; sEPS3, sEPS7, and sEPS8 at four; sEPS1
and sEPS6 at three; and sEPS9 and EPS at two concentration
groups were significantly larger than that of the corresponding
cell control group, respectively; sIRPS6 at five; sIRPS1,
sIRPS3, and sIRPS5 at four; sIRPS2, sIRPS4, sIRPS8, and
sIRPS9 at three; and sIRPS7 and IRPS at one concentration
groups were significantly larger than that of the corresponding
cell control group, respectively. This indicated that these poly-
saccharides at these concentrations could significantly

enhance cellular immunity. Lymphocyte proliferation rate is
an indicator to compare the strength of immune-enhancing
activity of polysaccharide. In nine sEPSs, the lymphocyte pro-
liferation rate of sEPS5 group was the highest, the following
were sEPS8, sEPS4, and sEPS2 groups, these four groups were
significantly larger than that of unmodified EPS group; in nine
sIRPSs, the lymphocyte proliferation rate of sIRPS5 group was
the highest, the following were sIRPS9 and sIRPS2 groups,
these three groups were significantly larger than that of un-
modified IRPS group. This indicated that selenylation modi-
fication of EPS and IRPS could significantly enhance the cel-
lular immune activity. According to the above test results,
sEPS5 and sIRPS5 have been selected out for vivo tests.

It was reported that selenium polysaccharides could signif-
icantly improve the cellular and humoral immune responses in
mice [18]. An antibody is an important molecule to mediate
humoral immunity. The antibody titer reflects humoral immune
status of animals [19]. The experimental results in vivo showed
that the serum antibody titers in all polysaccharide groups ex-
cept EPS group on D7 and IRPS group on D7–D14 were sig-
nificantly higher than that of the corresponding VC group at all
time points. This indicated that these four polysaccharides
could enhance the humoral immune response of ND vaccine.
Furthermore, making a comparison between selenizing and
non-selenizing polysaccharide groups, the serum antibody ti-
ters of sEPS5 group on D14 and D21 were significantly higher
than that of the corresponding EPS group and the serum anti-
body titers of sIRPS5 group on D14 were significantly higher
than that of the corresponding IRPS group. This indicated that
selenylation modification of EPS and IRPS could significantly
enhance a humoral immune response.
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In in vivo test, the results of lymphocyte proliferation
showed that the A570 values in sEPS5 and sIRPS5 groups
at all time points, EPS except on D7 and IRPS except on
D14 at rest three time points were all significantly larger than
those of the corresponding VC and BC groups, this indicat-
ed that four kinds of polysaccharides could all significantly
enhance a cellular immune response. Making a comparison,
the A570 values in sEPS5 group on D7–D21 were significant-
ly higher than that of EPS group, the A570 values in sIRPS5
group at all time points were significantly higher than that of
IRPS group, which indicated that the cellular immune-
enhancing activities of sEPS5 and sIRPS5 were all signifi-
cantly stronger than that of non-selenizing polysaccharides.
The lymphocyte proliferation rates in four polysaccharide
groups almost at all time points were significantly higher
than that in VC group, in selenizing polysaccharide groups
were all significantly higher than that in the corresponding
non-selenizing polysaccharide group, and sEPS5 group on
D14–D28 were the highest and on D21–D28, significantly
higher than those of other polysaccharide groups at the same
time point. This further confirmed that selenylation modifi-
cation could significantly improve cellular immune re-
sponse, and sEPS5 was the strongest.

As organic selenium compounds, selenium polysac-
charides have the activities of both selenium and poly-
saccharides. Studies have shown that biological activi-
ties of selenium polysaccharides were generally higher
than that of selenium and the corresponding polysaccha-
ride. As compared with inorganic selenium, organic
forms of selenium reduces the toxicity of selenium, it
is easily absorbed and utilized by organism [20, 21]. As
for the mechanisms of selenizing polysaccharides to en-
hance immunity, selenium plays an important role [22],
it can promote the proliferation of T lymphocytes, im-
prove the function of B lymphocytes, and increase the
number of neutrophils [23, 24].

Our previous studies have shown that selenylation modifi-
cation could significantly stimulate the immune-enhancing
activity of garlic polysaccharide and angelica polysaccharide
[25, 26]. This study demonstrated that selenylation modifica-
tion could significantly improve the immune-enhancing activ-
ity of EPS and IRPS, sEPS5 presented the best efficacy and
could be expected as a new-type immunologic adjuvant, its
optimal modification conditions were 300 mg of sodium sel-
enite for 500 mg of EPS, the reaction temperature of 70 °C,
and the reaction time of 6 h.
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