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In this  study,  a novel  sulfated  derivative  of chitosan,  which  could  be  dissolved  in  many  common  organic
solvents,  is  conveniently  synthesized  for the  modification  of polyethersulfone  (PES)  membrane.  Elemen-
tal analysis,  FTIR, 1H  NMR  and  X-ray  diffraction  diagrams  (XRD)  are  used  to  demonstrate  the  introduction
of functional  groups.  Owing  to the  solubility  in organic  solvents,  the sulfated  derivative  of  chitosan  could
be directly  blended  with  PES  in  organic  solvent  to  prepare  membrane  by  means  of  a  liquid–liquid  phase
eywords:
hitosan
olyethersulfone
lood compatibility

separation  technique.  The  modified  membrane  showed  lower  protein  (bovine  serum  albumin  (BSA)  and
bovine serum  fibrinogen  (BFG))  adsorption  and  suppressed  platelet  adhesion.  Moreover,  the  activated
partial  thromboplastin  time  (APTT)  for the modified  membrane  was  enhanced  as  high  as  60%  compared
to pure  PES  membrane.  The  lower  protein  adsorption,  suppressed  platelet  adhesion  and  increased  APTT
confirmed  that  the  blood  compatibility  of the  modified  PES  membrane  by  the  sulfated  derivative  of
chitosan  was  significantly  improved.
. Introduction

In order to achieve a further controlled modification reac-
ion of chitosan or to obtain some modification reactions in
omogeneous conditions smoothly, phthaloylation reaction was
arried out (Kurita, Ikeda, Yoshida, Shimojoh, & Harata, 2002;
ishimura, Kohgo, Kurita, & Kuzuhara, 1991), since the product of
hthaloylated chitosan was  a particularly convenient organosolu-
le precursor for efficient modifications.

The sulfated chitosan is one kind of the most important prod-
cts of different modifications of chitosan due to the numerous
pplications, such as post-treatment of wastewater, anticoagulant,
dipogenesis inhibition and antibacterial (Chaudhari & Murthy,
011; Huang, Du, Zheng, Liu, & Fan, 2004; Karadeniz, Karagozlu,
yun, & Kim, 2011; Muzzarelli et al., 1984). It is noteworthy
hat the structure of sulfated derivatives of chitosan is similar
o that of heparin, a natural blood anticoagulant. Several stud-
es about the anticoagulant activity of sulfated chitosan had been
eported (Muzzarelli & Giacomelli, 1987; Vikhoreva et al., 2005;

ongchan, Sajomsang, Subyen, & Kongtawelert, 2002; Yang et al.,
012), however, few of these sulfated derivatives of chitosan were
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organosoluble, which are likely to restrict the applications in some
specific areas.

In order to expand the applications of the sulfated derivatives
of chitosan and obtain an improved blood compatible material,
a novel organosoluble sulfated derivative of chitosan was  syn-
thesized for the modification of PES membrane in this study. As
one of the most important polymeric materials, PES is widely
used in separation fields and biomedical fields such as artificial
organs and medical devices used for blood purification (Samtleben,
Dengler, Reinhardt, Nothdurft, & Lemke, 2003; Zhao & Li, 2001);
however, the blood compatibility of PES membrane was  not ade-
quate. Ran et al. (2011) modified PES membrane by blending
an amphiphilic triblock co-polymer, Sperling, Houska, Brynda,
Streller, and Werner (2006)  coated albumin–heparin multilayer
coatings on PES membrane by layer-by-layer technique, and Fang
et al. (2009) grafted bovine serum albumin onto the surface
of PES/poly (acrylonitrile-co-acrylic acid) blended membrane to
improve the blood compatibility. It is well accepted that blending is
the simplest way  to modify PES membranes compared with other
methods, and thus widely used in industrial fields.

In the present study, a novel sulfated derivative of chitosan
was synthesized through a simple method. Then, the sulfated
derivative of chitosan was used as a macromolecular additive

for direct blending with PES to prepare modified PES mem-
branes by a phase inversion technique, and the surface properties
(surface compositions and water contact angles), blood compat-
ibility (protein adsorption, platelet adhesion and clotting time)

dx.doi.org/10.1016/j.carbpol.2013.02.033
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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nd the ultrafiltration property of the modified membranes were
nvestigated.

. Experimental

.1. Materials

PES (Ultrason E6020P) was obtained from BASF, Germany.
,N-Dimethylacetamide (DMAc) (AR, 99.0 wt.%) and N,N-
imethylformamide (DMF) (99.0 wt.%) were purchased from
hengdu Kelong Inc. (China), which were purified with vacuum
istillation over CaH2, and used as the solvents. Bovine serum
lbumin (BSA) and bovine fibrinogen (BFG) were obtained from
igma Chemical Company. Chitosan (C) (Mw: 60 kDa; DD: 90%;
he deacetylation degree (DD) of chitosan samples was  deter-

ined by alkalimetry) was obtained from Shanghai Bio Science
 Technology Corp. (China). O-Phthalic anhydride was  purchased

rom Chengdu Kelong Inc. (China). Spectra/Por Dialysis membrane
MWCO  8000–14,000) was purchased from Chengdu Kebite
iotechnologies Co. Ltd. (China). All the other chemicals (analytical
rade) were obtained from Chengdu Kelong Inc. (China), and were
sed without further purification.

.2. Synthesis and characterization of the derivative of chitosan

.2.1. Synthesis of phthaloylated chitosan and sulfonated
hthaloylated chitosan derivatives

O-Phthalic anhydride (3.6 g) and chitosan (2 g) were dissolved in
0 mL  of mixed solvent (DMF/water, 97/3, v/v), and the reaction was
erformed at 120 ◦C under nitrogen atmosphere with stirring for

 h. Then, the resulting mixture was cooled to room-temperature
nd diluted with DMF  (20 ◦C); After that, the solution was cen-
rifugated at 8000 rpm for 10 min  to remove the insolubles, the
upernatant solution was  collected and dialyzed against ethanol for
2 h, and then against double distilled water for 72 h; the resulting
uspension was freeze-dried. Then organic soluble chitosan (OC)
as obtained. In order to investigate the effect of the phthaloyla-

ion on the degree of sulfation, the reaction was  also conducted in
MF  without water, and the product was marked as OC1.

Chlorosulfonic acid, the most commonly used sulfating reagent,
as adopted to synthesize the sulfated derivative of chitosan.
hlorosulfonic acid (20 mL)  was added dropwise into DMF  (20 mL)
ith stirring at 0 ◦C under N2 atmosphere and kept agitating for 1 h;

hen a solution of OC (0.5 g) and DMF  (20 mL)  was  added. The mix-
ure was reacted under N2 atmosphere for 24 h at 20 ◦C. The crude
olution was neutralized with 20 wt.% NaOH solution to pH = 7, and
ialyzed against double distilled water; then the resulting suspen-
ion was freeze-dried, and the final powder was  named as SOC.
oreover, SOC1 was synthesized from the OC1 in the same way.
The reaction pathway is shown in Fig. 1.

.2.2. Characterization
The FTIR spectra were recorded with KBr pellets on a Nicolet-

60 spectrophotometer (USA). 32 scans at a resolution of 4 cm−1

ere averaged and referenced against air.
1H NMR  (400 MHz) spectra were recorded on a Bruker

VII-400MHz spectrometer (Bruker Co., Germany), using tetram-
thylsilane (TMS) as the internal standard in DMSO-d6 at room
emperature.

Elemental analysis, which is based on the determination of car-

on (C), hydrogen (H), nitrogen (N) and sulfur (S), was  performed
sing a CARLO ERBA 1106 elemental analyzer (Italy), with a carrier
as (He, at a flow rate of 100 mL  min−1) at a combustion tempera-
ure of 1000 ◦C using the solid samples.
Fig. 1. Mechanism of the synthesis of the sulfated derivative of chitosan (SOC).

X-ray diffraction diagrams were obtained by the powder
method with the use of Ni-filered Cu K� radiation with an X’Pert
Pro MPD  instrument (Philips, Holland).

2.3. Preparation and characterization of modified membranes

The modified membranes were prepared by a phase inversion
technique. PES and the synthesized derivatives of chitosan were
dissolved in DMAc by vigorous stirring. In the study, the concen-
tration of PES was kept at 16 wt.%, and the weight percentage
of SOC or OC in the casting solutions was varied. The content of
SOC/OC in the casting solutions was  0, 1, 2, and 4 wt.% respectively.
After vacuum degassing, the casting solutions were prepared into
membranes by spin coating coupled with a liquid–liquid phase sep-
aration technique at room temperature as the method mentioned
in the literature (Matsuyama, Nishiguchi, & Kitamura, 2000). The
membranes were thoroughly rinsed with distilled water to remove
the residual solvent. The prepared membranes with PES/SOC ratios
of 16/0, 16/1, 16/2, and 16/4 (wt.%) were termed M0, M1, M2,  and
M4; the membranes with PES/OC (as control samples) ratios of

16/1, 16/2, and 16/4 (wt.%) were termed P1, P2, and P4, respectively
(compositions are shown in supplementary Table S1).

Attenuated total reflection-Fourier transform infrared spectra
(ATR-FTIR) for the surfaces of membranes were obtained by a
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(97:3 in v/v), while OC1 was synthesized in DMF. As shown in
Table 1, the degree of substitution (DS) for the OC dramatically
reduced compared with the OC1, which was  caused by the water
in the mixed solvent. It was well known that the phthaloylation

Table 1
Element analysis results and the degree of substitution.

Sample Elemental analysis (wt.%) Degree of
substitution

C% H% N% S%

OC1 56.2 5.71 3.15 0 1.46a

OC 52.32 4.49 3.41 0 1.12a

SOC1 58.7 4.28 3.28 2.21 0.66b

SOC 53.8 3.42 3.54 3.44 0.96b
6 J. Xue et al. / Carbohydr

ourier-transform infrared spectrometer (Nicolet 560, America)
ith an incidence angle of 90◦.

X-ray photoelectron spectroscopy (XPS) surface element analy-
is of the membranes was performed using a KRATOS XSAM800
ritain XPS Instrument, employing Al K� excitation radiation
1486.6 eV). The measurements were conducted at the take-off
ngle of 20◦.

Contact angles were measured with a contact angle goniome-
er (OCA20, Dataphysics, Germany). The stationary, advancing and
eceding contact angles of membranes were measured on 3 �L of
ouble distilled water at 20 ◦C, and the results reported are the
ean values of five replicates.
The morphology of the membranes was observed by scanning

lectron using a JSM-7500F scanning microscope (JEOL, Japan).

.4. Blood compatibility

.4.1. Protein adsorption
Protein adsorption experiments were carried out with BSA and

FG solutions under the static condition. Firstly, the membrane
ith an area of 1 cm × 1 cm was immersed in a phosphate buffer

olution (PBS), containing BSA or BFG with the concentration of
 mg/mL, and incubated at 37 ◦C for 1 h; then the membrane was
insed slightly with PBS solution and double distilled water. Then
he membrane was placed in a washing solution (2% sodium dode-
yl sulfate (SDS) and 0.05 M NaOH) at 37 ◦C, and shaken for 2 h to
emove the adsorbed protein. The adsorption and desorption times
ere carefully determined in preliminary experiments. The protein

oncentration in the washing solution was determined by using
he Micro BCATM Protein Assay Reagent Kit (PIERCE), and then the
dsorbed protein amount was calculated.

.4.2. Platelet adhesion
In order to eliminate the interference of other components

n blood, such as erythrocyte and leucocyte, platelet-rich-plasma
PRP) was used for studying platelet adhesion on the PES mem-
ranes. Healthy human fresh blood (man, 30 years old) was
ollected using vacuum tubes, containing sodium citrate as an anti-
oagulant (anticoagulant to blood ratio, 1:9, v/v), and PRP was
btained after centrifuging at 1000 rpm for 15 min. The membranes
ere immersed in PBS (pH = 7.2–7.4) and equilibrated at 37 ◦C for

 h. The PBS was removed, and then 1 mL  of fresh PRP was intro-
uced. The membranes were incubated with PRP at 37 ◦C for 30 min.
hen the PRP was decanted off and the membranes were rinsed 3
imes with PBS. Finally, the membranes were treated with 2.5 wt.%
lutaraldehyde in PBS at 4 ◦C for 24 h. The samples were washed
ith PBS, subjected to a drying process by passing them through

 series of graded alcohol–PBS solutions (30, 50, 70, 80, 90, 95 and
00%, v/v). The critical point drying of the specimens was done with

iquid CO2. The platelet adhesion was observed using a JSM-7500F
icroscope (JEOL).

.4.3. Clotting time
To evaluate the antithrombogenicity of the derivatives of

hitosan and the blended membranes, activated partial thrombo-
lastin time (APTT) and thrombin time (TT) were measured by an
utomated blood coagulation analyzer CA-50 (Sysmex Corporation,
obe, Japan), and the test method was described as follows: healthy
uman fresh blood (man, 30 years old) was collected using vacuum
ubes, containing sodium citrate as an anticoagulant (anticoagu-
ant to blood ratio, 1:9, v/v). The platelet-poor plasma (PPP) was
btained after centrifuging at 4000 rpm for 15 min. Synchronously,

he derivatives of chitosan and the membranes (0.5 cm × 0.5 cm,
hree pieces) were immersed in PBS (0.2 mL,  pH = 7.4) for 1 h. Then
he PBS was removed and 0.1 mL  of fresh PPP was introduced. After
ncubating at 37 ◦C for 30 min, 50 �L of the incubated PPP was  added
lymers 95 (2013) 64– 71

into the test cup, followed by the addition of 50 �L of APTT agent
(incubated 10 min  before use) and incubation at 37 ◦C for 3 min.
Thereafter, 50 �L of 0.025 M CaCl2 solution was added, and then
the APTT was measured. For the TT test, 50 �L of TT agent was
added into the test cup (containing 50 �L of the incubated PPP)
after 10 min  incubating, and then the TT was measured. At least
three measurements were averaged to get a reliable value, and the
results were analyzed by statistical method.

2.5. Permeation and antifouling property

The water flux, protein antifouling property, and water flux
recovery ratio of the membranes were assessed by ultrafiltration
experiments. A dead-end ultrafiltration cell was used, in which the
effective membrane area was 13.8 cm2.

Firstly, the membranes were pre-compacted by double distilled
water for 30 min  to get steady filtration. Then, the water flux (F)
was determined at room temperature and calculated using the
equation: F = V/SPT, where V is the volume of the permeated solu-
tion (mL); S is the effective membrane area (m2); P is the pressure
applied to the membrane (mmHg) and T is the time (h).

After the filtration of water, the feed was switched to 1 mg/mL
BSA/water solution to determine protein rejection ratio (R), which
was defined as follows: R (%) = (1 − Cp/Cb) × 100, where Cp and Cb
(mg/mL) are the BSA concentrations in the permeated and bulk
solutions, respectively. The BSA concentrations were measured by
a UV–vis spectrophotometer at the wavelength of 278 nm. The flux
of BSA solution was also measured.

After BSA filtration, the membranes were rinsed with flowing
double distilled water for 30 min. Then, the water flux was mea-
sured again and the recovery ratio (FRR) of the membrane was
calculated using the following expression: FRR (%) = (F2/F1) × 100,
where F1 and F2 (mL/(mmHg h m2)) are the water flux before and
after BSA filtration, respectively.

The tests were repeated three times for each sample to get a
reliable value, and the results were expressed as means ± SD.

3. Results and discussion

3.1. Synthesis and characterization of the derivatives of chitosan
(OC and SOC)

The mechanism for the synthesis of the derivatives of chitosan
(OC and SOC) is shown in Fig. 1. The synthesizing process included
two steps: the synthesis of the key intermediate (OC) and the syn-
thesis of the sulfated derivative chitosan (SOC).

In this study, two kinds of phthaloylated chitosan were synthe-
sized. OC was  synthesized in a mixed solvent of DMF  and water
a Substitution degree of phthaloylation of chitosan was  calculated according to
the C/N (wt.%) from the element analysis.

b Substitution degree of the sulfation of chitosan was calculated according to the
S/N (wt.%) from the element analysis.
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f chitosan in DMF  always accompanied by O-phthaloylation, and
he solubility of the phthaloylated chitosan in organic solvents was
wing to the coexistence of N-phthaloyl and O-phthaloyl groups
Kurita et al., 2002). However, on the other hand, the O-phthaloyl
roup is an obstacle to quantitative and regioselective substitution
or further modification. Kurita et al. found that the DS of phthaloy-
ation of chitosan decreased with the increase of reaction time, and
he addition of cosolvent (water) could reduce the DS. The results
ndicated that the addition of water to the solvent could reduce
he amount of O-phthaloyl groups of the product. Thus, in order
o obtain a phthaloylated chitosan with low O-phthaloyl group
ontent for further modification (sulfation) and high solubility in
rganic solvents, water was added to the solution.

For the sulfation step, both OC and OC1 were sulfated by chloro-
ulfonic acid in a homogeneous solution. It could be observed from
able 1 that the degree of sulfation of SOC was higher than that
f SOC1, revealing an opposite trend to the DS of phthaloylation of
hitosan, mostly due to the reduced amount of O-phthaloyl groups.

The structure changes of chitosan and the derivatives of chi-
osan were confirmed by FTIR. As shown in Fig. 2A, compared to
he IR spectrum of chitosan, the spectra of OC and OC1 showed
ew peaks at 1778 and 1710 cm−1, which were attributed to C O
onds from the imide groups; and the new peak at 720 cm−1 was
ssigned to the out-of-plane deformation of the C H bonds in the

,2-disubstituted benzene rings. It indicated that the phthaloylated
hitosan was synthesized. Moreover, some differences between OC
nd OC1 were found, for the OC1 obtained in DMF, the weak band

ig. 2. (A) FTIR spectra of C, OC and OC1; (B) FTIR spectra of C, OC and SOC; (C) 1H NMR  s
iagrams of chitosan and its derivatives.
lymers 95 (2013) 64– 71 67

at 2600–2700 cm−1 could attribute to the free carboxyl, and the
medium peak at 1290 was assigned to ester bonds; while for the
OC prepared in DMF/water, the peak at 1290 cm−1 was very weak
due to the low amount of the O-phthaloyl groups, which was in
agreement with the results of the element analysis.

Fig. 2B shows the FTIR spectra of chitosan and the derivatives of
chitosan. Compared to OC, the spectrum of SOC showed a new peak
at 1227 cm−1 which was assigned to the O S O groups. Therefore,
it could be concluded that the sulfate groups were grafted onto OC.

The 1H NMR  (DMSO-d6) spectra of OC and OC1 are shown in
Fig. 2C. The peak near 2 ppm was  assigned to methyl hydrogen (s,
HNCOCH3), and the peaks at 3.0–5.0 ppm were attributed to the
hydrogen of pyranose ring (m,  C1–C6). The obvious changes were
observed in the proton peaks at 7–8 ppm and 13 ppm. Compared
to the OC1, the areas of O-Phth and carboxy hydrogen (s, COOH) of
OC decreased in the spectrum, which confirmed that the amount
of O-phthaloyl groups of OC was  smaller than that of OC1.

Fig. 2D shows the X-ray diffraction diagrams of chitosan and its
derivatives. Chitosan has two reflections at 2� = 10.4◦ and 2� = 20◦,
corresponding to the L-2 polymorph of chitosan. (Saito, Tabeta, &
Ogawa, 1987). However, for OC and SOC, the reflections at 2� = 10.4◦

and 2� = 20◦ disappeared, which meant that the OC and SOC were
amorphous structures. The heterogeneous structure was  owing
to the coexistence of un-deacetylated units, partial O-phthaloyl

groups and the bulkiness of the N-phthaloyl groups. Furthermore,
significant amorphous structure for the sulfated derivative of chi-
tosan (SOC) was observed compared with that for the OC.

pectra of the derivatives of chitosan: (a) OC1 and (b) OC; and (D) X-ray diffraction
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ig. 3. (A) ATR-FTIR spectra of the membrane surfaces (M0, M2  and M4)  and (B) XPS
pectra of the membrane surfaces (M2  and M4).

Moreover, the solubility test showed that the derivatives of chi-
osan (OC and SOC) were soluble in common solvents such as DMF,
MAc and DMSO, which were also confirmed by the results of X-ray
iffraction.

.2. Characterization of the membranes

.2.1. ATR-FTIR and XPS analysis
ATR-FTIR spectra for the surfaces of PES and PES/SOC mem-

ranes are shown in Fig. 3A. The most significant changes for the
odified membranes were the appearance of the characteristic

eaks at about 1710 and 1770 cm−1, which were the character-
stic peaks of the derivative of chitosan (SOC). Fig. 3B presents the
PS spectrum of the PES/SOC membranes surface at an X-ray take-
ff angle of 20◦. As shown in Fig. 3B and supplementary Table S2,
he element contents of N and S for the modified membrane sur-
aces were increased significantly compared to pure PES membrane
Zhao et al., 2012). Furthermore, the element contents of N and S
or the membrane were increased with the increase of the content
f SOC. Thus, a conclusion could be drawn that SOC with different
ontents had been blended into PES membranes successfully.

.2.2. Water contact angle analysis
The surface hydrophilicity was determined by dynamic contact
ngle measurements, and the data are illustrated in Fig. 4. It could be
ound that the stationary, advancing, and receding contact angles
or the modified membranes are smaller than that for the pris-
ine PES membrane and the values decreased with the increase
Fig. 4. Dynamic contact angles for the membranes.

of the OC/SOC amounts in the membranes, especially for PES/SOC
membrane. It was indicated that the surface hydrophilicity of the
blended membranes increased with the incorporation of OC/SOC.
Membrane M4  had the highest hysteresis, which was attributed
to the lower degree of phase mixing and higher degree of surface
rearrangement upon water contact (Grapski & Cooper, 2001; Yung
& Cooper, 1998).

3.2.3. Morphology of the modified membranes (SEM)
The cross-sectional SEM micrographs of pristine and blended

PES membranes are shown in supplementary Fig. S1. The char-
acteristic morphology of PES membrane was observed, consisting
of a thin dense skin layer at the top side, a finger-like struc-
ture and porous architecture at the bottom (Qian et al., 2009).
For the modified membranes, the pore diameter of finger-like
structure increased and expanded to the bottom, and the num-
ber of macrovoid decreased with the increase of the content of
SOC/OC. Boom, Wienk, Van den Boomgaard, and Smolders (1992)
had explained that the addition of a high molecular weight polymer
to a casting dope would suppress the macrovoid formation. More-
over, large numbers of micropores on the surface of the macrovoids
were observed in M4  sample, which was caused by the hydrophilic
groups of the derivative of chitosan in the casting dope (Huang et al.,
2011).

3.3. Blood compatibility of the membrane

It must be noted that, although the common methods: protein
adsorption, platelet adhesion and clotting time were tested here,
it is as yet not possible to make a conclusion with respect to the
overall improvement of membranes blood compatibility, since the
limitations of conditions to use standardized methods to assess
blood compatibility of materials or to focus on the whole blood sys-
tem rather than considering the individual aspects of that (Gorbet
& Sefton, 2004; Ratner, 2007).

3.3.1. Protein adsorption
It is well known that protein adsorption was one of the impor-

tant factors to evaluate the blood compatibility of materials. Since

protein adsorption is the first event in blood–material interac-
tions and some proteins in blood, especially the clotting enzymes
and fibrinogen (Brash & Horbett, 1995). Moreover, fibrinogen in
blood plasma is particularly important for platelet adhesion since
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lation factors (V and X) in plasma and the sulfated derivative of
ig. 5. BSA and BFG adsorbed amounts on the membranes. Values are expressed as
eans ± SD, n = 3.

t can bind to the platelet GP IIb/IIIa receptor (Tsai, Grunkemeier,
cFarland, & Horbett, 2002).
As shown in Fig. 5, it was found that all the blended PES

embranes had lower BSA and BFG adsorption than the pristine
embrane, and the PES/SOC membranes had lower adsorption

ompared to PES/OC membranes as the same incorporation of addi-
ive. Furthermore, the values decreased with the increase of OC or
OC contents in the membranes. It indicated that the increased
ydrophilicity of the modified membrane surface and the elec-
rostatic repulsion of the negatively charged surface are the key
actors to surface resistence to protein adsorption. Zhang et al.
2008) explained that the molecular units of the hydrophilic sur-
ace have the ability to tightly bind structure water, and then the
ightly bound surface water may  be responsible for the low protein
dsorption at low protein solution concentrations.

.3.2. Platelet adhesion
Platelet adhesion is mediated by integrins on the surface of

he platelet and cause platelet activation, and then the activated
latelets accelerate thrombosis as they promote thrombin forma-
ion and platelet aggregation (Grunkemeier, Tsai, McFarland, &
orbett, 2000; Nygren & Broberg, 1998). Thus, the platelet adhe-

ion test was important to investigate the blood compatibility for
iomedical materials.

The scanning electron micrographs of the adhering platelets
n the membranes are shown in Fig. 6. It could be found that
umerous platelets were accumulated on the surface of PES mem-
rane, and spread in flattened and irregular shapes; moreover,
seudopodia were observed. Whereas the number of platelets
dhered on the blended membranes was reduced substantially
han that on the pristine PES membrane, especially for PES/SOC

embranes and almost no adhered platelet was  observed on
he surface of M4,  as shown in Fig. 6b. Moreover, the shapes of
latelets adhered on PES/SOC were better than that of PES/OC. This
hould be attributed to the relatively low protein adsorption and
he improved hydrophilicity of the modified membranes. It was
eported that the adsorbed proteins, especially fibrinogen, played

 critical role in platelet adhesion, though it was not clear, for exam-
le, how effective the adsorbed fibrinogen was as a platelet agonist

n vivo and what other mechanisms were involved in supporting or
nitiating platelet adhesion (Gorbet & Sefton, 2004). Thus, the low

rotein adsorption and suppressed platelet adhesion indicated that
he blood compatibility of the membranes was improved to some
xtent.
Fig. 6. Typical scanning electron micrographs of the platelets adhering on the
membranes; magnification: 5000×. (b) Number of the adherent platelets on the
membranes estimated from the SEM pictures.

3.3.3. Clotting time (APTT and TT)
The activated partial thromboplastin time (APTT) and throm-

bin time (TT) tests were widely used for the clinical detection of
the abnormality of blood plasma and for the primary screening of
the anticoagulative chemicals; recently, these tests were applied in
the evaluation of the in vitro antithrombogenicity of biomaterials
(Huang, Du, Yang, & Fan, 2003; Li et al., 2009; Lin, Liu, & Yang, 2004),
since the length of APTT reflected the levels of prothrombin, fibrino-
gen and blood coagulation factors V and X in plasma in endogenous
pathway of coagulation. When an anticoagulative material con-
tacted with blood, it might combine or react with the coagulation
factors, and the APTT could be prolonged. TT was mainly affected by
the content of fibrinogen and fibrin in plasma and coagulation activ-
ity. The TT reflected the level of common pathway of coagulation
(Fu et al., 2011).

The clotting times for the derivatives of chitosan and the mem-
branes are shown in Fig. 7, and all the results were analyzed
by statistical methods (significant difference, P < 0.05). For SOC
(Fig. 7A), the APTT increased sharply with the increment of the
concentration of the derivative of chitosan than OC. This might
be attributed to the reaction or combination between the coagu-
chitosan, the high level of negative charge density produced by the
sulfate groups and the decreased positive charge density of amino
groups. Compared to the APTT, the TT increased slightly, which was
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ig. 7. (A) APTT and TT for the derivatives of chitosan (*P < 0.05 and #P < 0.05 com-
ared with plasma); (B) APTT and TT for the membranes (*P < 0.05 and #P < 0.05
ompared with pristine PES membrane).

n agreement with the previous study (Huang et al., 2003), the slight
ncrease of TT might be attributed to the low S wt.%. Moreover, the
egular arrangement of the sulfate groups was more beneficial to
T anticoagulant activity of the sulfated polysaccharides in com-
arison to that of APTT. The slight increase of APTT and TT for OC
as attribute to the less content of the carboxyl groups.

For the blended membranes, as shown in Fig. 7B, the APTTs
ncreased compared with that for the pristine PES membrane;

oreover, with the increase of the derivatives of chitosan amounts
n the membranes, the APTT increased. The APTT for M4  was
nhanced as high as 60% compared to pure PES membrane. For
ost synthetic materials, the presence of adherent platelets usu-

lly decrease the plasma clotting time due to the platelet catlayze
hrombin formation, i.e. they are procoagulant (Zhang et al., 2008).

orevoer, the prolonged APTT also might be attributed to the
ncreased hydrophilicity, lower protein adsorption. However, the
T of the modified membrane showed slightly changes, this was
onsistent with the results of the derivatives of chitosan mentioned
bove.

.4. Permeation and antifouling property
The protein antifouling property of the membranes was stud-
ed by ultrafiltration experiments. Supplementary Fig. S2 shows
he time-dependent flux during the ultrafiltration. As shown in the
lymers 95 (2013) 64– 71

figure, the water fluxes ranged from 28.5 to 247.6 mL/(m2 h mmHg)
for the membranes. This was  caused by the different membrane
hydrophilicity after blending the derivatives of chitosan.

A considerable reduction of flux was  observed when the solution
changed from water to BSA solution due to the membrane fouling
caused by the deposition and adsorption of protein molecules onto
the membrane surfaces and/or in the membrane pores. When the
adsorption and deposition of protein molecules became saturated,
a relatively steady flux was  obtained. The fluxes of the blended
membranes were higher compared to that of the pristine mem-
brane. It was  caused by the increased hydrophilicity and larger pore
diameter, which could be observed from the SEM pictures (supple-
mentary Fig. S1). The BSA rejection ratios were calculated and the
values were similar for all the membranes (supplementary Table
S3), which indicated that there was  no significant difference in the
dense layers of membranes.

When the solution changed from BSA solution to water, the
fluxes of the membranes were recovered to some extent. The
water flux recovery ratio (FRR) is also shown in supplementary
Table S3. It was observed that the blended membranes had higher
FRR value than that of pristine membrane and the value was
increased with the increase of the derivatives amounts, since the
improved hydrophilicity and charge interactions of blended mem-
branes decreased the protein adsorption, leading to the decrease in
protein fouling. Furthermore, a long-term ultrafiltration with three
runs was  carried out to investigate the recycling property of the
modified membranes. After three cycles of BSA ultrafiltration, the
flux recovery ratio was about 80.1% for M4.  These results indicated
the modified membranes have a good anti-fouling property.

4. Conclusions

A  new sulfated derivative of chitosan, which could be dis-
solved in common organic solvents, was  synthesized for the first
time by a simple and convenient method. The sulfated derivate
of chitosan can be directly blended with PES to prepare modi-
fied PES membranes. The modified membranes have better blood
compatibility (BSA and BFG adsorption, platelet adhesion, and
blood coagulation time) compared with the pristine PES membrane
after blending with the sulfated derivative of chitosan. Moreover,
the modified membranes showed good ultrafiltration and protein
anti-fouling properties. These results indicated that the modified
membranes have the potential to be used in blood puification
including hemodialysis and bioartificial liver supports.
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