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a b s t r a c t

Nine modification conditions were designed to sulfate exopolysaccharides (EPS) produced by Enterobacter
cloacae Z0206 by chlorosulfonic acid–pyridine (CSA–Pyr) method according to the orthogonal test and
focusing on three affecting factors such as the ratio of CSA to Pyr, reaction temperature and reaction time.
And nine sulfated derivatives with various degrees of substitution (DS) were obtained. Their antioxidant
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activities were evaluated in vitro, by scavenging abilities on superoxide radical and hydroxyl radical. The
results indicated that sulfated derivatives of EPS showed noticeable effects on scavenging superoxide
radical and hydroxyl radical compared with native one, and sulfated derivative with moderate DS of 0.60
showed highest antioxidant activities. The optimum sulfated conditions of EPS were the ratio of CSA to
Pyr of 1:2, the reaction time of 2 h and reaction temperature of 70 ◦C.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.
. Introduction

Polysaccharide is a species of macromolecular substance exist-
ng widely in organism [1], and they have been widely studied in
he biochemical and medical areas due to specific biological activ-
ties such as immunostimulating, antioxidant, antiviral, antitumor
2]. The biological activities of polysaccharide mainly depend on
ts molecular structure, such as sugar unit and glycosidic bond of
he backbone, the type and polymerization degree of the branch,
he flexibility and spatial configuration of the chains [3]. Therefore,
tructural improvement and chemical modification of polysaccha-
ides provide opportunities to obtain new pharmacological agents
ith possible therapeutic uses [4,5].

Sulfated polysaccharide, including natural sulfated polysaccha-
ides extracted from plants, heparin or synthesized derivatives
rom neuter polysaccharide, is a kind of ones whose hydrox-
ls are partially replaced by sulfated group [1,6]. Many studies
ave demonstrated that the biological activities of polysaccha-
ides could be obviously improved by the sulfated method

7–10]. The sulfation of many natural polysaccharides could
ot only enhance water solubility but also change the chain
onformation, resulting in alteration of their biological activ-
ties [11,12]. Therefore, sulfated modification may be used

∗ Corresponding author. Tel.: +86 571 86951729; fax: +86 571 86994963.
E-mail addresses: yzwang@zju.edu.cn, yzwang321@zju.edu.cn (Y. Wang).

141-8130/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.ijbiomac.2011.01.023
to improve the biological activities of some polysaccharides
[3].

Enterobacter cloacae Z0206, a bacterial strain, can produce large
amounts of exopolysaccharides. In our previous study [2], we have
extracted and purified the major exopolysaccharide (EPS) produced
by E. cloacae Z0206. The composition of EPS is glucose, mannose
and galactose (molar ratio of 6.860:1.180:0.455) with the average
molecular weight of 2.39 × 104 Da. The administration of EPS at
the dose of 200 mg/kg body weight to cyclophosohamide-exposed
mice resulted in significant increase and recovery of B lymphocyte
proliferation, tumor necrosis factor � production and activities of
antioxidant enzymes (superoxide dismutase and glutathione per-
oxidase). However, to the best of our knowledge, there is limited
literature on the sulfated modification of EPS. Meanwhile, antiox-
idant activities of sulfated derivatives of EPS have never been
studied.

In the present research, nine sulfated derivatives of EPS pro-
duced by E. cloacae Z0206 with different degrees of substitution
(DS) were prepared by chlorosulfonic acid–pyridine (CSA–Pyr)
method using the orthogonal array design. Their antioxidant
activities were also evaluated in vitro, by scavenging abilities
on superoxide radical and hydroxyl radical. The purpose of this

study was to validate the probability of improving the antioxi-
dant activity of EPS through the sulfated modification and screen
out the optimum reaction conditions. In addition, it may provide a
basic understanding of the relationship between DS and bioactivi-
ties.

ghts reserved.

dx.doi.org/10.1016/j.ijbiomac.2011.01.023
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
mailto:yzwang@zju.edu.cn
mailto:yzwang321@zju.edu.cn
dx.doi.org/10.1016/j.ijbiomac.2011.01.023
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. Materials and methods

.1. Materials and chemicals

E. cloacae Z0206, the exopolysaccharide-producing bacterial
train, was identified and kept in our laboratory, and it has been col-
ected by China General Microbiological Culture Collection Center
CGMCC).

Phenazine methosulfate (PMS) was purchased from Sigma
hemical Co. (St. Louis, MO, USA). Nitroblue tetrazolium (NBT)
nd dihydromicotineamidadenine dinucleotide (NADH) were from
hanghai Sangon Biological Engineering Technology & Services Co.,
td. (Shanghai, China). All other reagents used were of analyti-
al grade available. DEAE cellulose dialysis bags were produced by
pectrum Co. (USA), and molecular weight was cut off at 8000 Da.

.2. Preparation of EPS

Preparation and purification of EPS were carried out according
o the previous report [2]. Briefly, the exopolysaccharides pro-
uction was performed in a 10 dm3 bioreactor (Shanghai Biotech
td., China). After cultivation, the broth was centrifuged to remove
he mycelia. The supernatant was collected and evaporated under
educed pressure, then precipitated upon addition of 3 vol. of cold
5% EtOH. The resulting precipitates were collected, dissolved in
istilled water, and deproteinized by a combination of papain and
rypsin enzymolysis and the Sevag method [13]. The solution was
ialysed in a DEAE cellulose bag against distilled water for 3 days
o remove the low-molecular-weight materials. Then the solution
as evaporated and precipitated with 3 vol. of cold 95% EtOH at
◦C overnight. The precipitates were collected by centrifugation,
nd then lyophilized to get a white powder.

.3. Sulfated modification of EPS

Nine reacting conditions were designed according to orthogonal
est as L9(33) to investigate the effect of three factors, such as the
atio of CSA to Pyr, the reaction temperature and reaction time, on
ulfation of EPS [14]. Three levels per factor were used with the ratio
f CSA to Pyr of 1:2, 1:4 and 1:6, the reaction temperature of 50 ◦C,
0 ◦C and 90 ◦C, and the reaction time of 1, 2 and 3 h, respectively
Table 1).

.3.1. Preparation of sulfating reagent
CSA was dropped one by one in anhydrous Pyr (12 ml) filled

n three-necked flask, under continuous stirring and cooling in ice
ater bath [14]. The ratio of CSA to Pyr referred to Table 1. All deter-
inations were completed in 40 min and nine kinds of sulfating

eagents were obtained.

.3.2. Sulfation reaction
EPS powder (500 mg) was suspended in anhydrous formamide

20 mL) and the mixture was stirred for 30 min at room temper-
ture. Then the sulfating reagents were added, the mixture was
tirred for various durations and/or temperatures (Table 1). After
he reaction, the mixture was cooled to room temperature and neu-
ralized with 2.0 M NaOH solution. The nine obtained polymers
ere precipitated with 3 vol. of 95% EtOH, washed, redissolved in
ater, and then dialyzed (molecular weight cut off 8000 Da) against
ap water for 24 h and distilled water for 48 h to remove pyridine,
alt and potential degradation products. Nine sulfated polysac-
harides named SEPS-1, SEPS-2, SEPS-3, SEPS-4, SEPS-5, SEPS-6,
EPS-7, SEPS-8, and SEPS-9 with different DS were collected after
yophilizing and kept in dryness box.
al Macromolecules 48 (2011) 607–612

2.4. Analysis of SEPS

The content of polysaccharide was determined by the
phenol–sulphuric acid method [15], and protein in the polysac-
charide was quantified according to Bradford’ method [16] using
bovine serum albumin as the standard. The sulfur contents of SESP
were determined by Wang’s method [14]. A calibration curve was
constructed with sodium sulfate as standard. The DS was calculated
according to the equation:

DS = 1.62 × S%
32 − 1.02 × S%

The chemical structure of EPS and its sulfated derivatives SEPS were
determined by a BECKMAN DU640 Ultraviolet (UV) spectropho-
tometer and a Fourier transform infrared spectra (FT-IR, AVATAR
370, Thermo Nicolet, USA) using KBr-disk method.

2.5. Determination of antioxidant activities

2.5.1. Scavenging ability on superoxide radical
The superoxide radical scavenging activity was determined

according to the methods of Chang [17] with a minor mod-
ification. 50 �l of sample solution at gradient concentrations
(0.125–8 mg/ml) was mixed with 100 �l of 150 �M NBT solution
and 100 �l of 470 �M �-NADH solution. After mixing thoroughly,
20 �l of 60 �M PMS solution was added and shaken for a few sec-
onds, followed by standing at room temperature for 5 min and
measuring the absorbance at 560 nm. Vitamin C (VC) was used as
a positive control. The superoxide radical scavenging effect was
determined as follows:

Scavenging ability (%) = A0 − A1

A0
× 100%

where A0 was the absorbance of mixture solution without sample
and A1 was the absorbance of the text sample mixed with reaction
solution.

2.5.2. Scavenging ability on hydroxyl radical
Hydroxyl radical scavenging activity was measured according

to Fenton method [18] with a minor modification. The hydroxyl
radicals were generated in an H2O2–FeSO4 system by oxida-
tion of FeSO4 and were assayed by the color change of salicylic
acid [19]. 160 �l of sample solution at gradient concentrations
(0.125–8 mg/ml) was incubated with 9.0 mM FeSO4 (40 �l), 0.03%
H2O2 (40 �l) in 20 �l salicylic acid–ethanol solution (9.0 mM) for
30 min at 37 ◦C. The change in absorbance caused by salicylic acid
was measured at 510 nm. VC was used as a positive control. The
hydroxyl radical scavenging effect was calculated as follows:

Scavenging ability (%) = A0 − A1

A0
× 100%

where A0 was the absorbance of mixture solution without sample
and A1 was the absorbance of the text sample mixed with reaction
solution.

2.6. Statistical analysis
Data were analyzed by one-way analysis of variance
(ANOVA), followed by Dunnett’s t-test. Results were presented
as mean ± SEM. Differences between groups were considered
statistically significant at the 5% (p < 0.05) level.
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Table 1
Sulfation of EPS with CSA–Pyr method.

Samples CSA:Pyr Temperature (◦C) Time (h) Yield (mg) Carbohydrate (%) S (%) DS

EPS – – – – 97.24 nd nd
SEPS-1 1:2 50 1 962.0 32.70 9.40 0.68
SEPS-2 1:2 70 2 916.1 27.67 8.63 0.60
SEPS-3 1:2 90 3 881.1 31.62 8.31 0.57
SEPS-4 1:4 50 2 644.8 55.89 3.09 0.17
SEPS-5 1:4 70 3 574.2 55.66 2.08 0.11
SEPS-6 1:4 90 1 751.6 51.26 8.13 0.56
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SEPS-7 1:6 50 3
SEPS-8 1:6 70 1
SEPS-9 1:6 90 2

d: not detected.

. Results and discussion

.1. Effects of various reaction conditions on DS

There are many methods to sulfate polysaccharides, such
s sulfuric acid, sulfur trioxide (SO3)–Pyr, CSA–Pyr, and
O3–dimethylacetamide [9]. CSA–Pyr method is the most popular
ne due to advantages such as high DS, high yield and conve-
ient production reclamation [3,20]. In this study, nine sulfated
erivatives of EPS were prepared with CSA–Pyr method by varying
ulfation conditions, which are the important effective factors such
s the ratio of CSA–Pyr, reaction temperature and reaction time.
olysaccharides performed at different conditions result in sulfated
olysaccharides with various DS and bioactivities [9]. The yield, DS
nd carbohydrate content of nine polymers are listed in Table 1.
he results indicated that SEPS-1 had the highest yield of 962.0 mg,
hile SEPS-9 had the lowest yield of 542.9 mg. The DS of nine sul-

ated derivatives of EPS were listed in a decreasing order as follows:
EPS1 > SEPS2 > SEPS3 > SEPS8 > SEPS6 > SEPS4 > SEPS7 > SEPS5 > SEPS
nd were 0.68, 0.60, 0.57, 0.56, 0.56, 0.17, 0.13, 0.11 and 0.10,
espectively. The carbohydrate content in sulfated derivatives
f EPS varied from 27.67% to 57.93%, and it was in accordance
ith the previous studies that the carbohydrate content of some
olysaccharides decreased after sulfated modification [21].

Analyses on the orthogonal array design indicated that the
xtent of the impact of variables on DS followed the order: variable
(molar ratio of CSA to Pyr) > C (reaction time) > B (reaction tem-

erature). The molar ratio of CSA to Pyr of reaction was the major
actor affecting DS. And it suggested that controlling the reagent
mount was better than controlling the reaction temperature to
et sulfated polysaccharide derivatives with high DS [22]. Many
tudies indicated that the enhancement of the molar ratio of CSA to
yr, the increase of reaction temperature, and the prolongation of
eaction time may contribute to high DS [14]. In the present study,
ith the increase of the molar ratio of CSA to Pyr and reaction tem-
erature from 50 ◦C to 70 ◦C, DS of product increased very rapidly.
owever, the DS decreased when the temperature up to 90 ◦C. This
as in accordance with the previous studies that reaction should

e in the relatively mild condition [14]. It was also found that the
ncreased reaction time from 1 h to 3 h caused the decrease of DS.
his was in accordance with the previous study [23], which indi-
ated that about 85% of the possible substitution occurs within the
rst hour, and the rate of reaction was higher in the primary stage.

Sulfated derivatives of EPS had a negative response to the
radford’ test and no absorption at 280 nm or 260 nm in the
V spectrum, indicating the absence of protein and nucleic acid.

n comparison with EPS, two characteristic absorption bands

ppeared in the FT-IR spectra of SEPS. Fig. 1 shows the FT-IR
pectra of EPS, SEPS-2 (DS = 0.60) and SEPS-4 (DS = 0.17). Two char-
cteristic absorption bands appeared in the spectrum of sulfated
erivatives compared with EPS. New band around 1256 cm−1 was
ttributed to an asymmetrical S O stretching vibration and the
591.8 57.93 2.38 0.13
861.7 35.46 8.22 0.56
542.9 45.50 1.88 0.10

other around 830 cm−1 represented a symmetrical C–O–S vibra-
tion associated with a C–O–SO3 group, indicating incorporation
of the sulfating group [12]. These results indicated that sulfation
of EPS were successfully obtained. Meanwhile, with the increase
of DS, the absorbance of these bands increased. And intensities
of these absorptions were in coincidence with the degrees of
substitution.

3.2. Scavenging activity of superoxide radical

Superoxide anion is considered as an initial free radical, formed
from mitochondrial electron transport systems, to create other
cell-damaging free radicals, such as hydrogen peroxide, hydroxyl
radical, or singlet oxygen in living systems [24], and increase local
oxidative stress and initiate cellular damage or lipid peroxidation
and pathological incidents [25]. Therefore, the scavenging ability of
superoxide anion radicals is extremely important to anti-oxidation
work [5]. In the present study, the superoxide radical scaveng-
ing effects of EPS and its sulfated derivatives were tested in a
PMS/NADH system for being assayed in the reduction of NBT [26].

As shown in Fig. 2, all the tested samples were found to have the
ability to scavenge superoxide radicals in a dose dependent man-
ner. A significant increase of the scavenging activity was observed
at the concentration range from 0.125 to 1.0 mg/ml of SEPS-1,
SEPS-2, SEPS-3, SEPS-8, SEPS-6, and SEPS-4, and from 0.25 to
4.0 mg/ml of SEPS-5, SEPS-7, SEPS-9 and EPS. The EC50 values of
EPS, SEPS-1, SEPS-2, SEPS-3, SEPS-4, SEPS-5, SEPS-6, SEPS-7, SEPS-
8 and SEPS-9 were 4.02, 0.08, 0.05, 0.20, 1.13, 2.68, 0.38, 2.30, 0.35
and 3.27 mg/ml, respectively. All sulfated samples showed stronger
scavenging effect than EPS. At the concentration of 0–0.25 mg/ml,
the scavenging activity for superoxide radical of SEPS-1 and SEPS-
2 was a little weaker than that of VC. However, with continually
increasing concentration from 0.25 to 8.0 mg/ml, the scavenging
effects of above two polymers were close to or even stronger than
that of VC. At the concentration of 2.0 mg/ml, the scavenging effect
of SEPS-1 and SEPS-2 was 85.80% and 89.06%, while at the same
concentration, the scavenging effect of VC was only 80.66%.

Apparently the sulfated derivatives with high DS such as SEPS-
1, SEPS-2, SEPS-3, SEPS-8 and SEPS-6 were more efficient in
scavenging superoxide anion radicals than the other ones. This
demonstrated that DS affected the antioxidant activity, which was
in accordance with the previous reports that the presence of the sul-
fated group could increase the scavenging activity of radicals due
to the addition of electron-withdrawing groups [27], and higher
sulfate contents showed greater scavenging effect of superoxide
radical [28,29]. It has been reported that polysaccharide may pos-

sess the capacity to donate hydrogen to superoxide anion because
of weak dissociation energy of O–H bond [30]. Theoretically, the
more the electron-withdrawing groups such as sulfate group and
carboxyl group in polysaccharide, the weaker the dissociation
energy of O–H bond [17].
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sulfat

3

o

Fig. 1. FT-IR spectra of EPS and its
.3. Scavenging activity of hydroxyl radical

Hydroxyl radicals, which are well known to be the most reactive
f all the reduced forms of dioxygen, can react with most biomacro-
ed derivatives SEPS-2 and SEPS-4.
molecules functioning in living cells and induce severe damage
to the adjacent biomolecules in the form of abstracting hydrogen
atoms, addition reaction and electron transportation [31]. Thus,
removing hydroxyl radicals is important for antioxidant defense
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Fig. 2. Scavenging activity of EPS and its sulfated derivatives

n cell or food systems [29]. In this study, the hydroxyl radical was
enerated through the Fenton reaction, which is the most impor-
ant mechanism in vivo [31], and a transition metal is involved
s pro-oxidant in the catalysed decomposition of superoxide and
ydrogen peroxide [32].

The hydroxyl radical scavenging activity of EPS and its sulfated
erivatives is shown in Fig. 3. The original EPS showed a very low
cavenging ability on hydroxyl radical, while the sulfated derivates
ere found to have higher scavenging ability than EPS. The EC50

alues of SEPS-2 and SEPS-3 were 4.45 and 7.13 mg/ml, respec-
ively; however, the EC50 values of other samples could not read
n Fig. 3. Moreover, sulfated derivatives with high DS, such as SEPS-
, SEPS-3, SEPS-1, SEPS-8 and SEPS-6, possessed higher hydroxyl

adical scavenging activity than other derivatives with low DS. The
esults indicated that sulfate group played an important role in the
cavenging of hydroxyl radical. This was in accordance with the pre-
ious results that substitution of –OH with –OSO3H group would
nhance the scavenging activity of hydroxyl radical [5,33].

Fig. 3. Scavenging activity of EPS and its sulfated derivatives on h
peroxide radical. Data are presented as mean values (n = 3).

In addition, the relationship between antioxidant activities and
DS of sulfated derivatives of EPS was not exact direct correlation.
As the superoxide radical and hydroxyl radical scavenging activ-
ities of SEPS-1 with highest DS of 0.68 was not the best, while
SEPS-2 with DS of 0.60 showed the best activities. This suggested
that DS of sulfated polysaccharides must be within optimum scope,
and a moderate DS of the sulfated derivatives was necessary for
high biological activities. This was in accordance with the previ-
ous results that the highest DS had not direct inevitable relation
with highest biological activities, and the higher DS was likely to be
concerned with the cytotoxicity [3,5]. Besides DS, some other struc-
tural characteristics, such as molecular weight and monosaccharide
composition, are also considered as main factors influencing radical

scavenging capacity of polysaccharide [34]. The antioxidant activity
of polysaccharides was not a function of single factors but a combi-
nation of several factors [28,35]. The detailed relationship between
antioxidant activity and structure characteristics of sulfated deriva-
tives of EPS still requires further investigation.

ydroxyl radical. Data are presented as mean values (n = 3).
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. Conclusion

In the present study, nine sulfated derivatives of EPS produced
y E. cloacae Z0206 with different DS were synthesized by CSA–Pyr
ethod. The primary structure and corresponding antioxidant

ctivities, such as scavenging abilities on superoxide radical and
ydroxyl radical, were evaluated in vitro. Sulfated derivatives of
PS showed noticeable effects on scavenging superoxide radical
nd hydroxyl radical compared with native one. It suggested that
ulfate modification could be considered as the effective approach
o enhance the antioxidant activities of EPS. Moreover, SEPS-2 with

oderate DS of 0.60 showed highest antioxidant activities. It indi-
ated that a moderate DS of the sulfated derivatives was necessary
or high biological activities, and the optimum sulfated conditions
f EPS should be 1:2 of CSA–Pyr ratio, 2 h of reaction time and 70 ◦C
f reaction temperature according to antioxidant activities and DS.
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