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a b s t r a c t
Sulfonated polypropylene non-woven fabric (PPNWF ) was successfully prepared via ␥-ray pre-irradiationinduced graft polymerization of sodium styrenesulfonate (SSS) and acrylamide (AAm). The effect of
pre-irradiation dose, reaction temperature, reaction time and concentration of binary monomer on the
degree of grafting (DG) was studied. The chemical structure of the original and modiﬁed PPNWF materials were investigated by attenuated total reﬂection Fourier transform infrared (ATR-FTIR) spectroscopy
and X-ray photoelectron spectroscopy (XPS) to conﬁrm the successful introduction of sulfonated ( SO3 − )
group. The wettability was examined via measurement of de-ionized water adsorption percentage, which
demonstrated that the hydrophilicity of PPNWF was greatly enhanced after graft modiﬁcation. A little
amount of bovine serum albumin (BSA) adsorption and nearly no platelet adhesion on the surface of
modiﬁed PPNWF and low hemolytic ratio of the modiﬁed PPNWF revealed that the sulfonated PPNWF exhibited good hemocompatibility. Besides, blood clotting time measurement indicated that the anticoagulant
property of PPNWF was effectively enhanced via SSS modiﬁcation. Consequently, the hydrophilicity,
in vitro hemocompatibility and anticoagulant effect of PPNWF were signiﬁcantly improved by ␥-ray
pre-irradiation-induced graft polymerization of SSS.
© 2015 Published by Elsevier B.V.

1. Introduction
Presently, polymeric membranes are extensively employed in
the ﬁeld of biomedical materials contacting with blood, such as
vascular [1,2], catheters [3], hemodialyzers [4], blood bags [5],
leukocyte-reduction ﬁlm [6], etc. However, interfacial reaction
between blood cell and hydrophobic surface of polymeric membrane would induce plasma protein adsorption, platelet adhesion,
followed by coagulation pathway activating and thrombus formation, which ﬁnally lead to medical device failure [7,8]. Therefore,
hydrophilicity and hemocompatibility of biomedical polymeric
ﬁlm should be paid much more attention to. Hitherto, there have
been considerable researches on how to design a hydrophilic surface possessing excellent blood compatibility and anticoagulant
effect via surface modiﬁcation [9–12], an applicable method.
Heparin, an efﬁcient nature anticoagulant, is a kind of sulfated
polysaccharide with sulfonated ( SO3 − ) and carboxyl ( COO− )
groups, which has been widely applied in clinics [13,14]. The
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brilliant anticoagulant activity of heparin is supposed to be that
the anionic functional groups ( SO3 − and COO− ) of heparin
would induce the binding of antithrombin III (AT III) and thrombin
(TB) to its speciﬁc sites and then the bound AT III could react
with the bound TB so as to prevent blood coagulation [15]. Owing
to its excellent anticoagulant activity, it is expected that similar
heparin–blood interactions may occur when heparin is immobilized onto a blood contacting membrane surface. Hence, surface
heparinization has been broadly investigated and demonstrated
to be an effective technique to improve the blood compatibility
and anticoagulant effect of polymeric ﬁlms [16,17]. Except for
heparin, a number of heparin-like molecules have been prepared
via mimicking the chemical structure of heparin [18,19] and some
of them such as sulfonated poly(ethylene oxide) [20], dextran
sulfate [21] and sulfonated hyperbranched polyether [22] have
been immobilized onto the surfaces of polymeric materials for
improvement of hemocompatibility and anticoagulant effect. The
results reveal that these modiﬁed polymeric materials exhibit
excellent blood compatibility and sulfonated molecules indicated
heparin-like brilliant anticoagulant activity. Besides, a series of
sulfonated polymers with or without COO− group synthesized
via vinyl monomers copolymerization have been successfully
used as modiﬁers for poly(ether sulfone) (PES) hemodialysis
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Fig. 1. Schematic diagram of preparing sulfonated PPNWF via ␥-ray pre-irradiation method.

Fig. 2. Kinetic study result of the relationship between the DG and trial parameters of (a) pre-irradiation dose, (b) reaction temperature, (c) reaction time and (d) concentration
of binary monomer.

membrane, which could effectively ameliorate blood compatibility
and anticoagulant activity of PES ﬁlm [23–26].
Sodium styrenesulfonate (SSS), a hydrophilic monomer with
SO3 − group, have good effect on elongation of blood coagulation
time, which have been proved by several contributions [27,28].
However, SSS cannot be directly grafted onto hydrophobic polymeric materials because of the incompatibility between highly
ionized and hydrophilic SO3 − group and hydrophobic surface
[29]. Several studies have reported that SSS are successfully grafted
polymerization onto different polymeric membranes with the aid
of acrylic acid [30–32]. To the best of our knowledge, the sulfonated
PPNWF fabricated via ␥-ray pre-irradiation-induced graft polymerization of SSS with the addition of acrylamide (AAm) has not yet
been reported up to now.
In this paper, polypropylene non-woven fabric (PPNWF ) was
chosen as substrate because of its multiple porosity, non-toxicity,
chemical stability and cheapness [33]. Sulfonated PPNWF was

prepared via ␥-ray pre-irradiation-induced graft polymerization
of SSS and AAm. The hydrophilicity of modiﬁed PPNWF was evaluated by de-ionized water adsorption percentage. Bovine serum
albumin (BSA) adsorption, platelet adhesion and hemolytic ratio
of the modiﬁed PPNWF were investigated in order to estimate its
in vitro hemocompatibility. Besides, the anticoagulant effect of the
SSS-grafted PPNWF was accessed by examination of activated partial
thromboplastin time (APTT), prothrombin time (PT) and thrombin
time (TT).
2. Materials and methods
2.1. Materials
PPNWF (130 ± 5 g/m2 ) was obtained from Shanghai Shilong Hitech Corp., Ltd., China. SSS was bought from Zibo Hongqi Chemical
Plant, China. AAm and BSA were purchased from Sinopharm
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The degree of grafting of SSS (DGSSS ) was measured by titration
method [34]. The degree of grafting of AAm (DGAAm ) was calculated
by the subsequent formula:
DGAAm = DGT − DGSSS

(2)

2.3. Characterization
The chemical structure of PPNWF was analyzed according to
Fourier transform infrared (FT-IR) spectroscopy. The FT-IR spectra
were acquired on a Nicolet Avatar 380 FT-IR spectrometer by averaging 8 scans at a resolution of 4 cm−1 in the ATR mode recorded
from 4000 to 650 cm−1 .
The chemical composition of the nascent and sulfonated PPNWF
materials was investigated by the spectra of X-ray photoelectron
spectroscopy (XPS). The measurements were performed with a
Kratos Axis Ultra instrument using monochromatic Al K␣ radiation. The tested samples were vacuum-dried and the XPS spectra
were acquired through wide scans in the range of 1100–0 eV and
high resolution spectra of C1s and S2p regions were collected.
2.4. Wettability
Water absorption [35] was used to evaluate the hydrophilicity of PPNWF since the rough surface of modiﬁed PPNWF was not
suitable for water contact angle measurement. The PPNWF was
immersed into de-ionized water for 30 min at room temperature.
Subsequently, the sample was taken out and weighted immediately
after treated by ﬁlter paper under proper conditions of pressure.
Finally, the adsorption percentage (AP) of de-ionized water was
calculated by the subsequent equation:
AP (%) =

Wa − Wb
× 100
Wb

(3)

where Wb and Wa are the weights of the PPNWF sample before and
after adsorbed, respectively.
2.5. In vitro hemocompatibility evaluation
Fig. 3. ATR-FTIR spectra (a) and XPS survey scan spectra (b) of the nascent and
modiﬁed PPNWF samples.

Chemical Reagent Co., Ltd., China. Human whole blood, platelet rich
plasma (PRP) and platelet poor plasma (PPP) were nicely offered
by Chengdu Blood Center, China. All other reagents were analytical
grade and used without further puriﬁcation.
2.2. Preparation of sulfonated PPNWF
The preparation process of sulfonated PPNWF was described in
Fig. 1. PPNWF was pre-irradiated by ␥-ray at a dose of 10 kGy in
air and then placed into a glass tube containing de-ionized aqueous solution of binary monomers (SSS and AAm). The SSS and AAm
were graft polymerized onto PPNWF under the protection of nitrogen. After that, the grafted PPNWF was taken out and cleaned with
a lot of de-ionized water to remove the residual monomer and
homopolymer. Finally, the modiﬁed PPNWF was dried in a vacuum
oven at 60 ◦ C until the PPNWF weight became constant. The total
degree of grafting (DGT ) was calculated by the following equation:
DGT (%) =

Wg − Wo
× 100
Wo

2.5.1. Protein adsorption
BSA is selected as a model protein to assess the protein resistance property of the modiﬁed PPNWF in phosphate buffered saline
(PBS). Firstly, the specimen (1 cm × 1 cm) was equilibrated by PBS
at 37 ◦ C for more than 16 h. Then, the sample was extracted and
immersed into 5 mL of BSA solutions (1.0 mg/mL, dissolved by PBS)
at 37 ◦ C for 2 h. The concentration of BSA solution was determined
by Bradford method [36].
2.5.2. Platelet adhesion
The morphology of platelets aggregated onto PPNWF surface was
investigated by scanning electron microscopy (SEM). Each sample
(1 cm × 1 cm) was placed into a tube containing 1 mL of human PRP
(500 × 106 platelets/mL), followed by incubating at 37 ◦ C for 60 min.
Then, the sample was taken out and smoothly rinsed by PBS and
the platelets adhered onto PPNWF surface were ﬁxed with 2.5 wt%
glutaraldehyde in PBS for 30 min. Subsequently, the specimen was
slightly cleaned again via PBS and dehydrated through a series of
water/ethanol solution of increasing ethanol concentration (30, 50,
70, 90 and 100% ethanol, 15 min in each solution). Finally, the surface of freeze-dried sample was coated with gold and observed by
SEM (Quanta 250, FEI Co., America) at 1000 and 3000 magniﬁcation.

(1)

where Wo and Wg are the weights of original and grafted PPNWF ,
respectively.

2.5.3. Hemolysis assay
Hemolysis experiment was performed in accordance with the
method thoroughly illustrated in the literature [37]. 1.0 g sample
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Fig. 4. C1s and S2p core-level spectra of region for (a, b) virgin PPNWF and (c, d) PP-g-P(AAm-co-SSS) sample with DGAAm = 17.1% and DGSSS = 5.0%.

Fig. 5. Adsorption percentage of de-ionized water of the pristine and modiﬁed
PPNWF samples with different DG. Values are expressed as means ± SD, n = 5.

Fig. 6. BSA adsorbed amount on per milligram of the neat and modiﬁed PPNWF
specimens. Values are expressed as means ± SD, n = 3.

was cut into pieces and put into a tube with 20 mL of 0.9% normal
saline. Then, the tube was kept in a shaking water bath at 37 ◦ C
for 4 h to prepare leach liquor. The red blood cell extracted from
human whole blood by centrifugation was washed three times by
0.9% normal saline and 0.2 mL of red blood cell diluent (2 mL of
red blood cell washed three times was diluted with 10 mL of normal saline) was transferred into a fresh tube containing 10 mL of
the prepared leach liquor. Correspondingly, positive and negative

controls were prepared in separate tubes by adding 0.2 mL of the
diluted red blood cell to 10 mL of distilled water and normal saline,
respectively. The above tubes were gently shaked and incubated in
a shaking water bath at 37 ◦ C for 60 min. Eventually, the each solution was transferred into a new tube and centrifuged at 2500 rpm
for 5 min. The absorbance of supernatants was measured at 545 nm
using a UV-Vis spectrophotometer (Ultrospec 3300, Amershan
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Biosciences Corp., America). The hemolytic ratio (HR) was calculated according to the following formula:
HR (%) =

As − An
× 100
Ap − An

(4)

where As , An and Ap are supernatants’ absorbance of the tested
sample, negative control and positive control, respectively.
2.5.4. Clotting times
APTT, PT and TT were examined in order to evaluate the
antithrombogenicity of the sulfonated PPNWF . Each PPNWF sample
(1 cm × 1 cm) was incubated in 1 mL of PPP at 37 ◦ C for 60 min. After
that, APTT, PT and TT of the PPP were determined through an automated blood coagulation analyzer (CA-1500, Sysmex Corp., Kobe,
Japan).
3. Results and discussion
3.1. Graft polymerization of SSS and AAm
Fig. 2(a) shows the effect of pre-irradiation dose on the DG. The
DGSSS and DGAAm ascend with the increase of irradiation dose from
0 to 40 kGy, which can be attributed to more active sites generated
by the higher irradiation dose. These active sites are consisted of
peroxides due to the irradiation in air and acted as the initiator in
the process of graft polymerization [38]. However, the DGSSS and
DGAAm keep constant as the irradiation dose exceeds 40 kGy, which
can be ascribed to that the high irradiation dose not only produces
more active sites but also results in the scission of polymer chain
and the mass reduction of grafted PPNWF after washing [39].
Fig. 2(b) portrays the relationship between the DG and reaction
temperature. The DGSSS and DGAAm increase with the enhancement
of reaction temperature from 40 to 90 ◦ C, which is owing to that
the high temperature induce the break of peroxide bond more efﬁciently and facilitate the diffusion of monomers to the active sites
more effectively compared to low temperature. Therefore, higher
temperature is more beneﬁcial to graft polymerization in this work.
Fig. 2(c) depicts the inﬂuence of reaction time on the DG. The
DGSSS and DGAAm increase with the prolongation of reaction time
from 0 to 48 h, and then tend to be invariable beyond 48 h. This can
be attributed to that the homopolymerization occurred in the solution consumes a part of monomers used for graft polymerization
and also increase the solution viscosity, which can prevent some
of monomers from approaching active sites and taking part in the
graft polymerization reaction. Consequently, the grafting polymerization will be gradually terminated with elongation of reaction
time.
Fig. 2(d) presents the correlation between the DG and the
concentration of binary monomer. The DGSSS and DGAAm , as anticipated, are rising with the growing of concentration of SSS and AAm,
which is due to that there are more monomers participating in the
graft polymerization under the higher concentration of monomers.
3.2. Characterization of sulfonated PPNWF
ATR-FTIR spectra of the nascent and sulfonated PPNWF materials are described in Fig. 3(a). Compared with that of nascent PPNWF ,
fresh peaks centered at 1664 and 3400 cm−1 can be seen from the
spectra of the modiﬁed PPNWF samples, which are attributed to the
stretching vibrations of carbonyl group (amide I) [35] and N H [40],
respectively. The additional peaks at 1128, 1036 and 1006 cm−1 are
ascribed to the stretching vibrations of SO3 − group [41]. Furthermore, the intensity of these characteristic bands becomes stronger
with the growing of DG.
Chemical composition of the virgin and modiﬁed PPNWF surfaces
is studied by analysis of the XPS spectra illustrated in Fig. 3(b).
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The original PPNWF merely exhibits two peaks, which are correspondingly attributed to C1s (an apparent peak at 284.8 eV) and
O1s (a weak peak at 531.5 eV, due to oxidation or contamination).
After graft modiﬁcation, there are several novel bands at 1071.5 eV
(Na1s), 399.9 eV (N1s) and 168.0 eV (S2p) in the spectrum of modiﬁed PPNWF , respectively. Moreover, the intensity of O1s peak is
much stronger than that of original PPNWF .
The high resolution XPS spectra of C1s and S2p of the original
and modiﬁed PPNWF are illustrated in Fig. 4. In comparison with
that of neat PPNWF in Fig. 4(a), the C1s peak of modiﬁed PPNWF
is ﬁtted by four distinctive carbon moieties in Fig. 4(c), which are
C C (284.8 eV), C N (285.8 eV), O C N (288.0 eV) [42] and C C
(290.9 eV), respectively. Compared with Fig. 4(b) (virgin PPNWF ),
Fig. 4(d) exhibits a new signal at about 168.0 eV (S2p), which is
correspondingly curve-ﬁtted into two peak components at 167.9
(S2p3/2 ) and 168.9 eV (S2p1/2 ) [43].
The above data of ATR-FTIR and XPS conﬁrm that SSS is successfully grafted onto PPNWF surface in the presence of AAm.
In order to examine wettability of the modiﬁed PPNWF , the
adsorption percentage (AP) of de-ionized water is investigated. As
illustrated in Fig. 5, the pristine PPNWF presents very low AP owing
to its hydrophobicity. After graft modiﬁcation, all of the APs of
sulfonated PPNWF samples are more than 600% resulted from the
introduction of hydrophilic functional groups, which indicates that
the hydrophilicity of PPNWF is greatly enhanced. However, the AP
does not show sharp increase with the rising of DG, which can be
attributed to that the AP is mainly dependent on the quantity and
size of inner porosity of hydrophilic PPNWF .
3.3. Protein adsorption
As blood touching a foreign material, it is generally acknowledged that plasma proteins are initially adsorbed onto its surface,
followed by platelets adhesion and activation [44]. Consequently,
protein adsorption, as a common phenomenon and a sophisticated
process, is considered as an important index of hemocompatibility estimation of biomedical materials [45]. Fig. 6 obviously
shows that BSA adsorbed amount on per milligram of modiﬁed
PPNWF decreases from 15.2 g to 5.4 g with the increase of DG
in 1.0 mg/mL BSA solution, which logically coincides with the
consequence of wettability measurement. We could make a conclusion that the efﬁcient restriction of proteins adsorption might be
attributed to the immobilization of hydrophilic poly(AAm-co-SSS)
chains onto the surface of PPNWF . Besides, it is noticed that only
a small amount of BSA are adsorbed onto pristine PPNWF surface,
which results from the hydrophobic surface and inside of PPNWF .
3.4. Platelet adhesion
Platelet adhesion and activation on the surface of foreign material are regarded as one of the inducements of thrombus formation.
The activated platelets can activate other blood coagulation factors, which may provoke thrombosis and then result in further
blood coagulations [46]. Hence, platelets adhesion and activation are important indices used for hemocompatibility evaluation
of biomedical materials. In this study, the morphologies of the
platelets adhered onto the neat and sulfonated PPNWF surfaces
are observed and studied by SEM. As illustrated in Fig. 7(a) and
(a ), there are a large amount of platelets with irregular shape and
pseudopodium adhered and aggregated onto the neat PPNWF surface, which indicated that a majority of platelets are activated and
potential thrombus formation might be induced on the surface of
neat PPNWF . However, Fig. 7(b) and (b ) apparently show that there
are nearly no platelets adhered on the surface of sulfonated PPNWF .
The sulfonated PPNWF exhibiting brilliant platelets anti-adhesion
property and potential antithrombotic effect can be ascribed to
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Fig. 7. Platelets adhered onto the surface of neat PPNWF (a × 1000, a × 3000) and sulfonated PPNWF (b × 1000, b × 3000) with DGAAm = 15.7% and DGSSS = 4.9%.
Table 1
The hemolytic ratio of the original and sulfonated PPNWF samples. Values are
expressed as means ± SD, n = 3.
Sample

PPNWF
a
b
c
d
e
f

DG

Hemolytic ratio (%)

DGAAm (%)

DGSSS (%)

0
3.3
6.6
19.9
25.7
41.9
61.1

0
0.9
3.9
10.4
12.0
21.7
26.4

3.17
2.57
0.68
0.81
1.69
1.15
1.69

±
±
±
±
±
±
±

0.67
1.91
0.57
0.57
0.10
1.24
2.19

the improvement of hydrophilicity and the introduction of SO3 −
group, both of which could effectively resist platelets adhesion via
the hydrophilic groups retaining high fraction of free water at equilibrium states [47] and by electrostatic repulsion effect between
platelets and negatively charged functional groups [21].

3.5. Hemolytic ratio
Hemolysis, as a reliable and signiﬁcant aspect of hemocompatibility assessment of biomedical materials, is employed to
investigate the compatibility between the modiﬁed PPNWF and
erythrocytes in this work [48]. The standard classiﬁes the material as non-hemolytic (0–2% of hemolysis), slightly hemolytic (2–5%
of hemolysis) and hemolytic (>5% of hemolysis) [49]. As shown in
Table 1, the original PPNWF indicates lower hemolytic ratio because
of its inert surface. Among these modiﬁed PPNWF specimens, only
sample ‘a’ with lower DG is classiﬁed as slightly hemolytic and all
of the other SSS-grafted PPNWF samples (from b to f) are considered
as non-hemolytic according to the standard. This consequence conﬁrms that SSS-grafted PPNWF materials are compatible to red blood
cells and present excellent hemocompatibility.

Fig. 8. Clotting times of PPP, pristine PPNWF and sulfonated PPNWF samples with
various DG [(a) DGAAm = 3.9% and DGSSS = 0.2%; (b) DGAAm = 6.0% and DGSSS = 4.32%;
(c) DGAAm = 24.7% and DGSSS = 8.3%; (d) DGAAm = 41.0% and DGSSS = 11.9%; (e)
DGAAm = 41.9% and DGSSS = 21.7%; (f) DGAAm = 61.1% and DGSSS = 26.4%]. Values are
expressed as means ± SD, n = 3.

3.6. Blood coagulation times
Anticoagulant performance is another signiﬁcant aspect of
blood compatibility estimation of biomedical materials. The blood
coagulation cascade included intrinsic, extrinsic and common pathway [21]. APTT, PT and TT are used to examine the intrinsic,
extrinsic and common pathway, respectively. Speciﬁcally, APTT and
PT are utilized to estimate functional deﬁciencies of Factors II, III,
V, VIII, and X or ﬁbrinogen [50]. The TT index is mainly investigated
the content and coagulation activity of ﬁbrinogen in plasma [46].
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As shown in Fig. 8, the clotting times of neat PPNWF are approximately equivalent to that of PPP due to its inactive surface. After
graft modiﬁcation, APTT and TT of the sulfonated PPNWF are effectively lengthened with the increase of DG. The extension of APTT
and TT could be primarily attributed to the reaction or combination between the coagulation factors (V and X) or ﬁbrinogen in PPP
[48] and the SO3 − group since our previous study has proved that
the amide groups had little effect on lengthening clotting times
[51]. However, as we can see from Fig. 8, the sulfonated PPNWF
have no elongation effect on PT, which indicated that that SSS
did not inhibit extrinsic pathway of coagulation. This result also
agrees with the published data about anticoagulation activities of
sulfonated compounds [52,53]. Therefore, we could deduce that
poly(AAm-co-SSS), a kind of synthetic heparin-mimicking polyanionic chain, should be an efﬁcient modiﬁer used for improving
anticoagulant effect of biomaterials via interfering with the intrinsic coagulation process or common pathway, not with the extrinsic
process.
4. Conclusions
Sulfonated PPNWF was successfully prepared via ␥-ray preirradiation-induced graft polymerization of SSS in the presence
of AAm, which was veriﬁed via the spectra of ATR-FTIR and XPS.
The kinetics of graft polymerization was studied and the DG
could be adjusted via altering the experimental parameters. The
hydrophilicity of PPNWF was signiﬁcantly enhanced after graft modiﬁcation. Compared with original PPNWF , the sulfonated PPNWF
indicated excellent resistance property to BSA adsorption and to
platelet adhesion and exhibited excellent compatibility to erythrocytes. Besides, the sulfonated PPNWF efﬁciently prolonged the blood
coagulation time and presented effective anticoagulant effect. The
in vitro blood compatibility evaluation result demonstrated that ␥ray pre-irradiation-induced graft polymerization of SSS onto PPNWF
was a feasible method used for improving its hemocompatibility
and the sulfonated PPNWF might be a kind of promising materials
applied in the ﬁeld of blood puriﬁcation, such as leukocyte ﬁltration
membrane.
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