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Biologically inspired membrane design with a
heparin-like interface: prolonged blood
coagulation, inhibited complement activation, and
bio-artificial liver related cell proliferationt
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In the present work, inspired by the chemical structure of heparin molecules, we designed a polyethersul-
fone (PES) membrane with a heparin-like surface for the first time by physically blending sulfonated poly-
ethersulfone (SPES), carboxylic polyethersulfone (CPES), and PES at rational ratios. Evaporation and
phase-inversion membranes of PES/CPES/SPES were prepared by evaporating the solvent in a vacuum
oven, and by a liquid-liquid phase separation technique, respectively. Scanning electron microscopy
(SEM) images revealed that the structures of the PES/CPES/SPES membranes were dependent on the pro-
portions of the additives and no obvious phase separation was detected. The blood compatibility of the
modified membrane surfaces was characterized in terms of bovine serum fibrinogen (BFG) adsorption,
platelet adhesion, thrombin—antithrombin (TAT) generation, percentage of platelets positive for CD62p
expression, clotting times (activated partial thromboplastin time (APTT) and prothrombin time (PT)), and
complement activation on C3a and Cb5a levels. The results indicated that the blood compatibility of PES
matrix was improved due to the biologically inspired membrane design with a heparin-like interface by
introducing functional sulfonic acid and carboxylic acid groups. Furthermore, cell morphology obser-
vation and cell culture assays demonstrated that the modified membranes showed better performance in
bio-artificial liver related cell proliferation than the pristine PES membrane. In general, the intriguing PES/
CPES/SPES membranes, especially the phase-inversion one, showed improved blood and cell compati-
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1. Introduction

With the development of modern medicine, artificial materials
are widely applied in the biomedical field during hemodia-
lysis, cardiopulmonary by-pass, and other procedures that
require disposable clinical instruments. Excellent biocompat-
ibility is the essential and highly pursued character for the
design of advanced artificial devices used to substitute for or
operate in contact with blood, live tissues and organs. Among
various evaluation indices, blood compatibility has been
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bility, which might have great potential application in the blood purification field.

considered to be the most essential part of biocompatibility
for blood-contact devices. The formation of a thrombus can be
aggravated when blood proteins are adsorbed onto the
material, which can cause artery occlusion. The reduction in
blood supply caused by thrombosis can result in severe injury,
including heart attack, and even death." Thus, blood compati-
bility has been extensively evaluated to avoid thrombosis
and other material-related adverse events in the hematic
environment.?

Among the materials used in the blood-contact field, poly-
ethersulfone (PES) and PES-based materials, which have good
oxidative, thermal, and hydrolytic stabilities, as well as good
mechanical and film-forming properties, have been widely
applied in the fields of artificial organs and medical devices
used for blood purification.>® However, as a blood-contact
material, the blood compatibility of pristine PES membrane is
not adequate and its application in blood-contacting devices is
greatly limited, e.g. hemodialysis and artificial organs.”'®
Thus, the blood compatibility of PES should be improved to
adapt to the hematic environment when it is used as a blood-
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contact material. With respect to the hydrophilicity and blood
compatibility of PES,"" modifications have been reported in
many previous efforts. The modification techniques for PES
membranes generally include blending, surface assembly and
coating, surface physical treatment, and surface grafting.'>™*®
For the improvement of blood compatibility of PES mem-
branes, one of the key events is finding materials with good
blood compatibility to modify the PES matrix.

Heparin, which is composed primarily of sulphated disac-
charides, is the most commonly used anticoagulant in haemo-
dialysis and the most widely applied biopolymer in surface
modification.’ A number of studies suggested that the
heparin grafted surfaces showed a diminished thrombogenic
response.””?! Nevertheless, with the long-term usage of hepar-
inized materials, the dramatic loss of bioactivity and degra-
dation in vivo may occur due to covalent or noncovalent
binding with blood components.** Moreover, these methods
also suffer from some inherent drawbacks, e.g., some hazar-
dous reagents are used in the grafting process, which are
difficult to remove completely and may contaminate the
obtained materials, and many of these methods are compli-
cated and require additional steps in the preparation process,
which may restrict the application of heparin-immobilized
materials.>*>°

Inspired by the biological blood and cell compatibility of
heparin, we have produced many efforts to design heparin-like
macromolecules to improve the biocompatibility of PES mem-
branes by mimicking the structure of heparin via the introduc-
tion of the functional groups, such as sulfonic acid group or
carboxylic acid group containing polymers.”’*° Through a
facile physical blending approach, these functional heparin-
like macromolecules have been used for improving the blood
compatibility of PES membranes. In previous studies,” >’ the
prepared heparin-like PES membranes have revealed good
blood compatibility with inhibited platelet adhesion and acti-
vation, prolonged clotting time, etc. However, the amount of
polymer blended into the PES matrix was limited due to poor
miscibility between the polymers and PES.

In the present work, inspired by the chemical structure of
heparin, we design a PES membrane with a heparin-like
surface for the first time by blending sulfonated polyethersul-
fone (SPES), carboxylic polyethersulfone (CPES), and PES at
different ratios. To assess the performance of the prepared
PES/CPES/SPES membrane in detail, two of the most common
approaches for membrane fabrication are taken; evaporation
and phase-inversion membranes of PES/CPES/SPES were pre-
pared by evaporating the solvent in a vacuum oven, and by a
liquid-liquid phase separation technique, respectively. Scan-
ning electron microscopy (SEM) images revealed that the struc-
tures of the PES membranes were dependent on the
proportions of the additives, and the blending system exhibi-
ted good miscibility and no obvious phase separation was
observed due to the same polymer backbone of SPES, CPES
and PES. ATR-FTIR and XPS tests were used to confirm the
surface aggregation of these heparin-like macromolecules on
the PES membrane surface. Furthermore, the effect of
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functional groups and preparation methods on the blood com-
patibility and cell proliferation was investigated by observing
the following characteristics: water contact angle, protein
adsorption, blood compatibility (platelet adhesion, thrombin-
antithrombin (TAT) generation, platelet activation, clotting
time, complement activation (C3a and C5a), and cytocompat-
ibility (cell morphology and cell viability assays).

2. Materials and methods
2.1 Materials

Polyethersulfone (PES, Ultrason E6020P) was purchased from
BASF, Germany. Chlorosulfonic acid (CSA) and dichloro-
methane (CH,Cl,, reagent grade) were purchased from
Chengdu Kelong Chemical Inc. (Chengdu, China), and used
without further purification. Acetyl chloride (CH3;COCl) was
purchased from Tianjin Kemel Chemical Reagent Company.
N-Methyl-2-pyrrolidone (NMP; AR, 99.0%) was purchased from
Chengdu Kelong Chemical Inc. (Chengdu, China), and used as
the solvent. KMnO, was purchased from Chengdu Changlian
Chemical Reagent Company. Bovine serum fibrinogen (BFG)
was obtained from Sigma Aldrich, USA. Micro BCA™ Protein
Assay Reagent kits were the products of PIERCE. Anti-CD62P""
antibodies were purchased from Beckman Coulter, CA. Throm-
bin-antithrombin complex (TAT) (Enzygnost TAT micro) was
obtained from Assay Pro, USA. C3a and C5a ELISA Kkits were
purchased from Cusbio Biotech Co., Ltd, China. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
was purchased from Sigma. All the other chemicals (analytical
grade) were obtained from the Chengdu Kelong Inc, China,
and were used without further purification.

2.2 Synthesis and characterization of SPES and CPES

SPES was prepared according to the developed method from
previous work,*'*? as shown in Scheme 1. Briefly, 10 g of PES,
which had been dried in a vacuum oven at 110 °C for 1 h, was
dissolved in 80 mL CH,Cl,. Then, chlorosulfonic acid solution
(CH,CI, as the solvent, the molar ratio of chlorosulfonic acid
to PES was 10:1) was added drop-wise to the PES solution
under stirring at 16 °C for about 30 minutes, then an
additional hour was taken to complete the reaction, and the
whole process was under nitrogen protection to inhibit the
side reaction. The mixture was then gradually precipitated into
deionized water under agitation, and the resulting precipitate
was obtained by filtration, washing with deionized water until
the pH value of the filtrate was the same as the deionized
water. Finally, the obtained SPES was dried at 30 °C in a
vacuum oven for about 48 h.

Carboxylic polyethersulfone (CPES) was prepared according
to our recent study,* as shown in Scheme 1. Briefly, PES was
dissolved in NMP with a concentration of 20 wt% for the acety-
lating reaction. Acetyl chloride (used as an acetylating reagent)
and AICl; (used as catalyst) were mixed with NMP. The mixed
solution was then poured into the PES solution slowly at a
temperature of 90 °C. After 2 h, the product (PES-COCH;) was
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Scheme 1 Synthetic procedure for the SPES and CPES polymers. The
PES/CPES/SPES composite membranes were prepared by blending
SPES, CPES, and PES at different ratios with surface aggregated func-
tional sulfonic acid and carboxylic acid polymer chains.

washed with double distilled water and dried in an oven for
24 h. In the oxidation reaction procedure, PES-COCH; was dis-
solved in NMP with a concentration of 20 wt%. KMnO, and
NaOH were dissolved in a mixed solution of double distilled
water and NMP. The mixed solution was then added into the
PES-COCH;3; solution slowly at 80 °C with stirring. After 6 h, the
product was obtained through a centrifugal process using a
centrifugal machine at approximately 4000 rpm. The obtained
CPES was dried in a vacuum oven for 24 h.

"H-NMR spectra were recorded with a Bruker DRX 300
spectrometer (Bruker Co., Germany) to analyze SPES and
CPES, using deuterated dimethyl sulfoxide (DMSO-d¢) as a
solvent. FTIR analysis of the polymers was performed using a
Nicolet 560 spectrometer (America). The SPES and CPES were
first dried in a vacuum oven overnight at room temperature,
and then ground with KBr and pressed into tablets. A pristine
PES sample was also prepared.

2.3 Preparation and characterization of modified PES
membranes

2.3.1. Preparation. PES modified membranes were pre-
pared in the form of phase-inversion and evaporation mem-
branes using a liquid-liquid phase separation technique and
evaporation method, respectively.

The casting solutions were prepared as follows: PES, SPES
and CPES were dissolved in NMP, and the solution was vigor-
ously stirred until a clear homogeneous solution was obtained.
The total concentration of all the polymers was 16 wt%. In the
study, different kinds of membranes were prepared by chan-
ging the amounts of PES, SPES and CPES in the casting solu-
tions, and the ratios of PES, CPES and SPES were 16:0:0,
8:8:0,8:6:2,8:4:4,8:2:6,and 8:0:8.

To prepare the phase-inversion membrane, the casting solu-
tion was vacuum degassed and then prepared into membrane
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by a spin coating method based on a liquid-liquid phase sepa-
ration method at room temperature, which produced a white-
coloured opaque membrane. The prepared phase-inversion
membrane was a uniform thickness of about 70-100 pm.

To prepare the evaporation membrane, the obtained
casting solution was spread on a glass plate at room tempera-
ture under an air atmosphere for 24 h to evaporate the solvent;
the membrane was then dried at 40 °C in a vacuum oven for
48 h to eliminate the residual solvent; then a golden-coloured
transparent membrane was obtained. The thickness of the
evaporation membrane was about 300 pm.

After the membrane preparation process, the as-prepared
membranes were immediately immersed in distilled water to
remove the solvent of NMP. The membranes were immersed in
distilled water for at least a week, and the water was changed
three times a day. The residual solvent quantity was detected
by an UV-Vis spectrophotometer (UV-1750, Shimadzu Co., Ltd,
Japan) at a wavelength of 200 to 500 nm and is shown in ESI
Fig. S1t (UV-Vis spectra, before and after one week).

The white opaque membranes prepared via the phase inver-
sion method were termed PM-16-0-0, PM-8-8-0, PM-8-6-2,
PM-8-4-4, PM-8-2-6 and PM-8-0-8; while the golden-coloured
transparent membranes prepared by the evaporation method
were termed EM-16-0-0, EM-8-8-0, EM-8-6-2, EM-8-4-4, EM-8-2-6
and EM-8-0-8 (the compositions are shown in Table 1).

2.3.2 Characterization. The membrane
investigated by ATR-FTIR and X-ray photoelectron spectroscopy
(XPS, the take-off angle was 70 degrees). The cross-section mor-
phology of the membranes was observed using a scanning
electron microscope (SEM). For observation, the membranes
were freeze-dried for 4 h, and then quenched by liquid nitro-
gen gas, attached to the sample supports and coated with a
gold layer. A scanning electron microscope (JSM-7500F, JEOL,
Japan) operated at 20 kV accelerating voltage was used to
observe the morphology of the membrane cross-section.

The hydrophilicity of the membrane surfaces was character-
ized based on the static contact angle measurement using a
contact angle goniometer (OCA20, Dataphysics, Germany)
equipped with a video capture device. A piece of 2 x 2 cm?
membrane was attached to a glass slide and mounted on the

surfaces were

Table 1 Weight composition of the cast solutions for the prepared
phase inversion membranes and evaporation membranes

Membrane  PES CEPS SPES
Membrane type no. (Wt%)  (wWt%)  (Wt%)
Phase-inversion membrane  PM-16-0-0 16 0 0
PM-8-8-0 8 8 0
PM-8-6-2 8 6 2
PM-8-4-4 8 4 4
PM-8-2-6 8 2 6
PM-8-0-8 8 0 8
Evaporation membrane EM-16-0-0 16 0 0
EM-8-8-0 8 8 0
EM-8-6-2 8 6 2
EM-8-4-4 8 4 4
EM-8-2-6 8 2 6
EM-8-0-8 8 0 8
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goniometer. For the static contact angle measurements, 3 pL
double distilled water was dropped on the air-side surface of
the membrane at room temperature, and the contact angle was
measured after 10 seconds. At least eight measurements were
averaged to get a reliable value. The measurement error
was +3°.

2.4 Blood compatibility

All the membranes were treated with phosphate-buffered solu-
tions (PBS, pH = 7.4) before the blood compatibility and cyto-
compatibility experiments.

2.4.1 Collection of human plasma. Human blood plasma
was used to test the blood compatibility of the modified mem-
branes. Whole human fresh blood was collected by venipunc-
ture from a healthy volunteer (man, 25 years old). The blood
was mixed with 3.8 wt% anticoagulant citrate dextrose (ACD)
(9:1, v/v) and centrifuged at 1000 rpm and 4000 rpm for
15 minutes to obtain platelet-rich plasma (PRP) and platelet-
poor plasma (PPP), respectively. The plasma was stored at
—20 °C until use.?®

2.4.2 Protein adsorption. For the protein adsorption assay,
BFG was dissolved in isotonic PBS (pH = 7.4) with a concen-
tration of 1 mg mL™". A membrane of 1 x 1 cm? area was incu-
bated in the protein solution at 37 °C for 2 h. After protein
adsorption, the membrane was slightly rinsed with PBS solu-
tion and double distilled water alternately 3 times. The mem-
brane was then immersed in a washing solution (2% sodium
dodecyl sulfate, SDS) at 37 °C, and shaken gently for 2 h to
remove the protein adsorbed onto the membrane. The amount
of the protein eluted in the SDS solution was then quantified
usign a Micro BCA™ protein assay reagent kit. The adsorbed
protein amount was then calculated. The assays were per-
formed in triplicate for each sample.

2.4.3 Platelet adhesion. Prior to platelet adhesion tests,
the membrane (1 x 1 cm®) was immersed in PBS solution and
equilibrated at 37 °C for 1 h. The membrane was then incu-
bated in 1 mL fresh PRP at 37 °C. After 1 h, the PRP was
removed with an aspirator, and the membrane was rinsed
three times with PBS solution, then the adhering platelets
were fixed with 2.5 wt% glutaraldehyde in PBS at 4 °C for 24 h.
Finally, the sample was washed with PBS and subjected to a
drying process by passing through a series of graded alcohol-
PBS solutions (30, 50, 70, 80, 90, 95 and 100%). The critical
point when drying the specimens was done with liquid
C0,.***> SEM images were recorded using a scanning electron
microscope (JSM-7500F, JEOL, Japan) operated at an accelerat-
ing voltage of 20 kV, and the platelet adhesion was investi-
gated. The number of the adhered platelets on the membrane
surface was calculated from five SEM pictures at 500x magnifi-
cation from different places on the same membrane.

2.4.4 Platelet  activation. Surface  platelet  antigen
expression was analyzed using immunofluorescence with a
flow cytometer (BD FACS calibur). Platelet antigens were
detected in the whole blood with anti-CD62P"™ (Beckman
Coulter, CA) antibodies. The sample was incubated for
15 minutes in the dark at room temperature and was then
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diluted and fixed with ice-cold PBS containing 1% paraformal-
dehyde (PFA) to prevent further activation. The method of
fixing cells after short incubation with the antibody has been
shown not to cause a significant artificial increase in CD62P™®
expression due to the fixative treatment.>® The sample was
then analyzed with the Attractor software by acquiring 10 000
platelet events on a FacsCalibur Flow Cytometer (Becton Dicki-
son). Platelets without further treatment and isotypic IgG
monoclonal antibodies (Mouse, Bechman Coulter, CA) were
used as a negative control and isotype control, respectively.

2.4.5 Clotting time. The anticoagulant activity of the
modified membranes was determined using a semi-automatic
blood coagulation analyzer (CA-50, Sysmex, Japan) by measur-
ing the clotting times (in seconds) including activated partial
thromboplastin time (APTT) and prothrombin time (PT), as
follows:*” the sample membranes (1 x 1 cm?) were placed care-
fully in a 24-well cell culture plate. Then 1 mL platelet-poor
plasma (PPP) was dropped in each well and then incubated at
37 °C for 0.5 h. Afterwards, 50 pL incubated PPP solution for
APTT was warmed in the automated blood coagulation analy-
zer for 60 seconds and then mixed well with 50 pL of ACTIN
(Siemens Healthcare Diagnostics Products GmbH) agent at
37 °C for 3 minutes. Next, the calcium chloride solution
(0.025 mol L™, Dade Behring Marburg GmbH) was added.
Finally, the time was obtained by the analyzer. For the PT test,
100 pL incubated PPP solution was warmed in the automated
blood coagulation analyzer for 60 seconds and then mixed
well with 100 pL of Thromborel® S (Dade Behring Marburg
GmbH) agent at 37 °C for 3 minutes, and then the time was
obtained. The assays were performed in triplicate for each
sample. The difference among individual groups was evaluated
using the Student’s t-test, and the level of significance was
chosen as P < 0.05.

2.4.6 Coagulation activation and complement activation.
Commercial enzyme-linked immunosorbent assays (ELISA)
were used to evaluate the coagulation activation (thrombin-
antithrombin IIT complex (TAT), Enzygnost TAT micro, Assay
Pro, USA) and complement activation (C3a and C5a, CUSABIO
BIOTECH CO., LTD, China). The whole blood incubated for
2 h was centrifuged for 20 minutes at 2000g (4 °C) centrifugal
force to obtain plasma. Then the plasma was mixed with
specific inhibitors for each assay and centrifuged according to
the respective instruction manuals. The difference among indi-
vidual groups was evaluated using the Student’s ¢-test, and the
level of significance was chosen as P < 0.05.

2.5 Cytocompatibility

2.5.1. Cell morphology. For cell morphology observation,
hepatocytes were chosen to be seeded onto the membranes at
a density of approx. 2.5 x 10" cells per cm?. After 2 days, the
seeded membranes were immediately rinsed with PBS and
fixed with 2.5% (wt%) glutaraldehyde in PBS at 4 °C for 12 h.
The fixed samples were then subjected to a drying process by
passing them through a series of graded alcohol-PBS solutions
(30, 50, 70, 80, 90, 95 and 100%, 15 minutes for each time)
and then dehydrated through isoamyl acetate. The critical
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point drying of the specimens was done with liquid CO,. The
specimens were sputter-coated with a gold layer and examined
by a SEM (JSM-7500F, JEOL, Japan) operated at an accelerating
voltage of 20 kV.

2.5.2 MTT assay. After cell culture for 2, 4 and 6 days, the
viability of the hepatocytes was determined using an MTT
assay. The hepatocytes were seeded onto the membranes at a
density of approx. 2.5 x 10* cells per cm?. The cells cultured in
the wells without the membranes served as the control in this
study. After determined time intervals, 45 pL of the MTT solu-
tion (1 mg mL™" in the test medium) was added to each well
and incubated for 4 h at 37 °C. Mitochondrial dehydrogenases
of viable cells selectively cleave the tetrazolium ring, yielding
blue/purple formazan crystals. Next, 400 pL of ethanol was
added to dissolve the formazan crystals. Therefore, the quan-
tity of the formazan crystals dissolved in the ethanol reflects
the level of cell metabolism. The dissolved solution was
shaken homogeneously for about 15 minutes using a shaker.
The solution of each sample was aspirated into a microtiter
plate and the optical density of the formazan solution was
read on a Microplate reader (Model 550, Bio-Rad) at 492 nm.
All the experiments were repeated three times, and the results
were expressed as means + SD. The statistical significance was
assessed using the Tukey-Kramer method, and the level of
significance was chosen as P < 0.05.

3. Results and discussion
3.1 Characterization of SPES and CPES

Fig. 1(A) shows the 'H-NMR spectra for PES, SPES and CPES.
As shown in the spectra, for SPES, a significant chemical shift
from 6 = 8.0 to 6 = 8.3 ppm of the hydrogen located in the
o-position at the aromatic ring to the sulfone groups is
observed, which indicated the sulfonic acid groups have been
introduced to the aromatic rings, and the result is consistent
with the description in the literature.?>*® For CPES, the peak
at § = 10.6 is the chemical shift of -COOH, which confirmed
that -COOH was introduced onto the PES molecular chain
after the oxidation reaction. Moreover, a split of the peak
between 6 = 7.0 and § = 8.0 is found, which could also be
attributed to the grafted carboxylic groups.

FTIR spectra were also used to confirm the presence of the
sulfonic and carboxylic groups of SPES and CPES, respectively.
The FTIR spectra of PES, SPES and CPES are shown in Fig. 1(B),
and it is found that the spectra of SPES and CPES are different
from that of PES. For SPES, the peak at 1025 cm™" could be
assigned to the aromatic sulfonic group (-SO;H) symmetric
stretching vibrations and the peak at 3460 cm™' was the
characteristic peak of the hydroxyl of the sulfonic groups. For
CPES, the peaks at 3440 cm™' and 1772 cm™" indicated the
presence of the -OH and -C=O0, which should be attributed to
the ~-COOH groups. In summary, the results of "H NMR and
FTIR spectra confirmed that SPES and CPES were successfully
synthesized.
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Fig. 1 (A) "H-NMR spectra of SPES and CPES. For CPES, the inserted
figure of chemical shift at 9—-12 ppm was obtained by amplifying the
baseline; (B) FTIR spectra of SPES and CPES.

3.2 Composition and structure of the modified PES
membranes

3.2.1 ATR-FTIR and XPS spectra. Fig. 2 shows the
ATR-FTIR spectra of modified membranes prepared via evapor-
ation and phase-inversion methods. As shown in the figure,
for EM-8-2-6, a peak at 1025 cm™ " might be assigned to the
stretching vibrations of the aromatic -SO;H, which belonged
to the SPES. In addition, the peak at 1660 cm™" indicates the
presence of CPES, and the same phenomenon was found in
PM-8-2-6. For the pristine PES membrane, no similar peaks are
found. To sum up, the ATR-FTIR spectra demonstrated that
sulfonic acid and carboxylic acid groups were introduced to
the modified membrane surfaces; and the surface of the modi-
fied PES membrane might be regarded as a heparin-like inter-
face with aggregated sulfonic acid and carboxylic acid group
enriched polymer chains.

In order to determine the component and composition of
the membrane surfaces, the modified membranes were
detected by XPS with a take-off angle of 70 degrees. From the
data, it can be observed that the contents of element S increase
with the SPES increment both for the evaporation and phase-
inversion membranes. Compared with the evaporation
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(b) Samples C (%) O (%) S (%)
PES 73.48 22.13 4.12
EM-8-6-2 62.85 27.03 5.04
EM-8-4-4 62.51 27.55 545
EM-8-2-6 62.20 27.62 5.90
PM-8-6-2 62.57 26.91 5.44
PM-8-4-4 62.21 27.45 5.85
PM-8-2-6 61.90 27.49 6.33

Fig. 2 (a) FTIR spectra of the PES and the modified PES membranes; (b)
the contents of the elements C, O, and S in the modified membranes
detected by XPS (mass fraction).

membrane, the contents of element S in the phase-inversion
membranes are lower, since surface aggregation of SPES and
CPES could occur more intensively in the phase-inversion
membrane during the membrane preparation procedure.
From the ATR-FTIR and XPS results, it could be demonstrated
that the CPES and SPES were successfully immobilized on the
modified membrane surface in an appropriate ratio.

3.2.2 SEM pictures. Fig. 3 shows the cross-section SEM
micrographs for the membranes. For the phase-inversion
membrane (Fig. 3(a)), the characteristic morphology of the
asymmetric membrane consisting of a dense top-layer and
porous sub-layer with a finger-like structure is observed. For
the modified membrane, the pore diameter of the finger-like
structure is larger, and the porous sub-layer is less erratic and
obvious compared to that of the PES membrane. For the evap-
oration membrane (Fig. 3(a)), it is found that the membrane
consists of two parts: (i) the top layer with a thickness of
15 pm made of relatively oriented fibrous components, and (ii)
the bottom layer with an irregular morphology. The fibrous
component of the modified membrane is more oriented com-
pared with that of the pristine PES membrane. Solvent evapor-
ation on the glass surface provides a relatively homogeneous
membrane, which is made of the fibrous component. The
precise mechanism of the structure formation during the evap-
oration process is still not clear, but the results showed that
the structure of the PES membrane was changed by the
addition of SPES and CPES. The SEM structure results
suggested that the cross-sectional structures of the membranes
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Fig. 3 Cross-section views for PES and modified PES membranes. (a)
For the phase-inversion membrane, blue colour images, the scale bar is
50 pm (left) and 5 pm (right); (b) for the evaporation membrane, green
colour images, the scale bar is 50 pm (left) and 10 pm (right).

had been altered, at least in part, with the blending of SPES
and CPES.

3.3 Water contact angles (WCA)

Fig. 4 shows the WCAs for both the phase-inversion and evap-
oration membranes. It is observed that the water contact angle
decreased with the addition of CPES in the membranes. The
addition of SPES further decreased the WCA. Higuchi** and
Nakagawa®® pointed out that a material with -CH,SO5;-

B Evaporation membrane

H#8 Phase-inversion membrane

Contact angle (°)

16-0-0 8-8-0 8-6-2 8-4-4 8-2-6 8-0-8

Fig. 4 The water contact angles of the membranes (phase-inversion
membrane and evaporation membrane). The results are expressed as
means + SD (n = 8).
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segments had better hydrophilic property. Moreover, from this
figure, it is found that the WCAs of the phase-inversion mem-
branes decreased significantly compared to those of the evap-
oration membranes. This fact might be explained by the
results that the surface morphology of the evaporation mem-
brane were much more different from those of the phase-inver-
sion membrane due to the different driving forces and
different solvent migration times during the membrane prepa-
ration process. More detailed work is needed to explore the
different effect of phase-inversion and evaporation membranes
on the WCAs. In general, the decreased WCAs of the modified
membranes indicate that the blending of SPES and CPES
could enhance the hydrophilic property of the PES membrane
surface.

3.4 Blood compatibility

3.4.1 Protein adsorption. Adsorption of plasma protein
occurs on the surface as soon as blood is in contact with a bio-
material, following this are platelet adhesion and activation of
coagulation pathways, leading to thrombus formation.*' Thus,
recent studies suggested that the amount of protein adsorbed
on the membrane material was one of the most essential
factors in evaluating the blood compatibility of materials.****
There are many factors that affect the interaction between
membrane surface and protein, such as surface charge charac-
ter, surface free energy and topological structure, solution
environment (e.g. pH, ionic strength), and protein character-
istics.”»*> In this study, protein adsorption on the modified
membrane surface was evaluated in relation to the adsorption
of bovine fibrinogen (BFG) in vitro.

Fig. 5 shows the adsorption results of BFG on the mem-
brane surface from PBS solutions (1 mg mL™"). As shown in
the figure, it is found that the amounts of adsorbed BFG
decreases with the addition of CPES for the two kinds of mem-
branes, and further decreases with blending SPES, attributed
to the synergistic influence of the CPES and SPES additives.
The reduced BFG adsorption was in good agreement with the
increased hydrophilicity of the membrane surfaces. The hydro-
philic/hydrophobic character of the membrane material played
a relatively important role in the interaction between protein

[ Evaporation membrane

inversion brane

@ Pn

BFG adsorption amounts
(pg/cm?)

16-0-0  8-8-0 8-6-2 8-4-4 8-2-6 8-0-8

Fig. 5 Bovine serum fibrinogen (BFG) adsorption amounts onto the
membranes. The results are expressed as means + SD (n = 3).
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and membrane. Since the hydrophilic surface preferentially
adsorbed water rather than solutes, many researchers had fol-
lowed the idea of increasing the hydrophilicity of a membrane
material with the goal of reducing protein fouling and/or
protein adsorption.*® In this study, the CPES and SPES con-
tained hydrophilic functional groups, which endowed the
modified membrane surfaces with high hydrophilicity. Han
et al.’ suggested that negatively charged sulfonate groups
exhibited relative low BFG adsorption amounts. Furthermore,
with the synergistic effect of the sulfonic acid and carboxylic
acid groups, the BFG adsorption of the PES/CPES/SPES was
lower than that on the pristine PES membrane. The hydro-
philicity and the negatively charged groups of the membrane
surfaces should be responsible for the decrease of the protein
adsorption.

In addition, it could be observed that the adsorbed BFG
amounts on the phase-inversion membranes were higher com-
pared with those on the evaporation membranes. The results
could be attributed to the different surface morphologies of
the phase-inversion and evaporation membranes which were
formed during the phase-inversion and evaporation process,
respectively. Furthermore, the two types of modified mem-
brane exhibited the lowest amount of BFG adsorption when
the ratio of SPES to CPES was 6: 2. These results indicate that
the BFG adsorption could be visibly decreased due to the CPES
and SPES, which provided carboxylic and sulfonic groups,
respectively. The decreased protein adsorption was caused by
these functional groups, which might improve the blood com-
patibility of the membranes; and the modified membranes
might exhibit a heparin-like anticoagulant activity,*® which
will be discussed in the following sections.

3.4.2 Platelet adhesion. The extent of platelet adhesion
and platelet aggregation is considered to be a crucial step in
the process of thrombus formation. After platelet adhesion, a
series of actions could produce thrombin formation, and led
to further coagulation. Thus, in this study, the morphology of
the adherent platelets and the adhered platelet number was
investigated.

Fig. 6(a) shows the SEM micrographs of the platelets adher-
ing onto the evaporated PES and modified PES membranes. As
shown in the figure, with the same amplification multiple, it is
observed that on the pristine PES membrane surface, numer-
ous platelets are adhered and aggregated. Platelet aggregation
on the pristine PES membrane indicated that thrombus for-
mation might occur at the surface of the membrane, which is
a life-threatening phenomenon for patients. However, for the
modified membranes, very few platelets are found; and the
platelets express a rounded morphology with nearly no pseu-
dopodium and deformation. Fig. 6(b) shows the numbers of
the platelet clusters adhered on the phase-inversion mem-
branes from platelet-rich plasma. The modified membranes
show a much lower number of adhered platelets compared
with that of the PES membrane. From these figures, it could
be observed that the platelet adhesion was distinctly
decreased, and most platelets retained their discoid shape on
the modified membranes. As the ratio of CPES to SPES varied,
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Fig. 6 (a) Scanning electron micrographs of the adherent platelets onto
the membranes; (b) number of adhered platelets on the membranes.

the adhering platelet number changed; remarkably, barely any
adhered platelet was found on the surface of the M-8-4-4. The
platelet adhesion results were consistent with the previous
BFG adsorption. Fibrinogen was a known mediator for platelet
adhesion and aggregation.”® The reduced platelet adhesion
should be attributed to the surface introduction of the sulfonic
and carboxylic groups of the modified membrane and the
resulting decrease in BFG adsorption. Therefore, based on the
platelet adhesion results, the modified membranes might have
improved blood compatibility.

3.4.3 Platelet activation. Platelet activation is a common
phenomenon when a membrane contacts with blood. Flow
cytometry technology could be applied for the measurement of
platelet activation at the level of the platelet positive expression
of CD62p. In this study, we examined platelet activation using
the percentage of CD62p expression on the platelets.

The results of platelet activation showed a slight increase in
the percentages of CD62p-positive PLTs for both phase-inver-
sion and evaporation membranes compared with the control
sample. For the 8-4-4 membranes, the percentages of CD62p-
positive PLTs showed no difference from that of the negative
control (ESI Fig. S27). The results indicated that the activation
of platelets for the modified membranes with both sulfonic
and carboxylic groups was significantly decreased compared to
the pure PES membrane, and that the heparin-like structure of
the surface could decrease platelet activation due to the func-
tional groups.

3.4.4 Clotting time. There are three pathways in the blood
coagulant system, including the intrinsic pathway, the extrinsic
pathway, and the common pathway. In this study, APTT and
PT were used to evaluate mainly the intrinsic and extrinsic
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pathways.'* Fig. 7 shows APTT and PT test results for the mem-
branes. From Fig. 7(a), it is found that the clotting times for
the modified membranes prepared by both phase inversion
and evaporation methods were significantly prolonged com-
pared with that of the pristine PES membrane (P < 0.05). The
8-2-6 modified membranes show clotting times approximately
twice as long as APTT compared with the pure PES membrane
(P < 0.05). Meanwhile, the same phenomenon could be found
in the PT results, although its increment range was lower than
APTT (Fig. 7(b)). These results suggested that the sulfonic and
carboxylic groups might be effective groups in prolonging the
blood clotting time. In addition, the improvement of anti-
coagulant activity was in good agreement with the increased
hydrophilicity, decreased protein adsorption, and suppressed
platelet adhesion and activation.

Comparing Fig. 7(a) and (b), for most of membranes it is
obvious that the APTT and PT of the modified membranes pre-
pared by the phase inversion method were longer than those
prepared by the evaporation method, with an increase of about
10 seconds. This might be due to the different formation pro-
cesses for evaporation and phase-inversion membranes, which
led to different surface morphology. Moreover, the results
could also be attributed to the surface aggregation amounts of
the SPES and CPES.”

100
(a) APTT W Evaporation membrane *
92 @@ Phase-inversion membrane * *

80
70

Clotting time (s)

40

30

20

10

0

plasma 16-0-0 8-8-0 8-6-2 844 8-2-6 8-0-8

(b) 20 B Evaporation membrane *

18+ PT [ ] Pha;e-inversion membrane %

w6l * * ¥

Clotting time (s)

plasma16-0-0 8-8-0 8-6-2

8-4-4 8-2-6 8-0-8

Fig. 7 (a) APTT, and (b) PT assays for the PES and modified PES mem-
branes. The results are expressed as means + SD (n = 3), *P < 0.05 com-
pared to the values of the 16-0-0 membrane (APTT and PT).
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3.4.5 Coagulation activation. When blood is in contact
with a material surface, thrombin activity is generated. Quanti-
fication of thrombin generation by the unphysiologic surface
is a major challenge for the hemostasis laboratory, and throm-
bin generation assays are also very essential. The amount of
generated thrombin is evaluated through measurement of the
amount of thrombin-antithrombin III (TAT), since the throm-
bin would be immediately inactivated when reacted with
antithrombin-III, resulting in the formation of a TAT complex.
Hence, the compatibility of the modified membranes with
coagulation system was investigated in terms of TAT
generation.

Fig. 8 shows the thrombin-antithrombin III (TAT) gen-
eration results of the membranes. Compared with the control
sample, no significant increase is observed in the values of the
TAT generation amounts for the PES-based membranes, which
suggested that the TAT generation was not affected by the
addition of the SPES and CPES. The results suggested that no
obvious activation of the coagulation cascade occurred after
the modified PES membranes contacting with blood, and the
modified PES membranes had good blood compatibility.

In addition, the phase-inversion membranes showed
slightly decreased TAT generation compared with the evapor-
ation membranes. This was in good accordance with the
results of platelet adhesion and anticoagulant activity assay.
This could also be explained by the different formation
processes.

Thus, it could be concluded that phase inversion method
modified membrane had great potential to approach the
highly blood compatible membranes, and this study provided
enlightening information for the design of a modified mem-
brane using phase-inversion and evaporation.

3.4.6 Complement activation. Complement activation is
the triggering of the host defence mechanism generated by the
localized inflammatory mediator. Hemodialysis membranes
show activation of complement through an alternative
pathway. Complement activation could be measured by deter-
mining the generated anaphylatoxins C3a, C4a and C5a. In

@ Evaporation meémbrane
B Phase-inversion membrane x %

Thrombin-Antithrombin III (TAT) amounts

O Control 16-0-0 880 862 8-4-4 8-2-6 8-0-8

Fig. 8 The thrombin—antithrombin Il (TAT) generation of the mem-
branes with PRP flowing for 2 h. The results are expressed as means +
SD (n = 3), *P < 0.05 compared to the value of the 16-0-0 membrane.
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this study, C3a and C5a concentrations were determined using
an ELISA assay for complement activation evaluation.

The concentrations of C3a and C5a are used to evaluate the
complement activation, and the results are presented in Fig. 9.
As shown in Fig. 9(a), by blending SPES and CPES in the mem-
branes, the activated C3a concentrations decreased compared
with that of the pristine PES membrane, especially for the
phase inversion membranes. Moreover, the membranes (PM-8-
6-2, PM-8-4-4, and PM-8-2-6) prepared by the phase inversion
method showed significantly decreased concentrations of
complement fragment C3a compared with the control sample.
However, the membranes (EM-8-6-2, EM-8-4-4, and EM-8-2-6)
prepared by the evaporation process showed no obvious differ-
ence when compared with the control sample at the C3a level.
These results demonstrate that the PES/CPES/SPES mem-
branes successfully inhibited the formation of soluble C3a in
blood plasma compared with the PES membrane.

Similar results are observed for the C5a concentrations
(Fig. 9(b)). No significant difference in C5a levels is observed
for the modified membranes compared to the control sample,
except that the pristine PES membrane prepared by evapor-
ation method showed a significant increase in C5a level.

Some researchers pointed out that the surface contact acti-
vation usually occurred when blood-contacting materials
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Fig. 9 (a) The concentrations of C3a for the samples with whole blood
incubated for 2 h. The results were expressed as means + SD (n = 3); (b)
the concentrations of C5a for the samples with whole blood incubated
for 2 h. The results are expressed as means + SD (n = 3).
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contacted with blood, especially negatively charged surfaces,
which then led to the activation of the coagulation
cascade.’™? This activation of the coagulation cascade could
result in the formation of thrombin and fibrin clots.>® Simul-
taneously, the formed thrombin and fibrin could activate
platelets and promote the formation of a thrombus. In this
study, in order to mimic the heparin-like surface, -COOH and
-SOzH groups (negatively charged groups) were introduced to
the modified PES membrane surface. From the results of
CD62p-positive  platelets expression and TAT complex
amounts, it could be found that no significant evidence for
contact phase activation occurred, especially in the modified
membranes PM-8-4-4 and EM-8-4-4. Thus, the contact phase
activation could be controlled by regulating the -COOH and
-SO;H density in an appropriate range. Moreover, from the
results of the blood compatibility test, it could be observed
that when we introduced both -COOH and -SO;H, the blood
compatibility of the modified membranes was better than that
of the modified membrane that only had ~-COOH or -SO;H
introduced. Therefore, it could be speculated that a synergistic
effect of -COOH and -SO;H at the modified membrane
surface might occur when contacting with blood.

In general, inspired by the chemical structure of heparin
molecules, we have successfully modified a PES membrane
surface with a heparin-like interface via a blending method, as
shown in Fig. S3.f Both SPES and CPES can be directly
blended with PES in any proportion to form miscible polymer
blends due to their similar molecular backbones. The modi-
fied membrane showed better hydrophilicity, decreased
protein adsorption, suppressed platelet adhesion, suppressed
platelet activation, reduced TAT generation, prolonged APTT,
and limited activation of C3a and C5a compared to the pure
PES membrane. Most importantly, the platelet activation and
thrombin generation results suggested that nearly no contact
activation occurred after the blood contacted with the modi-
fied PES membrane surface, which indicated that the modified
membranes might possess intrinsic blood compatibility and
could satisfy various blood contacting applications.

3.5 Bio-artificial liver related cell proliferation

As the PES membranes were expected to be used as biomater-
ials in bio-artificial liver supports, bio-artificial liver related
cell proliferation also played a critical role for the modified
membranes. Thus, cell proliferation of the modified mem-
branes was evaluated in terms of cell morphology and cyto-
toxicity. Human hepatocytes LO2 were chosen for the cell
culture experiments.

3.5.1 Cell morphology analysis. The morphology of
hepatocyte cells were observed using SEM at different amplifi-
cation multiples. As shown in Fig. 10, hepatocyte cells adhered
to the membranes, and spread in pseudopodia to form cell
layers on the surface. Fig. 10(a) indicates that the morphology
of hepatocytes cultured on the modified membrane (PM-8-4-4)
was generally similar to that of the hepatocytes seeded on the
pure PES membrane (PM-16-0-0), SPES modified membrane
(PM-8-8-0) and CPES modified membrane (PM-8-0-8).
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Fig. 10 SEM pictures of human hepatocytes LO2 cultured on the mem-
branes for 2 days: (a) hepatocytes on phase-inversion membranes; (b)
hepatocytes on evaporation membranes.

However, it was observed that the amounts of the hepatocytes
on the modified membrane gradually increased with the intro-
duction of SPES and CPES compared with that of the PES
membrane. Moreover, the membrane surface of PM-8-4-4 was
fully covered by the cells which were gathered together with
the extending pseudopodia. The morphology of the hepato-
cytes cultured on the modified membranes indicated a better
cell spread and cell proliferation, which implied that the modi-
fied membrane did promote the growth of hepatocytes, and
maintained better cytocompatibility compared with the PES
membrane. Furthermore, from Fig. 10(b), it is found that the
hepatocytes displayed spindle morphology on the surface of
the evaporation membranes, and no significant difference was
found among these images. These results suggested that the
cell proliferation of the modified membranes through the
evaporation method might not be obviously improved due to
the smooth surface structure. An MTT test was subsequently
assayed on the hepatocyte cultivated membranes (Fig. 11) and
the hepatocytes cultured on a blank plate were set as the
control sample for further comparison.

3.5.2 MTT assay. Fig. 11 shows the MTT results for the
negative control and the membranes, the results were analyzed
using statistical methods (statistical significance using the
Tukey-Kramer multiple comparison, P < 0.05).>"*> The forma-
zan absorbance implied that the succinate dehydrogenase in
the mitochondria of living cells was able to convert exogenous
MTT reduction into a water-insoluble crystalline blue forma-
zan product that deposited on the cells, which could dissolve
in ethanol; this could not happen in dead cells. As shown in
Fig. 11, the absorbance for all the membranes increased with
an increase of culture time. However, for the phase inversion
membrane (Fig. 11(a)), on the second day, fourth day and sixth
day, the viability of the hepatocytes on the membranes with
the addition of both CPES and SPES increased compared with
those on pristine PES membrane (PM-16-0-0) and PM-8-0-8
membrane (*P < 0.05); moreover, the modified PES mem-
branes with both CPES and SPES kept a better viability during
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Fig. 11 MTT-tetrazolium assays. Formazan absorbance expressed as a
function of time from hepatocytes seeded onto different membranes
and the controls: (a) formazan absorbance for phase inversion mem-
branes; (b) formazan absorbance for evaporation membranes. The
results are expressed as means + SD (n = 3), *P < 0.05 compared to the
values of PM-16-0-0 and EM-16-0-0 membranes for 2, 4 and 6 days.

the whole culture time, which suggested that the introduction
of both sulfonic acid and carboxylic acid groups might have a
positive effect on the cytocompatibility of the membranes. On
the other hand, from Fig. 11(b), it is observed that the viability
of the hepatocytes for all the evaporation membranes showed
nearly no difference with culture time (*P < 0.05), which was in
good agreement with the cell morphology results. Based on
these data, we inferred that the evaporation method for prepar-
ing the membrane might have no significant influence on the
improvement of cytocompatibility and cell proliferation for the
membranes.

Therefore, it could be concluded that better cell prolifer-
ation could be obtained with the addition of both CPES and
SPES into PES membranes, and the modified membranes pre-
pared by the phase inversion method have potential to be used
for bio-artificial liver supports.

4. Conclusions

Inspired by the chemical structure of heparin molecules, we
have successfully modified a PES membrane surface with a
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heparin-like interface via a blending method with enhanced
biocompatibility. Clinical complications associated with
current hemodialysis PES membranes might be improved
using the SPES and CPES as additives. Both SPES and CPES
can be directly blended with the PES matrix in any proportion
to form miscible polymer blends due to their similar mole-
cular chains, and can be prepared into evaporation and phase-
inversion membranes. The SPES and CPES had a synergistic
effect on the improvement of the modified membranes, and
these obtained PES/CPES/SPES membranes showed better
hydrophilicity, decreased protein adsorption, suppressed plate-
let adhesion and activation, reduced TAT generation, pro-
longed APTT, and limited activation of C3a and C5a compared
to the pure PES membrane. The modified membranes pre-
pared via phase inversion proved to be better than those pre-
pared by the evaporation method in terms of blood
compatibility performance. Furthermore, the platelet acti-
vation and thrombin generation results suggested that nearly
no contact activation occurred after blood contacting with the
modified PES membrane surface. Thus, the modified mem-
brane prepared by the phase inversion technique has great
potential in applications for blood purification, including
hemodialysis and bio-artificial liver support. Moreover, this
study provided useful information for the industrial and clini-
cal application of the membranes. The significance of
enhanced blood and cell compatibility of the modified PES
membranes with a heparin-like surface prepared by the phase
inversion method as described here is not restricted to PES
membranes, but may enlighten the modification of some
other blood-contacting materials in general.
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