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ABSTRACT

Lack of knowledge on their hemocompatibility limit the use of PVDF membranes in biomedical
applications. Herein, we investigated the in situ modification of PVDF membranes by a PEGylated
copolymer (PSgo-b-PEGMApg) using vapor-induced phase separation (VIPS) process. Efforts were first
oriented toward the characterization of the effect of copolymer on membrane formation, membranes
physical properties and membranes surface chemistry. Then, biofouling was investigated before moving
onto the hemocompatibility of membranes. Membranes structure tended to evolve from nodular to bi-
continuous with PSgo-b-PEGMA;pg content, evidencing a change of dominating phenomena during
phase inversion (crystallization-gelling vs. non-crystallization gelling), associated to a change of
prevailing crystalline polymorph (p-polymorph vs. a-polymorph). Furthermore, the hydration of
membranes was importantly enhanced, affecting nano-biofouling: bovine serum albumin, lysozyme
and fibrinogen adsorption were drastically reduced, despite rough surfaces, highlighting the efficiency of
the copolymer. Bacterial attachment tests revealed that macro-biofouling was inhibited as well. Results
of erythrocytes, leukocytes, and thrombocytes adhesion indicated that membranes prepared from a
casting solution containing 5 wt% copolymer are highly hemocompatible, result supported by low
hemolysis ratio (1%) and delay of plasma clotting time. Overall, this study unveils that in situ
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modification coupled to the VIPS method can readily lead to hemocompatible PVDF membranes.

1. Introduction

The field of research on the design of hemocompatible materi-
als for soft and hard organ replacements such as skin and bone has
grown in importance over the past 15 years with breakthroughs in
material science and biomedical engineering. Membrane scientists
established that synthetic polymer membranes could play a key
role too in biomedical engineering for the replacement of failing
organs such as kidneys (dialysis) or lungs (blood oxygenators)
provided that they are hemocompatible [1]. In general, all mem-
branes intended to be used in biomedical applications meet
similar requirements: they should resist biofouling due to body
fluid proteins (e.g. plasma proteins), prevent the attachment of
bacteria which could potentially lead to complications for patients,
and not interact with blood cells. This tryptic must be considered
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regarding the important interplay between these species. Indeed,
biofouling at a nano-scale (adhesion of proteins) can mediate
fouling at a micro-scale (bacteria and cells) leading to undesired
biological responses (biofilm formation, cell disruption) [2,3].
In addition, bacteria/cell can promote the adhesion of their alter
egos through the establishment of hydrophobic-hydrophobic
interactions. As several scales are considered, along with various
natures of biologically interacting media, the development of ideal
materials/membranes for blood treatment remains challenging.
Efforts can be oriented toward the modification of hydrophobic
polymer membranes such as polysulfone, polyethersulfone or poly
(vinylidene fluoride) (PVDF) as these polymers have proved in a
number of commercial applications their outstanding resistances to
mechanical, thermal or chemical stresses [4]. Meanwhile, their
nature is a priori not favorable to a use in biomedical devices, as
it is now acknowledged that hydrophobic materials tend to be more
easily fouled than hydrophilic ones [5]. In this respect, a modifica-
tion of these polymer membranes has to be undertaken. Many
approaches exist, among which chemical surface modification
processes, self-assembling methods or blending of polymers
coupled to a phase inversion process (modification in situ) [6-10].
The latter one is regarded as potentially the easiest and the most
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cost-effective method as it involves only one unit operation in the
whole membrane preparation process, while the two first techni-
ques aforementioned require to prepare the membrane and then to
modify it. Surely, a number of issues arise such as the stability of the
surface modification which is often questioned, or the effect of
surface-modifying polymer on membrane formation mechanisms,
but recent developments tend to show that they can be addressed.
Indeed, by carefully designing the surface-modifier with respect to
the intended application, optimum stability can be achieved. For
instance, membranes aimed at being applied in water treatment
should be modified with a water-insoluble amphiphilic copolymer
possessing a strong anchoring block, as it has been done recently
[11]. In addition, efforts must be made in the control of phase
inversion kinetics in order to better tune membrane morphology,
despite the presence of copolymer that can affect the mechanisms
of membrane formation and as a result, its overall structuring [12].
The vapor-induced phase separation (VIPS) process involves slow
mass transfer, compared to the popular wet-immersion process
(also called liquid-induced phase separation), owing to the presence
of the gas/liquid interface and the supplementary resistance to
mass transfer arising from this interface. Hence, it may be an ideal
process for a controlled preparation method of antibiofouling and
hemocompatible membranes. Yet, nothing has been reported on
this aspect, to the best of our knowledge.

In a series of recent works, we presented a novel block
copolymer, polystyrene-b-poly(ethylene glycol) methacrylate
(PS;-b-PEGMA,,) along with its potential use for the design of
antibiofouling membranes [11,13,14]|. One of these copolymers
was used to modify by dip-coating commercial PVDF membranes
applied in membrane bioreactor for wastewater treatment, and
antifouling properties along with stability of surface modification
were shown to be excellent [14]. Indeed, PS blocks serve as
anchoring blocks while PEGMA segments allow the formation of
a hydration layer providing biofouling resistance. Moreover, as it is
water-insoluble, long-term stability was expected, and was actu-
ally successfully demonstrated. Inspired from these previous
studies, we have investigated the formation in one step of novel
hemocompatible PVDF membranes by VIPS process, allowing not
only the modification of the surface but also that of the deeper
layers, as well as a better control of membrane formation mechan-
isms than traditional LIPS process. Casting solution was modified
in situ before exposing it to water non-solvent vapors in controlled
conditions of relative humidity and temperature. In this manu-
script, we lay the focus on (i) membrane formation aspects
through the analysis and the understanding of the effect of PS,,-
b-PEGMA,, on membrane structuring, (ii) biofouling at a nano- and
macro-scale provided the strong relationship between biofouling
and lack of hemocompatibility, and (iii) the effect of physicochem-
ical parameters on the interactions between blood cells and
membranes. We eventually aim at discussing the possibility of
using PVDF membranes and these novel PEGylated PVDF mem-
branes in blood filtration applications, because there is clearly a
lack of knowledge on these aspects.

Table 1
Composition of casting solutions.

Membrane ID PVDF (wt%) PSeo0-b-PEGMA 195 (Wt%) NMP (wt%)
Virgin PVDF 20 0 80
Mod-1 20 1 79
Mod-2 20 2 78
Mod-3 20 3 77
Mod-4 20 4 76
Mod-5 20 5 75

2. Experimental
2.1. Materials

Polyvinylidene fluoride (PVDF) granules (Mw= 150,000 g mol~1)
were bought from Kynar®, washed with methanol and deionized (DI)
water, and dried under vacuum before use. PS,,,-b-PEGMA,, copolymer
was synthesized following a method previously reported [13]. In the
present work, it contains m=60 repeat units polystyrene and n=108
repeat units of poly(ethylene glycol) methacrylate. Its molecular
weight and polydispersity index are 56,811 g mol~! and 1.17, respec-
tively, and were assessed by gas chromatography. 14 N-
methylpyrrolidone (NMP) was the solvent used. It was purchased
from Tedia and used directly without any purification step. DI water
was obtained using a Millipore water purification system with a
minimum resistivity of 18.0 MQ cm.

2.2. Methods

2.2.1. Preparation of solutions

Solutions were prepared by blending PVDF and PSgp-b-
PEGMA pg copolymer in N-methylpyrrolidone at 32 °C. The choice
of this particular copolymer (in terms of number of repeat units of
each block) is mainly based on its compatibility with PVDF in NMP.
Six solutions (total weight: 20 g) were prepared as presented in
Table 1. Blends were continuously stirred for at least 24 h until
obtaining homogeneous solutions. Degassing was performed for a
few hours at ambient temperature and pressure, and solutions
were allowed to rest until the use.

2.2.2. Preparation of membranes

Membranes were prepared by the VIPS process. Relative
humidity (RH) and temperature in the chamber were set to 70%
and 25 °C, respectively, one hour before casting the solutions in
order to ensure thermodynamic equilibrium inside the chamber.
Solutions were cast on glass slides using a metallic casting knife
allowing controlling the initial thickness of the solutions to
300 pm. After exposing the polymeric system for 20 min to water
vapors, glass slides were taken out of the chamber and gently
immersed in a DI water bath for 24 h. Thereafter, newly formed
membranes were pre-dried at ambient temperature directly on
the glass slide on which they were prepared. Then, glass slides
were immersed in water in order to separate membranes from
their glass support, and membranes were finally dried on paper at
ambient temperature. This two-step drying procedure permits to
avoid potential shrinkage that often occurs when PVDF mem-
branes are directly dried on paper after their formation by non-
solvent induced phase separation.

2.2.3. Physicochemical characterization of membranes

Surface chemistry of membranes was investigated by perform-
ing Fourier Transform Infrared Spectrophotometry (FT-IR) and
X-ray photoelectron spectroscopy (XPS) characterization. Instru-
ments used as well as settings of parameters to perform char-
acterization tests were similar to those reported earlier [14].
Therefore, one may want to refer to the literature for further
details.

Structure of membranes was analyzed using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). For SEM
characterization, membranes were mounted on a sample stage,
sputter coated with gold for 150 s, and then introduced in the
chamber of a Hitachi S-3000 instrument. Observations were
performed setting the accelerating voltage to 5keV or 7 keV,
depending on the sample. For AFM studies in dry state, a JPK
Instruments AG multimode NanoWizard (Germany) equipped



with a NanoWizard scanner was employed. The tip used was a
commercial Si cantilever (TESP tip) of 320 kHz resonant frequency.
Images were analyzed using JPK Image Processing software.

Tensile tests were carried out on a DMA 7e instrument (Perkin-
Elmer) according to the ASTM D638-97 procedure. Samples
(2 cm x 0.5 cm) were mounted between instrument clamps and
tests carried out by gradually increasing the force at a rate of
250 mN/min, starting from 60 mN. Stress-strain plots were
recorded on-line and analyzed using Merlin® software. 5 Measure-
ments were performed for each membrane and the average of the
values of the modulus of elasticity, tensile strength and elongation
at break were taken as the mechanical properties of membranes.

Pore size of membranes was evaluated using a capillary flow
porometer (CFP-1500-AXEL, PMI) according to a method pre-
viously described [15]. Porosity was assessed using ethanol
(Aldrich). Preliminary tests permitted to ensure that there was
no removal of PSgo-b-PEGMA g over the duration of the test. Dry
membranes were weighed and subsequently immersed in ethanol
for 24 h. After removing the excess of ethanol from the surface,
wet membranes were weighed, and porosity assessed using the
formula available in the literature [16,17].

2.2.4. Evaluation of hydration properties of membranes

Hydrophilicity of membranes was evaluated by measuring their
surface water contact angle and their hydration capacity (mg/cm?).
Water contact angle was measured using an automatic contact
angle meter (Kyowa Interface Science Co., Ltd. Japan) at 25 °C. DI
water drop (4 pL) was deposited onto the surface of the membrane
and contact angle measured after 3s. 10 Measurements were
performed for each membrane, and the average was taken as the
final water contact angle of the membrane. Hydration capacity
was evaluated using membrane disks of 1.3 cm diameter. After
ensuring these disks were clean and dried, they were weighed,
and then immersed in DI water for 24 h. Thereafter, superficial
water was gently wiped out and wet membranes weighed.
Hydration capacity was taken as the difference per unit porous
volume between the wet weight and the dry weight. 5 Measure-
ments were performed for each membrane and the average was
taken as the final hydration capacity of the membrane.

2.2.5. Evaluation of protein adsorption and bacterial attachment
onto membranes

Resistance to protein adsorption was evaluated using three
different proteins: bovine serum albumin (BSA), lysozyme (LY) and
fibrinogen (FN). BSA and LY adsorptions were tested at 25 °C
according to a similar protocol, and described briefly as follows:
each membrane disk (0.85 cm diameter) was placed in individual
well of a 24-well plate. 1 mL of pure ethanol was poured onto the
membranes to promote their swelling and diffusion of protein in
next steps. After 30 min of immersion in alcohol, membranes were
then soaked in phosphate-buffered saline (PBS) for 2 h. PBS was
then removed and membranes were incubated with 1 mL of the
desired protein (1 mg/mL) for 2h. Concentration of protein
remaining in the solution, and so amount of protein adsorbed by
the membrane, was evaluated by measuring the absorbance of the
solution at 280 nm using a UV-visible spectrophotometer (Power-
Wave XS, Biotech). Tests were performed three times on each
membrane. As for FN adsorption, it was tested by the so-called
ELISA test, which has been reported many times in the literature
[18,19].

Resistance to bacterial attachment was performed using
Staphylococcus epidermidis (SE) and Escherichia coli (EC). Methods
related to the culture of bacteria were reported elsewhere [14].
PVDF and PEGylated membranes were incubated at 37 °C with
S. epidermidis or E. coli suspension medium for 3 h. Membranes

were then rinsed 9 times with DI water and dried under atmo-
spheric pressure at room temperature (about 25 °C). Thereafter,
membranes were contacted with Agar plates (Invitrogen) for
20 min. Membranes were then removed, and Agar plates shaken
at 100 rpm for 8 h within an incubator inside which the tempera-
ture was maintained at 37 °C. Afterwards, the surface of Agar
plates was observed and photographs taken with a Panasonic
DMA-GF6 camera.

2.2.6. Evaluation of hemocompatibility of membranes

Hemocompatibility of membranes was assessed using a num-
ber of tests including erythrocytes, leukocytes and thrombocytes
adhesion, hemolysis and blood clotting. Concerning red blood cells
(RBCs) and white blood cells (WBCs) adhesion tests, cells were first
isolated from other blood components. For RBCs, 250 mL of fresh
blood obtained from a healthy human volunteer was centrifuged
for 10 min at 1200 rpm to isolate the erythrocytes from the other
blood components. Then 1 mL of the bottom layer containing
erythrocytes was poured onto the membrane disks (0.4 cm?)
placed in a 24-well tissue culture plate and previously equilibrated
for 24 h at 37 °C using 1 mL of PBS. Incubation of red blood cells
with the membranes was carried out for 2 h at 37 °C. Membranes
were then washed six times with 1 mL of PBS. Thereafter, they
were soaked for 10 h into a 2.5% (v/v) glutaraldehyde solution in
PBS maintained at 4 °C in order to fix the adhered erythrocytes.
Membranes were then thoroughly washed five times with PBS. A
Confocal microscope (LSCM, A1R, Nikon, Japan) was used to
observe blood cells adhering onto the membranes' surface. Images
were taken at dex=488 nm/Aey, =520 nm, in z-steps of 1 pm, at
three different places on the same chip and at a 200 x magnifica-
tion. A similar procedure was used for WBCs. 250 mL of human
blood was centrifuged at 500 rcf for 30 min. The intermediate
phase between the top layer (platelets) and the bottom one (red
blood cells) was constituted of WBCs. V=1 mL of white blood cells
concentrate was poured onto clean and equilibrated membranes,
and incubation performed for 120 min. After a post-treatment
similar to that used for RBCs, surfaces were observed using a
confocal microscope, following the exact same procedure as that
used to study the adhesion of RBCs. As for thrombocytes adhesion,
platelet-rich plasma (PRP) was obtained after centrifugation of
250 mL of fresh blood at 1200 rpm for 10 min. After separation of
PRP from the other blood constituents, final thrombocytes con-
centration was evaluated to be about 10° cells/mL. Membranes
were placed in a tissue culture plate, and each well was equili-
brated with phosphate buffered solution (PBS), for 2 h at 25 °C.
PBS was removed and 200 pL of PRP poured onto the membrane
disks. After 2 h incubation at 37 °C, membranes were rinsed with
1 mL of PBS, steps were repeated six times, before being immersed
into a PBS solution containing 2.5% (v/v) glutaraldehyde of PBS.
These steps were run at 4 °C overnight, and aimed to fix the
adhered platelets along with the adsorbed proteins onto the
surface of the membranes. Surfaces were then observed using a
confocal microscope with the same settings as those used for the
observation of erythrocytes and leukocytes.

RBC hemolysis test was conducted according to the following
protocol. After isolating RBCs by centrifugation, cells were washed
three times using a saline solution (0.15M). Clean and dried
membranes (0.4 cm?) were placed into a 24-well plate, and incu-
bated with 500 pL of RBCs in PBS (corresponding to about 10% RBCs)
at 37°C and for 60 min. Then, solutions in contact with the
membrane were centrifuged for 5 min at 2000 rpm in order to
separate intact RBCs from disrupted cells. Absorbance of super-
natants was measured at 541 nm (PowerWave spectrophotometer).
100% Lysis was obtained with DI water (positive control) while
almost 0% lysis (negative control) was obtained with PBS. Tests



were repeated 6 times for each membrane and the average reported
as the final hemolysis ratio.

The clotting time of human plasma contacted with virgin and
PEGylated membranes was also measured as follows. Plasma was
separated from other blood components by a two-step centrifuga-
tion (1st step: 1200 rpm, 10 min, 25 °C; 2nd step: 3000 rpm,
10 min, 25 °C). Plasma was then recalcified at 37 °C to 20 mM
CaCl, using a 1 M stock solution. Thereafter, 0.5 mL of recalcified
plasma was poured onto the membrane disks (0.4 cm?) disposed
in a 24-well plate. Absorbance at 660 nm of the solution main-
tained at 37 °C was continuously measured using a PowerWave
microplate spectrophotometer. The plasma clotting time was
determined as the time necessary to reach the onset of the
absorbance transition. Experiments were repeated six times and
average value for each sample taken as the plasma clotting time.

3. Results and discussion

3.1. Effect of PSgo-b-PEGMA 195 copolymer on membrane formation,
physical properties and surface chemistry of PVDF membranes

3.1.1. Membrane formation aspects

The surface modification of membranes using the blending
method coupled to a phase inversion process has one main
disadvantage: the lack of knowledge regarding the possible effect
of copolymer on membrane formation. The copolymer additive
may influence (i) the composition path on a related phase
diagram, and so the thermodynamic of phase separation and/or
(ii) the kinetic of phase separation and polymer domains growth.
As the final structure arises from the interplay of thermodynamic
and kinetic phenomena, changes can be reasonably expected.
Virgin PVDF membrane prepared by VIPS often present a nodular
structure or a lacy structure, provided that the exposure time to
water vapors is long enough to allow the formation of the nascent
structure in the humidity chamber, and not in the immersion bath,
which would give rise to finger-like structures. A discussion on the
phenomena leading to nodules rather than to interconnected
polymer domains and vice versa was presented by Wang and
coworkers earlier so that according to their work, membrane
formation of virgin PVDF membrane is favored by crystallization
in the present study [20]. Indeed, nodules appear on the SEM
picture (Fig. 1) as well as on AFM image (Fig. 2) of virgin
membrane, and are still importantly present for membranes
containing 1, 2 and 3 wt% copolymer additive. From 4 wt%, how-
ever, their size tends to decrease, and the structure of membrane
containing 5 wt% additive is very close to be bi-continuous,
structure associated to a non-crystallization gelation process.
Therefore, these SEM and AFM characterizations suggest that
there exists an effect of PSgo-b-PEGMA0s 0n membrane structure,
and that there seems to be a copolymer concentration across
which the dominating membrane formation process switch from a
crystallization-initiation gelling process to non-crystallization-
initiation gelling.

SEM and AFM observations imply that there is a change of
polymer chains conformation in the polymeric system before the
initiation of phase separation. This conclusion was supported by
FT-IR characterization in the lower wavenumbers region, which
confirmed the change of mechanism dominating formation of
PEGylated PVDF membranes containing 5 wt% PSgo-b-PEGMA g
(Fig. 3). When membrane formation by crystallization (therefore
by nodule growth) is the main phenomenon, the p-polymorph
dominates (stretching band at 840 cm~!) while when a non-
crystallization gelling is associated to membrane formation, there
is, according to Li et al.'s work, a preference for the o-form with
the occurrence of a stretching band at 763 cm~! [20]. Clearly a

peak associated to the o-polymorph is seen on the spectrum of
sample containing copolymer and its intensity tends to qualita-
tively increase until reaching a maximum for a 5 wt% copolymer
concentration.

Even though the mechanism responsible for morphology changes
when adding PSgg-b-PEGMAgs in the PVDF casting solution is still
unknown, one hypothesis can be advanced. The crystalline domain
growth rate must have been hindered and even prevented, and it may
be due to a change of viscosity of the casting solution. Provided that
the viscosity of a polymeric solution generally increases with the
polymer concentration ([21] and Supporting information), it is reason-
able to assume that it rose with PSgo-b-PEGMA og content. An increase
of the polymer concentration at the upper interface (the one between
the nonsolvent atmosphere and the polymeric system) usually slows
down solvent and non-solvent transfers by offering a supplementary
resistant to mass transport. As a result, we suspected that it affected
the polymer domain growth rate. Indeed, Tsai et al. demonstrated that
an increase of a polysulfone solution viscosity delayed the domain
growth and coarsening of the system leading to a retainment of pore
connectivity [22]. If we apply this theory to our PVDF system, then
nodule growth have been delayed by increasing copolymer content.

More evidences and investigations are needed to support this
assumption and discriminate the actual phenomenon responsible
for the change of membrane structure. Considering the formula-
tion of initial solutions in the present work, the increase of
viscosity due to the addition of copolymer may account for
alterations of solvent and nonsolvent transfers. However, because
of its amphiphilic nature, PS-b-PEGMA might also favor destabi-
lization of the ternary system and so, promote water penetration.
Therefore, there is undoubtedly a complex interplay between both
phenomena (kinetic/thermodynamic) that points the need for
further dedicated investigations.

To end, morphological and chemical studies highlighted the
formation of bi-continuous structure at high copolymer content,
structure which is highly desired for UF and MF applications of
membranes. Indeed, it offers high connectivity between polymer-
lean domains, which means that high permeability can be
expected, as well as high connectivity of the polymer-rich phase,
offering good mechanical properties to the membrane.

3.1.2. Physical properties of membranes

Consequences of the change of structure on physical proper-
ties of membranes are numerous. In particular, mechanical
properties can be affected. Herein, both the change of morphol-
ogy, and the increase of total polymer content led to an
improvement of stiffness and ductility of PVDF membranes,
but it is unclear however which effect dominated the improve-
ment observed. Fig. 4 and Table 2 reveal that the modulus of
elasticity, along with the tensile strength of membranes and the
elongation at break tended to increase with the copolymer
content, unveiling stiffer and more ductile membranes. To the
best of our knowledge, only two studies mentioned the testing
of similar mechanical properties of PVDF membranes prepared
by VIPS [20,23]. In particular, tensile strength was reported by
Peng et al. to decrease with exposure time to non-solvent
vapors, and felt below 1 MPa after 10 min. Herein, exposure
time to water vapors was 20 min, and tensile strength of virgin
membrane was about 1 MPa, which is consistent with Peng et
al.'s study, considering that we used a larger polymer concen-
tration in the casting solution (20 wt% vs. 15 wt%), therefore
leading to better mechanical properties [23]. Values of tensile
strength is also in accordance with those obtained by Li et al. for
PVDF membranes prepared by VIPS in similar conditions of
polymer dissolution temperature, relative humidity and expo-
sure time to non-solvent vapors [20]. Note however that we
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Fig. 1. SEM characterization of virgin PVDF and PEGylated PVDF membranes.

measured lower modulus of elasticity for virgin PVDF membrane
(22.3 +5.4 MPa vs. 56 4+ 12 MPa). Indeed, in similar operating
conditions but using a different material (and so a different
PVDF molecular weight), Li et al. obtained bi-continuous virgin
PVDF membranes which probably accounts for this difference
[20]. Moreover, modified membranes clearly displayed higher
tensile strengths. Finally, more ductile matrices were obtained
increasing the copolymer content as elongation at break for
Mod-5 membrane was greater than that of the virgin PVDF
membrane.

In sum, our result confirm that well-connected polymer domains
as in bi-continuous structures offer better mechanical properties
than structures loosely connected such as nodular membranes.
Further, higher dry-matter content (Mod-5 membrane) in the
original polymer/copolymer/solvent system obviously leads to
membranes with more important polymer-rich domain, compares
with virgin PVDF membrane, and so to better modulus of elasticity
and tensile strength.

Finally, pore size and porosity measurements revealed that mem-
branes' pore size tended to decrease with copolymer additive but still
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Fig. 3. FT-IR chemical analysis of virgin PVDF and PEGylated PVDF membranes.

remained in the lower region of MF domain, while the porosity of
membranes remained high and in the same range (67-71%) (Table 2).
The slight decreasing of pore size was probably due to the increase of
total polymer (PVDF and PSgy-b-PEGMA0g) content, while the steady
porosity unveiled an expansion of the polymer-lean phase, which
would be consistent with an improvement of water diffusion during
membrane formation, as above discussed.
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Fig. 4. Stress-strain plots of virgin PVDF and Mod-5 membranes. The arrows
highlight membrane failure.

3.1.3. Analysis of the surface chemistry of membranes

To complete this study on physico-chemical characterization of
membranes, further details can be provided regarding the surface
chemistry of membranes. Results of both FI-IR (Fig. 3) and XPS
(Fig. 5) analyses confirm that PSgyp-b-PEGMA;og is present at the



surface of membranes. Besides the change of prevailing crystalline
polymorph evidenced in the fingerprint region, FI-IR analysis
revealed the presence of an absorption band at 1100 cm ™!, attrib-
uted to the stretching of C-O-C group. In addition, the absorption
band at 1729 cm~! and the slight signal at 2350cm~' were
attributed to the stretching of carbonyl functions held by PEGMA
segments, and confirm the presence of PSgo-b-PEGMA g at the

surface of the membranes [24,25]. The presence of an absorption
band at 2869 cm~! was also noted, due to the stretching vibration
of CH, groups carried by PEGMA hydrophilic heads, along with a
broad signal in the range 3595-3734cm~! attributed to OH
vibration. Further, XPS analysis did evidence an overall increase
of oxygen content onto the surfaces of membranes (Fig. 5). This
result is due to both an increase of copolymer content but also to

the migration of copolymer to the surface of membranes during
membrane formation in order to reduce the surface energy.
Though it is not clear in which extent migration occurs, it is
reasonable to state that it will be favored at higher PSgo-b-
PEGMA s, especially if VIPS is used rather than LIPS which fixes
more quickly the structure, leading to a dense surface coverage. In
this respect a better surface coverage by PSgo-b-PEGMA g is

Table 2
Physical properties of membranes.

Membrane Modulus of Tensile strength  Mean pore flow  Porosity

D lasticity (MPa) at break (MP. diamet % . Lo
clasticity (MPa) at break (MPa) ameter (um) (%) obtained by VIPS. One should note however that the migration
Virgin 223+5.4 0.97 +0.04 0.197 + 0.003 709+ 2.4 also depends on the extent of interactions between PS groups and
PVDF PVDF chains. Reducing the number of styrene units would
Mod-1 219441 0.98 +0.05 0179+£0006  674+21 probably further optimize the motion of copolymer, but also
Mod-3 23.6+0.7 1.25+0.15 0.161 + 0.001 710 + 3.4 . . . T .
Mod-5 316484 185+ 0.04 04102 £ 0.001 671420 weaken their entanglement with PVDF chains, which is obviously
_ _ _ _ not desired for a stability concern.
a
60 -
---%---Fluorine ---®--- Oxygen ---&--- Carbo
L I R -k
U Ao &
50} +
g o s e,
= L BRRE TS
< 40 N
+ 3
c
3
c 30
(]
()
3
) -
b 20
10f
I R @ - - --@-- - i
0 1 1 1 1 1

O he
R
N
“r e
N
(@) ]

PS,,-b-PEGMA, , content (wt%)

b Fls O1s Cls
696 694 692 690 688 686 684 682 680 540 538 536 534 532 530 528 526 296 294 292 290 288 286 284 282
CF,
Mod-5 +
CF,
Virgin
PVDF
TN
»f, \WL
e e e e

696 694 692 690 688 686 684 682 680 540 538 536 534 532 530 528 526 296 294 292 290 288 286 284 282

Binding ene rgy (eV)

Fig. 5. XPS analysis of virgin PVDF and PEGylated PVDF membranes. (a) Element composition as a function of copolymer content; (b) core-level spectra of virgin PVDF and
Mod-5 membranes.



3.2. Effect of PSgo-b-PEGMA 103 copolymer on biofouling of PVDF
membranes at nano- and micro-scales

Hemocompatible membranes must efficiently resist biofouling
due to proteins and bacteria because both can mediate undesired
biological responses and infections when membrane is contacted
with blood [26,27]. A major difficulty arising when designing an
antibiofouling or at least a low-biofouling membrane is linked to
the different “fouling scales” - nano- for proteins and micro- for
bacteria - involved. In general, the literature proves that a surface
resisting the adhesion of proteins will also prevent bacterial
attachment [28,29]. The converse however is false, due to char-
acteristic sizes involved. One should also note that most studies on
the design of antifouling surfaces or membranes are carried out on
rather smooth surfaces, so that there is minor physical effect on
fouling. Herein, membranes are very rough and so, favorable to the
physical entrapment of biofoulants. A prerequisite to resist fouling
however, whatever the physical state of the surface, is its ability to
entrap water and form a protective hydrophilic layer [5,30].

3.2.1. Hydration properties of membranes

In this study, membranes' surface water contact angle was not
drastically reduced as seen in Fig. 6, but hydration capacity was
importantly increased with the copolymer content, resulting from
numerous interactions between water molecules and hydrophilic
segments. To analyze the hydrophilicity of a surface, here through
the value of the water contact angle, one has to consider the
complex interplay between both the surface physical state (rough-
ness, porosity) and the surface chemistry. The trend obtained for
water contact angle can be mostly attributed to the membrane
preparation process and morphologies obtained. A positive corre-
lation between the extent of crystallinity and hydrophobicity is
suspected, even though we lack of evidences to support this
assumption. Therefore, by favoring nodule growth, hydrophobicity
of membranes may increase as well, through the formation of a
secondary indented structure onto nodules promoting the entrap-
ment of air. In addition, lacy structures are also very rough and
very porous, as highlighted by the RMS coefficient on AFM images
(Fig. 2), therefore enabling air trapping. As virgin PVDF membrane
displayed a typical nodular structure, very rough and porous, a
quite high water contact angle was obtained. The addition of PSgo-
b-PEGMA0s did not significantly affect the structure of mem-
branes at low copolymer content. Therefore, water contact angles
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Fig. 6. Hydrophilic properties of virgin PVDF membrane and PEGylated PVDF
membranes. Note that hydration capacity is expressed per unit of porous volume.
The later was evaluated after measuring the thickness of each sample (virgin:
98 + 11 um; Mod-1: 93 + 16 um; Mod-2: 92 + 8 um; Mod-3: 98 + 17 um; Mod-4:
95 + 2 um; Mod-5: 81 + 4 pm) and from the knowledge of their total initial surface
area and porosity.

were still high. For high copolymer contents (4-5 wt%), a con-
comitant effect of addition of PSgo-b-PEGMAgg on surface chem-
istry and surface morphology arose in a slight reduction of water
contact angle of about 10°, compared with that of virgin PVDF
membrane. After a 24-h immersion period in DI water however,
the chemical effect became predominant over the physical one,
resulting in an overall important increase of membranes hydra-
tion. This property is essential for membranes to resist biofouling,
rather than surface water contact angle, important for the design
of antifouling dense coatings for instance. Indeed, not only the
surface but the whole matrix is challenged in the case of MF/UF
membranes.

3.2.2. Effect of PSgo-b-PEGMA0g copolymer on resistance of
membranes to protein adsorption

Then, the resistance to biofouling at a nano-scale was investi-
gated, using three model proteins, BSA, LY and FN. Results of these
tests are presented in Fig. 7 and in associated content (Fig. S1).
Two points should be highlighted at first. There is clearly an
important reduction of protein adsorption (LY: 93%; BSA: 89%; FN
73%) with copolymer content and whatever the modified mem-
brane, it resists more efficiently LY adsorption than BSA adsorp-
tion, while it is less efficient to inhibit FN adsorption. The first
statement in particular is important regarding our initial objective.
Antifouling resistance is ascribed to strong repulsive forces arising
from the formation of a hydrated layer surrounding PSgg-b-
PEGMAps and it is worth noticing the important correlation
between hydrophilic capacity and protein adsorption by compar-
ing Figs. 6 and 7. The second statement unveils the difficulty to
design a “universal” antibiofouling matrix. A number of para-
meters can drastically influence protein adsorption among which
(i) the nature of the protein, (ii) the chemical state of the surface
and (iii) the physical state of the surface. The overall deceasing of
protein adsorption is attributed to a change of both the chemical
and physical states of the membranes surface. However, we
suspect that the nature of the protein was the major parameter
explaining why PEGylated membranes were more efficient to
resist LY. LY is a rather small protein so that its diffusion toward
potential adsorption sites is facilitated. However, it is probably less
hydrophobic than BSA and FN proteins which have higher mole-
cular weights. So, it might be less likely to interact with PVDF.
In opposition, FN is a sticky large molecular weight protein, and
therefore diffuses more slowly than LY and BSA. Nevertheless, it
contains much more potential anchoring sites, so that it can easily
interact with membranes. Resistance to its adsorption was found
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Fig. 7. Relative adsorption of fibrinogen, bovine serum albumin and lysozyme onto
virgin PVDF membrane and PEGylated PVDF membranes.



to be around 73%, which is one of the best results reported for such
a rough matrix. It would be interesting to investigate the exact
location of proteins adsorption: at the surface or in the deeper
layers, to support this discussion on the effect of protein molecular
weight on protein adsorption. Also, from the results of XPS
analysis presented earlier in Fig. 5 and in Table S2, optimal
resistance to nano-fouling corresponds to a minimum oxygen
atom content at the surface of about 4.2%. Finally, one should note
that despite the obtaining of rough membranes whatever the
copolymer content, a slight decrease of RMS coefficient occurred
when switching from virgin PVDF to Mod-5 membranes (Fig. 2),
which is also favorable to an improvement of resistance to nano-
biofouling, even though this was clearly not the dominant effect.

3.2.3. Effect of PSgo-b-PEGMA0g copolymer on resistance of
membranes to bacterial attachment

As tests regarding resistance to biofouling at a nano-scale
provided positive results, attachment of bacteria was assessed
and results displayed in Fig. 8 and in the associated content (Figs.
S2 and S3). Whether using S. epidermidis or E. coli, bacterial
adhesion was almost totally inhibited for membranes containing
4 and 5 wt% copolymer content. We have stressed earlier that
resistance to biofouling at a nano-scale often leads to biofouling
resistance at a macro-scale. However, these tests had to be
undertaken because of the possibility of bacterial entrapment
within the nodules. Some bacteria, in particular gram-negative
ones, have a rather thin outer cell wall. Therefore, they are flexible
and can modify their shape to interact with a surface and
penetrate within pores. These qualitative results highlight the
good quality of chemical modification in terms of copolymer
content, homogeneous dispersion and surface coverage.

3.3. Hemocompatibility of membranes

A material is hemocompatible if after contact with blood, no
blood cell disruption nor biological responses are inferred. In
particular, the material should not interact with erythrocytes,
leukocytes or thrombocytes. It is generally accepted that plasma
proteins, and in particular fibrinogen, mediate interactions with
blood cells and lead to blood clotting [24,31,32]. In the previous
section, we found that fibrinogen adsorption was drastically
reduced. It was not reduced to 100% the limitation of the virgin
membrane, but Mod-5 membrane exhibited a resistance to FN
adsorption only slightly inferior to that of a sulfobetaine methacry-
late hydrogel, a very hydrophilic surface (Fig. S1). As FN is one
among dozens of proteins in plasma, and so less likely to interact
with membranes like pure FN in ELISA tests does, it was thought
that PEGylated membranes could present improved hemocompat-
ibility, compared to virgin matrix. This potential hemocompatibility

was supported by resistances measured to the adhesion of other
plasma proteins, including y-globulin and human-serum-albumin,
as well as by the resistance to the adsorption of fibrinogen
contained in a platelets-poor-plasma solution (Fig. S1).

3.3.1. Evaluation of the resistance of membranes to blood cells
adhesion

Blood cells adhesion was tested and results are presented in
Fig. 9. Notice that results shown are 3D confocal images, while the
related 2D images are also provided in Supporting information
section, revealing the detection of the membrane porous structure
(corresponding to reddish shapes onto 3D pictures). The extent of
cell-membrane interactions depends partly on the nature of the
cell tested, as shown by images related to virgin PVDF membrane.
It appears that virgin PVDF presents partial hemocompatibility
since despite numerous interactions with leukocytes, not many
erythrocytes or thrombocytes were found onto the surface or
within the deeper layers of the porous matrix. This behavior may
be ascribed to the different natures of the biological cell mem-
brane arising in dissimilar adsorption behaviors onto synthetic
polymer. It is also important noting that up to a 3 wt% copolymer
concentration, no general decreasing of blood cells adhesion could
be observed. Only membranes containing 5 wt% copolymer pre-
sented an important resistance to all types of cells. Therefore,
Mod-5 membranes do present improved hemocompatibility prop-
erty. In particular, there are almost no erythrocytes or thrombo-
cytes on the surface and within the membrane, observation that
can be correlated to results of Fig. 8. As aforementioned and
reminded by Corum et al., fibrinogen is considered as the main
protein responsible for platelet activation leading to the formation
of a thrombus once blood has been contacted with a surface [31].
So, by designing a PVDF membrane efficiently resisting FN
adsorption thanks to a dense and homogeneous copolymer
distribution, the probability of thrombocytes to be activated is
reduced.

Furthermore, alike for the resistance to bacteria attachment,
the adhesion of cells can be mediated by the physical nature of the
surface and that of the matrix. A rough surface facilitates the
entrapment of cells, and it is therefore recommended to optimize
the copolymer surface density, to balance the undesirable physical
effect. In addition, our results show that blood cells can be
entrapped inside pore which diameter is smaller than the char-
acteristic length of the cells. Herein, a physical trapping inside the
membrane was a priori not expected, considering the size of the
cells (ranging between 1 and 17 um depending on the nature of
the blood cell) and the pores dimensions (Table 2). Interestingly,
3D confocal image highlighted that numerous cells were actually
entrapped inside the membrane. In particular, leukocytes, the
largest blood cells, easily penetrated into the matrix, highlighting

Fig. 8. Resistance of PEGylated membranes to the adhesion of Staphylococcus epidermidis.
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Fig. 9. Blood cells adhesion tests onto virgin PVDF and PEGylated PVDF membranes. x-Scale (width) and y-scale (height) for each image was 642.39 um; z-scale varied

depending on the depth of the last cells detected during analysis of a given sample.

their cell-wall deformability and so, the need for an important
antibiofouling agent concentration within the membrane. Mod-5
membranes meet this requirement but also have the lowest mean
pore flow size, which has probably played a role in preventing cell
penetration, and their subsequent organization inside the furrows
formed by the porous structures, as observed for instance in Mod-
3 membrane (image related to RBCs adhesion). We therefore
conclude from these images and correlations with data above
mentioned that a 5 wt% PSgo-b-PEGMA o3 concentration is abso-
lutely required to prevent blood cell attachment, whatever their
nature, along with smaller pore size, in order to intend balancing
the physical penalty offered to trapping. Notice also that this
measurement of hemocompatibility corresponds to an oxygen
atom content of about 6% (Fig. 5, Table S2).

3.3.2. Extent of hemolytic activity and thrombosis after blood contact
with membranes

Another important test to assess hemocompatibility of a sur-
face is the hemolysis ratio. Hemolysis refers to the amount of red
blood cells which membrane will be ruptured leading to the
release of the cytoplasm including hemoglobin. Hemolysis can

be caused by a number of conditions, including the presence of
bacteria, which also supports the need for designing membranes
resisting bacterial attachment. Herein, the extent of hemolysis
following blood contact with membranes was assessed and
compared with hemolysis ratio obtained after contacting blood
with PBS (no lysis) and DI water (100% lysis). Related results are
presented in Fig. 10. In general, a material is considered as
potentially hemocompatible if the hemolysis ratio is lower than
5% [33,34]. Our results indicate that PVDF membrane does not
mediate the lysis of red blood cells in an important extent and
therefore suggest that the PVDF membrane prepared by VIPS is
biocompatible and could be potentially used as a material for
blood filtration devices for instance. However, improvement is
required as above discussed, and PSgo-b-PEGMA0g allowed
enhancing the membranes biocompatibility as hemolysis ratio
was reduced from about 2.25% for the virgin PVDF matrix to less
than 1.0% for PEGylated membranes prepared from casting solu-
tion containing more than 1 wt% copolymer. Notice that consider-
ing the average values obtained and the error limits associated to
these data, a plateau was reached from Mod-2 membrane,
indicating that a 2 wt% copolymer concentration in the initial
casting solution is enough to prevent cell lysis. Despite an
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Fig. 11. Plasma clotting time of recalcified platelet-poor plasma in the presence of
virgin PVDF and PEGylated PVDF membranes.

apparent lack of knowledge and lack of literature available on the
hemocompatibility of PVDF membranes, we can compare the
present data with previously published work by Chang and cow-
orkers [35]. In particular, they investigated the hemocompatibility
of PVDF membranes grafted with sulfobetaine and reported a
hemolysis ratio of about 18% with virgin commercial PVDF
membrane. This is about 8 times the value found in this study. It
should be noted however that the nature of the membrane used
by Chang and coworkers was different from that used in the
present work. In particular, their commercial membrane exhibited
a lacy structure.

Finally, plasma clotting time was tested to assess the anti-
coagulant activity of PSgo-b-PEGMA 0. Results displayed in Fig. 11
are in accordance with other hemocompatibility tests, that is, the
copolymer delays the clotting time, therefore revealing its positive
effect on hemocompatibility. Again, very few work reported on the
clotting time of plasma contacted with microporous PVDF mem-
branes. As for hemolysis, we found that our virgin PVDF presented a
clotting time (12.5 + 0.5 min) higher than those reported earlier for
commercial PVDF membrane (10 + 0.5 min [35] and 2.5 + 1.5 min
[18]), which suggests a certain degree of hemocompatibility of
virgin PVDF membranes. The chemical nature of PVDF (Mw) as well

as the membrane structure may account for these differences. We
also observed in our study a delay of clotting time longer using
PSeo-b-PEGMA g as a surface-modifier rather than grafted PSBMA,
yet known as an outstanding antibiofouling and potentially hemo-
compatible polymer (15.5+1min vs. 14+2min) [35]. The
improvement however, is not as good as that reported earlier,
because our virgin PVDF membranes do present some character-
istics of hemocompatible surfaces. In addition, clotting tine was in
the same range as that obtained after a 15-s atmospheric plasma
treatment of a PVDF commercial membrane coated with PEGMA
monomer, and leading to PVDF-g-PEGMA membranes (15 + 1 min)
[18]. This result along with other tests on blood compatibility
suggest that the modification in situ of PVDF membranes by PSgo-
b-PEGMAps and the use of VIPS as a membrane preparation
process provide an efficient, competitive, cost-effective and readily
achieved one-step alternative to surface modification processes, for
the preparation of hemocompatible membranes.

4. Conclusion

In the present paper, we presented a one-step formation and
in situ modification by PSgo-b-PEGMA;os copolymer of PVDF
membranes using VIPS process. These novel membranes are
intended to be used for their improved hemocompatibility. Main
conclusions are as follows:

® An important effect of PSgo-b-PEGMA0s on membrane forma-
tion mechanisms was observed. In particular, an increase of
PSeo-b-PEGMA 1pg content was accompanied by a modification
of the porous structure from nodular to bi-continuous, which
was supported by a change of main crystalline polymorph
present at the membrane surface (f-polymorph for virgin PVDF
membrane, o-polymorph for PEGylated PVDF membrane pre-
pared from a solution containing 5 wt% copolymer).

® The copolymer importantly improved overall hydration of
membranes, despite a rather small decreasing of water contact
angle attributed to a negative physical effect. Therefore, PSgp-b-
PEGMAog copolymer significantly enhanced the resistance of
membranes to biofouling at a nano-scale (using bovine-serum-
albumin, lysozyme and fibrinogen proteins) and a macro-scale
(tests performed with S. epidermidis and E. coli).

® Hemocompatibility assessed using a number of cell adhesion
tests including erythrocytes, leukocytes and thrombocytes
adhesion, as well as by evaluating hemolysis ratio after contact
with membranes and plasma clotting time, revealed that
membranes containing 5 wt% copolymer are highly hemocom-
patible (no cell adhesion, 1% hemolysis ratio and 16-min
plasma clotting time), suggesting their possible use in blood
filtration.
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