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ABSTRACT: A novel and simple but practical method for the preparation of modified poly(ether sulfone) (PES) membranes was pro-
vided by the in situ crosslinked copolymerization of sulfobetaine methacrylate (SBMA) and sodium p-styrene sulfonate (NaSS) in
PES solution followed by a phase-separation technique. Then, semi-interpenetrating network membranes modified by the crosslinked
copolymers of poly(sulfobetaine methacrylate-co-sodium p-styrene sulfonate) [P(SBMA-co-NaSS)] were prepared. The SBMA-contain-
ing copolymer-modified membranes showed improved protein antifouling properties with flux recovery ratios above 90%. Further-
more, the anticoagulant properties of the NaSS-containing copolymer-modified membranes were obviously enhanced; their activated
partial thromboplastin time could be prolonged to about 115s. Thus, the P(SBMA-co-NaSS) zwitterionic copolymer-modified
membranes showed improved antifouling properties and blood compatibility and will provide wide choices for their specific applica-
tions. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41585.
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INTRODUCTION

Artificial materials have been widely applied in biomedical
fields, such as in artificial organs, disposable clinical instru-
ments, and hemodialysis devices.”> Excellent biocompatibil-
ity is essential and necessary for artificial materials, and
blood compatibility has been considered to be the most
important part of biocompatibility.” When in contact with
blood, the nonspecific adsorption of proteins such as fibri-
nogen and clotting enzymes on biomaterial surfaces is rec-
ognized as the first interaction event of many undesired
bioreactions and bioresponses; it is followed by platelet
adhesion, activation of coagulation pathways, and thrombus
formation.”> Among these artificial materials, poly(ether
sulfone) (PES) has been widely applied in the fields of arti-
ficial organs and medical devices used for blood purifica-
tion® for its good thermal and chemical stabilities and good
mechanical properties.”® However, when pristine PES mem-
branes were used as the blood-contact material, their bio-
compatibility was not adequate. Thus, it is necessary to

modify PES membranes to endow them with improved anti-
fouling properties and blood compatibility.

Recently, zwitterionic polymers have attracted much attention
in the biomedical field because they can improve the antifouling
properties and blood compatibility of materials.”'” It is believed
that these materials surfaces (either zwitterionic groups or a
mixture of anionic and cationic terminal groups) are resistant
to nonspecific protein adsorption; this was realized by a hydra-
tion layer bound through the solvate of the charged groups in
addition to hydrogen bonding."' As is known, water molecules
form strong hydrogen bonding easily. Materials can interact and
combine water molecules by hydrogen bonding near the surface,
and then, a hydration layer is formed, which will act as a physi-
cal and energetic barrier to prevent protein adsorption on the
surface.'” It has been reported that the nonspecific adsorption
of proteins such as fibrinogen and clotting enzymes on bioma-
terial surfaces is recognized as the first interaction event of
many undesired bioreactions and bioresponses; it is followed by
platelet adhesion and the activation of coagulation pathways,
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Table I. Compositions of the Copolymerization of SBMA and NaSS in PES Solutions
PES SBMA NaSS SBMA/NaSS MBA AIBN

Sample (wt %) (wt %) (wt %) molar ratio (mol %)2 (mol %)2
M-0 16 = = = = =

M-1 16 6 0 1:0 2 2

M-2 16 4 1.47 1:0.5 2 2

M-3 16 3 2.21 1:1 2 2

M-4 16 2 2.95 1:2 2 2

M-5 16 0 4.43 0:1 2 2

2The molar percentage was with respect to the total moles of the monomers (21.5 mmol for the membranes).

which leads to thrombus formation. Although the antifouling
properties of zwitterionic-polymer-modified membranes are sig-
nificantly increased, the blood compatibility of the membranes
should be improved.>*' Poly(sulfobetaine methacrylate)
(PSBMA), with a methacrylate main chain and a pendant group
of taurine betaine [—CH,CH,N*(CH;),CH,CH,CH,S0;"], is
one of the most widely studied zwitterionic polymers.'*'> Both
experimental and theoretical studies have suggested that the
antifouling properties of zwitterionic betaines stem from the
opposite charges being highly hydrated.'>'® In our previous
studies,'™'” PSBMA was used to modify the polysulfone (PSf)
membrane by the surface-initiated atom transfer radical poly-
merization and click-chemistry-enabled layer-by-layer assembly.
The modified membranes exhibited excellent antifouling prop-
erties and showed resistance to protein adsorption and platelet
adhesion. However, the anticoagulant properties of the modified
membranes were hardly improved. In some cases, the anticoa-
gulant properties were of great importance for blood-contact
medical devices, such as hemodialysis membranes and plasma
fractionation membranes.'®' Thus, excellent blood compatibil-
ity and especially anticoagulant properties are important.

It is well known that heparin is widely used as an anticoagulant
reagent, and its anticoagulant ability has mainly been attributed
to the sulfonic groups and carboxyl groups in heparin, which
can bind coagulation factors.**** In recent years, sulfonic
groups have been investigated extensively to prepare heparin-
like polymeric materials with improved anticoagulant proper-
ties.””** These reports have noted that sulfonated polymers
showed good anticoagulant activity because the negatively
charged pendent sodium sulfonic (—SO;Na) groups expelled
blood components by electrical repulsion because platelets, red
blood cells, and plasma proteins in the blood showed electrone-
gativity. The proteins existing on the outsides of these compo-
nents, such as platelets and red blood cells, showed
electronegativity because of ionization in vivo, for which the pH
was about 7.4. Platelets, red blood cells, and other components
in the blood showed electronegativity because of the cationic
proteins.'®* Thus, these sulfonated-polymer-modified materials
reduced nonspecific adsorption and platelet adhesion and then
improved anticoagulant activity.>>** Many methods have been
used to modify membranes, including the coating method,
blending method, grafting method, and controlled living radical
copolymerization.”” ! In recent years, in situ polymerization, as
a special blending technique, has been used to improve the
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compatibility of components in the polymer.*>*> In our recent
study, a crosslinking agent was used in a synthesis process to
obtain a stable semi-interpenetrating network (semi-IPN) struc-
ture. An in situ crosslinked free-radical polymerization/copoly-
merization was applied to modify commodity polymers, such as
PES, PSf, poly(vinylidene fluoride), and polystyrene, to endow
them with stimuli-responsive, antifouling, antibacterial, and
blood-compatible properties.

In this study, zwitterionic copolymers of poly(sulfobetaine
methacrylate-co-sodium  p-styrene sulfonate) [P(SBMA-co-
NaSS)] were synthesized by in situ crosslinked copolymerization
in PES solutions. The solution was then used directly to prepare
ultrafiltration (UF) membranes by a phase-separation technique.
The permeability properties, antifouling properties, and blood
compatibility for different copolymer-modified membranes were
systematically investigated.

EXPERIMENTAL

Materials

PES (Ultrason E6020P) was purchased from BASE. Sulfobetaine
methacrylate (SBMA) was synthesized according to the proce-
dures described by Lowe and McCormick.”” Sodium p-styrene
sulfonate (NaSS; 90%, Aladdin), 2,2’-azobis(2-methylproroni-
trile) (AIBN; 99%, Aladdin), N,N'-methylene bisacrylamide
(MBA; 99%, Aladdin), dimethyl sulfoxide (DMSO; 99.8%, Alad-
din), sodium dodecyl sulfate (SDS; 92.5%, Aladdin), and
sodium chloride (NaCl; 99%, Kelong) were used as received.
Bovine serum albumin (BSA; fraction V>95%) and bovine
serum fibrinogen (BFG; >75%) were obtained from Sigma
Chemical Co. Micro BCA protein assay reagent Kkits were
obtained from Pierce. The activated partial thromboplastin time
(APTT) and thrombin time (TT) reagent kits were purchased
from Siemens. Deionized water was used throughout the study.

Preparation of Modified Membranes with Semi-IPN
Structures

Zwitterionic copolymers of P(SBMA-co-NaSS) with different
chemical compositions were synthesized in PES solutions via
the in situ crosslinked copolymerization of SBMA and NaSS, as
shown in Table I. The synthesis procedure was as follows: PES
was first dissolved in DMSO under stirring to get a homogene-
ous solution. Then, the reagents SBMA, NaSS, MBA, and AIBN
dissolved in DMSO were added to the PES solution. The
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polymerization was carried out at 75°C with vigorous stirring at
400 rpm for 24 h under nitrogen atmosphere.

After being cooled to room temperature and vacuum degassing,
the polymerization solutions were directly prepared into mem-
branes by spin coating coupled with a liquid-liquid phase-
separation technique at room temperature. The prepared mem-
branes were rinsed with deionized water thoroughly to remove
the residual solvent.

Characterization

Fourier transform infrared (FTIR) spectra were obtained by a
Nicolet 560 instrument (Nicolet Co.). To prepare the FTIR sam-
ples, the membranes were dissolved in DMSO and cast onto a
potassium bromide (KBr) disc with a thickness of about
0.8 mm, and then, the casting solution was dried by an IR light.

Thermogravimetric analysis was obtained from a TG209F1 TG
instrument (Netzsch, Germany) at a heating rate of 10°C/min
under an N, atmosphere. The membranes were dried at 60°C
to remove moisture before the measurement.

The composition of the membranes was determined by 'H-
NMR spectroscopy in DMSO-d with a Varian Unity Plus 300/
54 NMR spectrometer. The characteristic aromatic peaks of the
PES and the peaks of SBMA and NaSS were used to determine
the composition.

Elemental analysis based on the determination of carbon (C),
sulfur (S), hydrogen (H), and nitrogen (N) was performed by
means of a Carlo Erba 1106 elemental analyzer (Italy) with a
carrier gas (He, at a flow rate of 100 mL/min) at a combustion
temperature of 1000°C with the solid samples. The proportions
of C, S, H, and N for M-1, M-3, and M-5 were determined,
respectively.

The morphologies (surfaces and cross sections) of the mem-
branes were observed by scanning electron microscopy (SEM;
JSM-5900LV, JEOL, Japan) with a voltage of 5 kV. The mem-
brane samples were dried overnight in a vacuum oven at room
temperature, then quenched by liquid nitrogenous gas, attached
to the sample supports, and coated with a gold layer. The sur-
face chemical compositions were confirmed by attenuated total
reflection (ATR)-FTIR spectra, which were collected at a resolu-
tion of 4 cm™!, and the reflectance spectra were scanned over
the range 675-4000 cm ™.

The hydrophilicity of the membrane surface was characterized
by water contact angle (WCA) measurement with a contact
angle goniometer (OCA20, Dataphysics, Germany) equipped
with video capture at room temperature. One drop of water
(3 uL) was dropped onto the surface of the membrane with an
automatic piston syringe and photographed. The contact angles
were measured continuously for 200 s for each sample. The
contact angles data were determined from these images with a
circle-fitting algorithm.

UF Experiments

The flux of the membrane was measured with an apparatus
described in our previous procedure.’® A dead-end UF cell with
an effective area of 3.8 cm” was used, and the pressure was sup-
plied by an air compressor. The test membrane was precom-
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pacted by deionized water for 30 min at a pressure of 0.08 MPa
to obtain steady filtration. Then, the flux was measured at a
pressure of 0.04 MPa. The pressure influenced the UF experi-
ments, especially the UF of the BSA solution. On the basis of
similar measurements from our previous studies,”®” a pressure
of 0.04 MPa was chosen. All of the flux measurements were

conducted at room temperature.

UF of Pure Water. The pure water flux values of the mem-
branes were determined by the collection of the solution after it
was steady. The flux of pure water was calculated by the follow-
ing equation:
14
Flux=— (1)
Spt
where V' is the volume of the permeated solution (mL), S is the
effective membrane area (m?), P is the pressure applied to the
membrane (mmHg), and ¢ is the time for collecting the solution

(h).

UF of the BSA Solution. As for the UF of the BSA solution,
BSA was dissolved in an isotonic phosphate-buffered saline
solution (PBS; pH 7.4) with a concentration of 1.0 mg/mL. The
flux of the BSA solution was calculated by eq. (1). The BSA
rejection ratio (R) was defined as follows:

R= (1—&)x100% 2)
G
where C, and Cy are the BSA concentrations of the permeate
and feed solutions (mg/mL), respectively. The BSA concentra-
tion was measured by an ultraviolet—visible spectrophotometer
(UV-1750, Shimadzu, Japan) at a wavelength of 278 nm.

To evaluate the antifouling properties of the membranes, PBS
and BSA solutions were alternately applied to the membranes.
The antifouling properties were expressed as the flux recovery
ratio (Frr), which was calculated by the following equation:

F
Frr=—= X 100% (3)
F

where F, and F, are the PBS solution fluxes before and after the
protein solution UF (mL m~*h™"mmHg ).

Blood Compatibility

Plasma Collection. Healthy human fresh blood (from a 28-
year-old man) was collected with vacuum tubes (5 mL, Terumo
Co.) containing a citrate/phosphate/dextrose/adenine-1 mixture
solution (CPDA-1) as the anticoagulant (anticoagulant-to-blood
ratio = 1:9). The blood was centrifuged at 1000 or 4000 rpm for
15 min to obtain platelet-rich plasma (PRP) or platelet-poor
plasma (PPP), respectively.

All of the blood compatibility experiments were performed in
compliance with relevant laws and institutional guidelines.

Protein Adsorption. Protein adsorption experiments were car-
ried out with BSA and BFG solutions (PBS) with a concentra-
tion of 1 mg/mL. The membranes (1 X 1 cm?) were first
incubated in PBS for 24 h, equilibrated at 37°C for 2 h, and
then immersed in BSA or BFG solution at 37°C for 2 h. After
protein adsorption, the membranes were rinsed three times
with PBS and deionized water separately to remove the loosely
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Table II. Results of the Semiquantitative Analysis Based on FTIR
Spectroscopy

Area of the peaks

a*/b* peak
Sample a” b* area ratio
M-0 0 0 =
M-1 121.702 54.314 2.241
M-2 70.219 32.782 2142
M-3 43.898 25.618 1.713
M-4 21.461 17.643 1.216
M-5 0 21.667 0

a*, peak of the ester groups ranging from 1700 to 1760 cm™*; b*, peak
of the sulfonic groups ranging from 1025 to 1045 cm™*.

bound protein from the membranes. Then, the membranes
were immersed in a 2 wt % aqueous SDS solution at 37°C for 1
h under an agitation of 200 rpm to remove the protein
adsorbed onto the membrane. The amount of protein eluted
into the SDS solution was quantified by Micro BCA protein
assay reagent kits, and the protein concentration was measured
by an ultraviolet-visible spectrophotometer (UV-1750, Shi-
madzu, Japan) at a wavelength of 562 nm. More than 95% of
the adsorbed protein were eluted into the SDS solution.

Platelet Adhesion. The membranes (1 X 1 cm?) were incubated
in PBS at 4°C for 24 h and equilibrated at 37°C for 1 h. After
the PBS was removed, the membranes were incubated in 1 mL of
fresh PRP at 37°C for 2 h. Then, the membranes were washed
with PBS three times and treated with 2.5 wt % glutaraldehyde
in PBS at 4°C for 1 day. Finally, the samples were washed with
PBS and subjected to a drying process of graded alcohol-PBS sol-
utions (25, 50, 70, 90, 95, and 100%) and isoamyl acetate—alcohol
solutions (25, 50, 75, and 100%) for 15 min each time. The criti-
cal point during the drying of the samples was done with liquid
CO,. The number of adhering platelets on the membranes was
calculated from five SEM pictures at 1000X magnification from
different places on the same membrane. The numbers were
finally averaged to obtain a reliable value.

APTT and TT. The antithrombogenicity of the membranes, includ-
ing APTT and TT, was determined with an automated blood coagu-
lation analyzer (CA-50, Sysmex Co., Japan). The APTT was
measured as follows: the sample membranes (0.5 X 0.5 cm?, four
pieces) were immersed in PBS at 4°C for 24 h and equilibrated at
37°C for 1 h. Then, the PBS was removed, and 100 uL of fresh PPP
was introduced. After incubation at 37°C for 30 min, 50 uL of the
incubated PPP was added to a test cup; this was followed by the
addition of 50 uL of APTT agent (which was incubated for 10 min
before use). After incubation at 37°C for 3 min, 50 uL of a 25 mM
CaCl, solution was added, and then, the APTT was measured. For
TT, 100 uL of TT agent was added to the test cup (containing 50 uL
of the incubated PPP), and then, the TT was measured.

RESULTS AND DISCUSSION

Characterization of the Membranes
The different solubilities of the membranes in DMSO veri-
fied the semi-IPN structure in the modified membranes. As

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

41585 (4 of 9)

Applied Polymer

SCIENCE

shown in Figure S1 in the Supporting Information, the
pristine PES membrane (M-0) was dissolved completely in
DMSO. For M-1 and M-3, precipitation was observed
clearly at the bottom of the tubes because of the cross-
linked section in the membranes, which could swell in
solvents.

FTIR spectra were used to characterize the bulk chemical com-
positions of the membranes; the data are shown in Figure S2 in
the Supporting Information. As shown in the figure, for M-1
and M-3, new bands at 1725 and 1033 cm ™' were observed and
compared with the spectra of M-0; they were attributed to the
ester groups of PSBMA and sulfonic groups in the PSBMA and
poly (sodiump-styrene sulfonate) (PNaSS), respectively. For M-
5, only the band at 1033 cm™' was observed. We also found
that the integral of the band at 1725 cm™' decreased with
decreasing PSBMA content in the copolymer. In addition, the
semiquantitative analysis based on FTIR spectroscopy was car-
ried as shown in Table II; this reflected a tendency of variation
to some extent. It showed that the peak area ratios were basi-
cally consistent with the theoretical results. The previous results
demonstrated that the copolymers of P(SBMA-co-NaSS) were
successfully synthesized in the PES solution.

The chemical compositions of the membrane surfaces were then
confirmed by ATR-FTIR spectra, as shown in Figure 1. For the
PSBMA and P(SBMA-co-NaSS) modified membranes (M-1~M-
4), a band at 1725 cm ' was observed; this was attributed to
the ester groups of PSBMA. The integrals decreased with
decreasing PSBMA content in the membranes; this was consist-
ent with the FTIR results of the membranes. The FTIR and
ATR-FTIR results illustrate that the P(SBMA-co-NaSS) copoly-
mers were successfully synthesized and incorporated into the
PES membranes.

Thermogravimetric analysis, 'H-NMR spectroscopy, and ele-
mental analysis (Figures S3 and S4 and Table SI and S2 in the
Supporting Information) were used to define the quantitative

T T T T T

) L) L] L)
1400 1200 1000 800
Wavenumbers (cm'1)

Figure 1. ATR-FTIR spectra for the pristine and modified PES mem-
branes. [Color figure can be viewed in the online issue, which is available

1800 1600

at wileyonlinelibrary.com.]
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Figure 2. WCAs of the membranes. Values are expressed as the means
plus or minus the standard deviation, n= 3. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

interpenetrating amounts of zwitterionic copolymer, but these
methods failed to accurately define the amounts. The details are
shown in the Supporting Information.
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WCA Analysis

WCA analysis is a convenient way to assess the hydrophilicity of
the membrane surface, and it provides information on the
interaction energy between the surface and the liquid.*® The
WCA measurements from 0 to 200 s for the membranes are
shown in Figure 2. All of the modified membranes were more
hydrophilic than the pristine PES membrane. For the modified
membranes, we also found that the WCAs increased with
decreasing SBMA in the copolymers; this indicated that SBMA
contributed greatly to the increase in the membrane hydrophi-
licity. Meanwhile, the WCAs decreased with time for all of the
membranes; this might have due to water evaporation because
it is a measurement of the WCA in slow receding conditions.

Morphology of the Membranes

SEM was used to investigate the surfaces and cross sections of
the membranes. Figure 3(a) shows the surface images of the
membranes. We observed that the surface of M-0 was quite
smooth. After the P(SBMA-co-NaSS) copolymers were intro-
duced into the membranes (M-1~M-5), some pores were
observed on the surfaces. The reason might have been that the
hydrophilic P(SBMA-co-NaSS) copolymers had an effect on the

Figure 3. SEM images of the membranes: (a) surfaces and (b) cross sections.
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Table III. Permeation Properties of the Pristine PES and P(SBMA-co-NaSS) Copolymer-Modified Membranes

Wall thickness Pure water flux

Frr of BSA UF (%)

Sample (um) (mL m™2-h~t.mmHg™1) R (%) First cycle Second cycle Third cycle
M-0 EEESS 808.12 34.32 68.21 70.81 74.50
M-1 55+3 528.86 47.70 99.11 99.21 99.86
M-2 55 = 3 120.10 88.73 70.67 95.00 97.19
M-3 55+3 155.89 59.93 71.86 93.80 95.09
M-4 B =3 210.98 50.21 80.14 96.50 99.84
M-5 55+3 148.74 65.50 62.74 76.32 82.69

exchange between water and DMSO. The cross-sectional
images are shown in Figure 3(b). As shown in the figure, for
the membranes M-0 and M-1, a spongy structure was
observed, and the structure was evenly distributed in the cross
section except for the top and bottom layers. The images of
the PES membrane (with DMSO as the solvent) were different
from those of the PES membranes prepared with dimethylace-
tamide and N-methyl pyrrolidone as the solvents,”®*® for
which there was a skin layer, and followed a fingerlike struc-
ture. For membranes M-2 to M-5, large amounts of macro-
voids were observed. The reason might have been that the
hydrophilic P(SBMA-co-NaSS) copolymers had an effect on
the liquid-liquid phase-separation process; this influenced the
exchange between the DMSO solvent and water. What was
interesting was that the M-4 membrane surface was smoother
than the other membranes; and macrovoids were observed.
This might have resulted from the combined function of the
NaSS and SBMA and caused some special performance. This is
discussed in the following sections.

Pure Water Flux Values and Antifouling Properties of the
Membranes

The pure water flux, which is an important parameter for UF
membranes, was calculated by eq. (2), and the results are shown
in Table III. It was apparent that the pure water fluxes for the
modified membranes M-1 to M-5 were smaller than that for
M-0 and ranged 528.86 and 120.10 mL
m~2h™"mmHg ™", The reason was that the polymer concentra-
tions for preparing the modified membranes were higher than
that for preparing the pristine PES membrane.

from

BSA solution was then applied to the membranes, and the BSA
R values are also shown in Table III. The results show that the
R values of the modified membranes were improved compared
to that of M-0 membrane. The antifouling properties of the
membranes were then investigated with the BSA solution.*” The
antifouling properties could be expressed by the Frg of the PBS
solution fluxes before and after BSA solution UE. Figure 4
shows the typical flux curves. We observed that the flux
decreased dramatically when the solution changed from PBS to
BSA solution because of the fouling caused by the deposition
and adsorption of protein molecules onto the membrane surfa-
ces and in the membrane pores.”® When the adsorption of pro-
tein molecules reached a saturation point, a relatively steady
flux was obtained at the final stage of the BSA solution UFE
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After the membranes were washed and PBS was applied to the
membranes again, the fluxes of PBS were increased and
remained steady after 20 min.

The Fyg data are also listed in Table III. We found that the
Frr of M-0 was about 70%. After the introduction of the
P(SBMA-co-NaSS) copolymers into the membranes, the Frp
values of all of the modified membranes were increased com-
pared to that of M-0 membrane. The Frg’s of the M-1 to M-4
membranes were above 90%; this was attributed to a decent
hydrophilic hydrogel layer caused by the high density of the
PSBMA segments on the membrane surfaces. However, the
Frr of M-5 (without SBMA) was only about 82.69% for the
third cycle. These results indicate that the PSBMA could more
efficiently improve the antifouling properties of the mem-
branes compared to NaSS.

Blood Compatibility of the Membranes

Protein Adsorption. Protein adsorption on the material surface
is a common phenomenon; it may lead to further negative con-
sequences, such as platelet adhesion, the activation of coagula-
tion pathways, and thrombus formation. The amount of protein
adsorbed on the membranes is reported to be of critical impor-
tance in the evaluation of the blood compatibility of materials.*!
Thus, in this study, both BSA and BFG were used to evaluate
the protein adsorption.

: ——M-0
—_ ] : 3 M-1
= 400 : f =
T : —a—M-3
E ] : : |—v— M-
£ 300 :second cycle : Jj
= T ) E :
o third cycle :
T 2004 Too,
= ]
=
L 1004
0 1 T 1 T 1 T

Figure 4. Time-dependent fluxes of the membranes during the process of
three cycles of BSA UF at room temperature. Each cycle included UF of
the BSA solution (1.0 mg/mL) and then PBS. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. BSA and BFG adsorption onto the pristine and modified PES
membrane surfaces. The results are expressed as the means plus or minus
the standard deviation (n=3). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

The results of protein adsorption are shown in Figure 5. We
found that the modified membranes had lower protein adsorp-
tion amounts than the pristine PES membrane. The amount of
protein adsorbed on M-1 (only SBMA and without NaSS) was
considerably low, only about 3 ug/cm’. In addition, the values
of BSA and BFG increased with the decrease of SBMA in the
copolymerization. Thus, SBMA was more efficient in resisting
protein adsorption than NaSS. It has been reported that PSBMA
contains both positive and negative charges, which could bind
water molecules more strongly and stably via electrostatically
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induced hydration compared to other hydrophilic materials to
achieve surface hydration via hydrogen bonding, and about
eight water molecules are tightly bound with one sulfobetaine
(SB) unit.*** The protein adsorption amounts were in accord-
ance with the WCA data, as shown in Figure 2, which proved
that the adsorption of protein increased with increasing WCA.

Platelet Adhesion. For blood-contacting materials, platelet
adhesion is another important parameter in the evaluation of
blood compatibility. It is mediated by the integrin on the sur-
face of the platelets, which binds to the adsorbed proteins, espe-
cially fibrinogen, and causes platelet activation. The activated
platelets then accelerate thrombosis as they promote thrombin
formation and platelet aggregation.*"** To further study the
blood compatibility of these membranes, a platelet adhesion test
was carried out, and the shapes of the adhered platelets were
observed by SEM.

Figure 6(a) shows the typical SEM pictures of platelets adhering
to the membranes. We observed that numerous platelets were
aggregated on the pristine PES membrane. Moreover, these pla-
telets spread, flattened, and deformed themselves into irregular
shapes, and pseudopodia also stretched out. For the modified
membranes, the number of adhered platelets significantly
decreased compared to that of the pristine PES membrane, as
shown in Figure 6(b). In addition, the platelets retained a
rounded morphology with nearly no pseudopodia and deforma-
tion. Meanwhile, we found that the amounts of the adhered pla-
telets decreased from M-1 to M-5. This may have been due to
the increased BSA adsorption amounts, as shown in Figure 5,
and the adsorbed BSA distinctly inhibited platelet adhesion and

(b) = *
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Figure 6. (a) SEM images of the platelets adhering onto the membranes. Magnification = 5000X. (b) Number of adhering platelets onto the membranes

M1 M-2 M3 M4

M-5

from PRP estimated by SEM images. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. APTTs and TTs for the membranes. The values are expressed as
the means plus or minus the standard deviation, n= 3. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

aggregation because it is believed that platelet adhesion and
spreading will not take place on an albumin-coated surface.*’
Although the BFG adsorbed amounts were also increased, the
platelets kept nearly their original morphologies, and pseudopo-
dia were not observed; this resulted from the electrostatic repul-
sion. The platelet activation was not obvious and could be
observed from the SEM image of the platelets. A similar phe-
nomenon was also found in our previous study,*® in which lon-
ger poly(p-styrene sulfonate) chain modified membranes
showed large BSA and BFG adsorbed amounts and decreased
adhered platelets numbers. Thus, it was reasonable that
although the adsorbed protein amounts were larger, the adhered
platelets numbers were decreased. In addition, the negatively
charged pendent sodium sulfonic (—SO;Na) groups expelled
the blood component by electrical repulsion because platelet,
red blood cell, plasmatic protein, and other matters in blood
show electronegativity. The suppressed platelets adhesion indi-
cated that the blood compatibility for the modified membranes
was improved.

Clotting Time. There are three pathways in blood coagulant
systems, including the intrinsic pathway, the extrinsic pathway,
and the common pathway.””*® Recently, APTT and TT tests
have been widely used in the evaluation of the in vitro antith-
rombogenicity of biomaterials. The length of APTT reflected the
levels of prothrombin, fibrinogen, and blood coagulation factors
Vand X in plasma in the endogenous pathway of coagulation.
TT test was applied to measure the time taken for a clot to
form in the plasma in which an excess of thrombin was added.

Figure 7 shows the clotting times for the PES and modified PES
membranes. We found that the APTTs for the modified mem-
branes increased compared with that of the pristine PES mem-
brane. The APTT was prolonged dramatically to about 115 s for
M-5, in which the PNaSS content was the highest. The enhance-
ment in the anticoagulant activity indicated that the hydrophilic
group (—SO;Na) might have been available for the binding of
coagulation factors.>> As we know, —SO;Na groups can bind
Ca®", and this plays an important role in the blood coagulation
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process. Thus, the clotting time can be prolonged. Meanwhile,
in comparison with the results from an earlier stud‘y,17 in which
the APTT of the PSf-¢-PSBMA membranes only slightly
increased compared with those of the pristine PSf membrane,
the length of APTT reflected the levels of the prothrombin,
fibrinogen, and blood coagulation factors Vand X in plasma in
the endogenous pathway of coagulation. A TT test was applied
to measure the time taken for a clot to form in the plasma, in
which an excess of thrombin had been added.*””*’ The TT was
unchanged in this test; this indicated that the modified mem-
branes could not influence the process of the transformation
between the fibrinogen and the fibrin. However, the APTT was
prolonged to 115 s. Thus, the modified membranes had an
effect on the endogenous pathway of coagulation and prolonged
the clotting time. The anticoagulant properties of the mem-
branes modified with PNaSS were significantly improved in this
study.

It was easy to draw the conclusion that the hydrophilic group
(—SOsNa) was an effective group in prolonging the clotting
time. The results of APTT and TT testing confirmed the satis-
factory blood compatibility of the modified membranes.

CONCLUSIONS

In conclusion, zwitterionic copolymers of P(SBMA-co-NaSS)
modified PES membranes were successfully prepared by in
situ crosslinked copolymerization coupled with a liquid-liquid
phase-separation technique. On the one hand, the antifouling
properties of the SBMA-containing copolymer-modified mem-
branes was tremendously improved, and the Frr was above
90%. On the other hand, the blood compatibility, especially
the anticoagulant properties, were significantly improved; the
APTT was prolonged to about 115 s. In a word, the PES
membranes modified with the P(SBMA-co-NaSS) copolymers
possessed excellent antifouling properties and blood compati-
bility and offers potential merit for application in biomedical

fields.
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