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Abstract

Conjugation of biomolecules over membrane surfaces intended for blood contacting applications has been proven
worthwhile for the improvement of their hemocompatibility. In conjunction with this factuality, this manuscript for the
first time unveils the feasibility of bovine serum albumin (BSA) immobilization via polydopamine precursors on electro-
spun poly(ethylene-co-vinyl alcohol) (EVAL) leukodepletion filter membranes. The successful immobilization of different
extents of BSA on EVAL membranes was endorsed by the Attenuated Total Reflectance—Fourier Transform Infrared (ATR-
FTIR) Spectrum, variations in the wettability, electron microscopic images revealing the alterations in the fiber diameter
and porousness of membranes. An interesting backlash was encountered in the in vitro plasma protein adsorption and
in vitro platelet adhesion on the BSA-immobilized membranes as they exhibited a higher protein adsorption and lower
platelet adhesion in comparison with neat EVAL. The infiltration of immobilized BSA to the leukodepletion capacity of
those membranes was preliminarily studied by in vitro blood-material interactions followed by typical whole blood filtra-
tion of selected membranes. The data presented highlight that BSA moieties do not particularly affect the white blood
cell (WBC) adhesion and platelet adhesion of EVAL membranes whereas resulted in a significantly higher red blood cell
(RBC) recovery and decreased hemolysis under in vitro conditions. Accordingly, BSA-immobilized EVAL membranes were
made to asymmetric leukodepletion filters; however, their further evaluation by whole blood filtration ensued that immo-
bilization of BSA could not particularly enhance the overall whole blood leukodepletion efficacy of EVAL membranes.
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1 Introduction for the desired application. Thus recent progresses in the

realm of surface modification of biomaterials hitherto have

Attuning a biomaterial or membrane surface towards a
more blood-congenial interface for blood contacting
applications is conventionally thought of as a challenging
venture. However, after understanding the role of mate-
rial chemistry in the mechanism of blood-material interac-
tions, it was possible to tackle the phenomena happen-
ing at the blood-material interface in a manner favorable

proposed diverse strategies for minimizing the incompat-
ibilities when such materials are supposed to interact with
blood or blood components implicitly or explicitly [1, 2].
Numerous approaches have been disclosed for the effec-
tive response of the interface in many facets of hemocom-
patibility including protein non-fouling surfaces, inhibi-
tion to platelet adhesion and activation, adequate blood
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clotting time, minimized inflammation, reduced hemolysis
and so on [3, 4]. To summarize a few of the most efficacious
routes of membrane modifications to bring in all or many
of the above-mentioned aspects include introduction of
polyethylene glycol (PEG) brushes, grafting of other mono-
mers, incorporation of suitable additives like zwitterions,
attaching different functionalities by coupling reactions,
attaching biomolecules like proteins, anticoagulants
including heparin, etc. [5-8]. Amidst these, decoration of
membranes with coating or covalent attachment of pro-
teins is not only a promising approach, but a bioinspired
one over other synthetic materials.

It has been perceived that the serum protein, albumin,
fend off the platelet adhesion and are extensively used
for the amelioration of blood compatibility of biomaterials
intended for hemodialysis and cardiovascular devices [9,
10]. This particular attribute can also be made beneficial
for modifying leukodepletion filter membranes as most of
such membranes have an undesirable platelet adhesion
[11]. Subsequently, quite many surface modification routes
like grafting of hydrophilic monomers, incorporation poly-
zwitterions, attachment of polyvinyl pyrrolidone, etc., have
been taken into consideration to come up with excellent
filter membranes having the capacity for selective leuko-
cyte removal [12-14]. Herein we delineate an attempt for
the betterment of hemocompatibility and leukodepletion
efficiency of electrospun poly(ethylene-co-vinyl alcohol)
(EVAL) membranes by covalent immobilization of bovine
serum albumin (BSA) via polydopamine spacer. In spite of
the competence in leukocyte removal, electrospun EVAL
membranes disbenefit from high levels of platelet adhe-
sion, which entails further contemplation [15]. Notwith-
standing the fact that albumin is effective in repelling the
platelets, membrane bound with albumin has not yet been
investigated for their leukodepletion performance. There-
fore, this study outlines the effect of BSA immobilization
on the overall performance of electrospun EVAL leukode-
pletion filter membranes.

Although albumin can be physically adsorbed onto
biomaterial surface, its reactive immobilization has gained
most appreciation [16, 17]. There are quite lot intermedi-
ates having multiple reactive functionalities which tie
up the bare biomaterial surface with and expedite the
subsequent immobilization of aloumin. Dopamine is the

Fig. 1 Immobilization of BSA
on EVAL membrane via poly-
dopamine spacer

2 g/dL dopamine in
10 mM Tris HCL
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most accepted bonding material for protein immobiliza-
tion although a few other intercessors such as poly(N-
vinyl-2-pyrrolidone) (PVP) and poly(acrylic acid) have
been recently proven worthwhile [18, 19]. The ease of its
polymerization and formation of a stable overlay of poly-
dopamine over any kind of membrane surface regardless
of the physicochemical and morphological features of the
membrane rendered dopamine and polydopamine as the
excellent choice of precursors for protein immobilization.

To put it brief, electrospun EVAL membranes were
immobilized with BSA to different extents via polydo-
pamine precursor. The modified membranes were char-
acterized for their physical, chemical and morphological
features by ATR-FTIR spectroscopy, water contact angle
(WCA) measurements, measurement of critical wetting
surface tension (CWST) and scanning electron micros-
copy (SEM). Effect of the newly introduced BSA chains on
the blood-material interactions as well as the efficiency of
leukodepletion was also assessed.

2 Materials and methods
2.1 Materials

Poly (ethylene-co-vinyl alcohol) (EVAL) with 44 mol% eth-
ylene content (having melting point 191 °C and melt index
3.50 g/10 min) was procured from Sigma-Aldrich, USA.
Bovine serum albumin (BSA) and dopamine hydrochlo-
ride were obtained from Himedia, India. Acetone AR was
procured from Rankem, India. 2-Propanol was purchased
from Spectrochem, India. All the reagents were used as
received.

2.2 Fabrication of EVAL membranes immobilized
with of BSA via polydopamine spacer
(EVAL-BSA)

Neat and dried EVAL membranes, prepared by electro-
spinning of EVAL solution in 2-propanol/water mixture
at a rate of 10 mL/h, were initially placed in 2 g/dL dopa-
mine solution (10 mM in tris HCl) and incubated at 30 °C
for 12 h. During the period, the dopamine polymerizes to
polydopamine (PD) particles and gets firmly attached to

] - e Al el
Polymerized dopamine BSA solution 1, 2,10,
on EVAL (EVAL-PD) 50 and 100 g/dL
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the EVAL membranes. As a result, the membranes turned
black. This is also depicted in Fig. 1. The PD coated EVAL
membranes (EVAL- PD) thus obtained were thoroughly
washed with distilled water by ultrasound sonication
for 8-10 times, by replacing the water at each 30 min,
for removing any unbound/loosely bound PD particles.
Later the washed membranes were dried under vacuum
at 50 °C overnight. BSA solutions were prepared at vari-
ous concentrations 1,2, 10, 50 and 100 g/dL by dissolving
the desired amount of BSA crystals in PBS of pH 7.4. The
dried membranes of EVAL-PD were immersed in the BSA
solution taken in a rectangular glass slot and incubated
at 30 °C for 24 h. The membranes were then taken out
and washed again with distilled water by an ultrasound
sonication to extract the unattached BSA. After washing,
the obtained BSA-immobilized EVAL membranes (EVAL-
BSA) were dried in a vacuum oven at room temperature
for 3 days. The various BSA-immobilized EVAL membranes
were denoted EVAL-BSA along with their corresponding
BSA concentration.

Initial cell count in the blood - Cell count after filtration/exposure to blood

standard protocols according to ISO 10993—part 4 [22].
With reference to this, effect of BSA immobilization on
the in vitro plasma protein adsorption, in vitro platelet
adhesion, in vitro WBC adhesion, in vitro RBC adhesion
and in vitro hemolysis was considered as per the pro-
cedures reported earlier [6]. Quantitative estimation of
plasma protein adsorption by the membranes was esti-
mated by Lowry’s assay [23]. The percentage change
in platelet adhesion before and after BSA immobiliza-
tion was found by exposing the membranes to platelet
rich plasma (PRP) [22]. This is further substantiated by
SEM images of the membrane surface after exposure to
PRP. The preliminary inspection on the efficacy of leu-
kodepletion was performed under in vitro conditions
on the custom-made prototypic device. Whole blood
(WB) added with anticoagulant CPD-A was allowed
to pass through the neat and BSA-immobilized EVAL
membranes. The percentage adhesion of RBC, WBC and
platelets was calculated considering the initial and final
counts of each using the formula mentioned below.

% Adhesion of RBC/ WBC/Platelets =

X 100.

Initial cell count in the blood

2.3 Characterization of EVAL-PD and EVAL-BSA
membranes

All the membranes were analyzed for their surface chem-
istry by ATR-FTIR recorded on Jasco, Model 6300 (Japan).
The hydrophilicity of the membranes was estimated by
measuring their WCA recorded on a goniometer equipped
with a camera (Data Physics OCA 15 Plus, Germany). The
wettability control of the membranes was estimated by
measurement of critical wetting surface tension (CWST)
using a series of aqueous solutions varying surface ten-
sions. The series of solutions used and the method of
measurement have been reported in our earlier publica-
tion [20]. The morphological features of membranes were
well studied by SEM (Hitachi model S-240, Japan). From
the SEM images, the average fiber diameter, pore diameter
and percentage porosity of the membranes were meas-
ured making use of ImagelJ software [21].

2.4 Analysis of blood-material interactions
and leukodepletion efficiency

The behavior of BSA-immobilized EVAL membrane sur-
face at the interface with blood was established by the
in vitro hemocompatibility evaluation following the

A hemolytic evaluation was also necessary to comment
on the safety of BSA immobilization [22]. After this pre-
liminary evaluation, one best EVAL-BSA membrane were
developed to whole blood asymmetric leukodepletion fil-
ter device. For this, an additional BSA-immobilized EVAL
membrane was prepared by the same protocol described
but applying a different collector speed (1500 RPM). While
designing an asymmetric filter, one layer of this was placed
as the bottom layer, while the top 4 layers were those
prepared at a collection speed of 500 RPM. Each of these
membranes was cut into 5 cm disks, washed with distilled
water, dried, and sterilized by ethylene oxide gas. They
were then assembled into an in-house built poly(methyl
methacrylate (PMMA) filter housing of 5 cm diameter
and having an internal depth of 3 mm. These filters were
initially primed with phosphate-buffered saline (PBS) of
pH 7.4. About 20 ml of freshly collected, anticoagulated
human blood collected in a blood bag was then allowed to
pass through EVAL-BSA filter, by means of infusion tubes,
spontaneously under gravity. The filtered blood was col-
lected to sterilized centrifuge tubes. The % adhesion of
WBC, RBC and platelets was calculated from their respec-
tive initial and final counts using the aforementioned
equation. Another hemolytic evaluation was also carried
out with the filtered blood. The speed of filtration was cal-
culated from the time taken for filtration. After the filtra-
tion, the filter membrane assembly was detached from the
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filter housing and further analyzed by SEM and histological
examinations. The methods of sample processing for these
two examinations have been reported elsewhere [15]. All
these tests under in vitro hemocompatibility evaluation
and whole blood filtration were done using human blood
collected from healthy voluntary donor with informed
consent, and the studies have been approved by the Insti-
tutional Ethics Committee of Sree Chitra Tirunal Institute
for Medical Sciences and Technology (SCT/IEC/594/2014
dated 21/04/2014).

2.5 Statistical analysis

The entire quantitative data were reported as mean +SD
values. Th number of variables for each measurement
is as follows. WCA—6 measurements, fiber/pore diam-
eter—25 measurements, porosity—9 measurements, all
biological evaluation including in vitro measurements

1604 crp!

Neat EVAL
EVAL-DOP

EVAL-BSA-1

EVAL-BSA-2

EVAL-BSA-10
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Fig.2 ATR-FTIR spectra of EVAL-BSA membranes

Fig.3 SEM images of a neat W

EVAL, b EVAL-PD, c EVAL-BSA-1, 3 '
d EVAL-BSA-2, e EVAL-BSA-10, 7 s
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and blood filtration—6 replicates. The measurement of
CWST, being an empirical method, gave single values
upon repeated measurements and hence that dataset
has been excluded from analysis of variance. For all other
data, statistical analysis was conducted using one-way
ANOVA in Microsoft Excel. The results were considered as
statistically significant wherever the p-values were less
than 0.05.

3 Results

3.1 Fabrication and characterization of EVAL-BSA
membranes

An illustration of the experimental protocol engendering
the EVAL-polydopamine (EVAL-PD) and BSA-immobilized
EVAL (EVAL-BSA) membranes is provided in Fig. 1. The PD
formation on EVAL membranes was visualized by the black
coloration to EVAL membranes. The ATR-FTIR spectra of
neat EVAL, EVAL-PD and various EVAL-BSA membranes, viz.
EVAL-BSA-1, EVAL-BSA-2, EVAL-BSA-10, EVAL-BSA-50 and
EVAL-BSA-100, are compared in Fig. 2. It is vivid from the
spectra that there was a new peak formation at 1604 cm™'
in the wake of C=0 groups derived from PD. Subsequent
to the BSA immobilization, this peak was shifted to higher
wave number, 1655 cm™' which derives from the C=0
moieties in BSA. The SEM pictures in Fig. 3 give credence
to the formation of PD particles on the EVAL fiber surface
which was overturned after the immobilization of BSA.
The smooth morphology of the fibers was retained, with
a gradual increase in the fiber diameter with the increase
in the BSA concentration (Table 1). The aftermath of BSA
immobilization is well reflected in the porousness of
membranes. The pore diameter of EVAL-PD membranes
was not able to measure precisely due to dearth of well-
defined and sharp boundaries as a repercussion to pro-
trusive PD particles. Interestingly, the pore diameter was
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significantly reducing after BSA immobilization, while the
percentage porosity was decreased initially after the for-
mation of PD particles and further increased after the BSA
immobilization (Table 1). Hence the percentage porosity
of the neat EVAL and EVAL-BSA membranes remained
more or less uniform. The fiber diameter, pore diameter
and % porosity for the EVAL-BSA-10 membranes prepared
at a collection speed of 1500 RPM, meant for construct-
ing asymmetric leukodepletion filer, were respectively

Fig.4 SEMimages of EVAL-BSA
membranes after exposure to
PRP; a neat EVAL, b EVAL-
BSA-1, c EVAL-BSA-2, d EVAL-
BSA-10, e EVAL-BSA-50 and f
EVAL-BSA-100

4000 X

2.1+£0.5 um, 10.7+2.6 um and 52+ 0.3%. The decrement
in pore size with the increase in collection speed was
significant (p <0.05), Similarly, the WCA was found to be
declining after the formation of PD layer, which points
out to the enhanced hydrophilicity of EVAL membranes.
However, the WCA was increased after the BSA immobili-
zation (Table 1). So it has to be noted that the BSA chains
offered hydrophobicity to the EVAL-PD membranes. The
overall hydrophobicity of the EVAL-BSA membranes was

Table 1 Properties of the EVAL-

Sample WCA (°)* Fiber diam- Pore diam- Porosity (%)*  CWST (mN/m)
BSA membranes (n=6, eter (um)* (n=25, eter (um)* (n=25 (n=9,p<0.05)
p<0.05) p<0.05) p<0.05)
Neat EVAL 126+6 1.8+0.1 233%5 53+1.0 61.8
EVAL-PD 115+3 22+0.3 - 49+0.5 79.9
EVAL-BSA-1 129+3 23+0.3 17.9+3.2 52+0.3 65.2
EVAL-BSA-2 135+7 25+0.3 19.6+34 53+1.0 65.2
EVAL-BSA-10  125%5 24+0.2 16.2+2.7 51+0.2 76.3
EVAL-BSA-50 1271 27+£0.2 17.6+3.2 52+0.1 76.3
EVAL-BSA-100 118+5 3.0£0.1 13.9+25 52+04 76.3

*Indicate statistically significant change

Table 2 In-vitro hemocompatibility evaluation of EVAL-BSA membranes

BSA concentration (g/L) Protein adsorption

RBC adhesion WBC adhesion (%)

Platelet adhesion (%) Hemolysis (%)*

(ug/mm3)* (%)* (n=6,p<0.05)
(n=6,p<0.05) (n=6, PRP* w8
p<0.05) (n=6,p<0.05)
0 (neat EVAL) 72%16 68+10 96+2.0 72+15 96+3 23+05
1 19.0+5.0 35+5 99+0.6 45+3 98+3 0.3+£0.04
2 19.0+3.0 44+5 98+0.6 67+12 94+3 0.4+0.1
10 18.0+£3.0 52 97+£1.0 37+8 84+2 0.3+£0.05
50 23.0+2.0 14+£5 96+1.0 49+8 95+1 1.7£0.1
100 20.0+4.0 13+4 96+1.0 313 99+1 35+£1.0
*Indicate statistically significant change
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near to that of the neat EVAL membranes. However, the
wettability of the membranes was improved as a result of
BSA immobilization as evident from a gradual increase in
the CWST values.

3.2 Evaluation of the blood-material interaction
and leukodepletion efficiency of EVAL-BSA
interfaces

Table 2 shows the consequences of BSA immobilization on
the various blood-material interactions. The plasma pro-
tein adsorption was found to be dramatically increasing
with the increase in the immobilized BSA concentration.
The adhesion of RBCs was gradually lessened, while the
extent of WBC adhesion was kept unaltered. The platelet
adhesion disported different trends when the both the
neat and BSA-immobilized membranes were exposed to
PRP and WB. No noticeable change in the platelet adhe-
sion was observed when whole blood was filtered through
the EVAL-BSA membranes, while the platelets from PRP
became repellant to the EVAL-BSA membranes. This is also
connoted from the SEM images of membrane exposed
to PRP, provided in Fig. 4. Considerable extend of plate-
let adhesion was visualized on neat EVAL, while very few
platelets were visible on all the EVAL-BSA membranes. The
percentage hemolysis was also initially decreasing at lower
concentrations of BSA, while the membranes, for which

120{ (@) x
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o
o

Adhesion (%)
(2]
o

3
o

20
0
EVAL-BSA-10%
0.6 (b) * 0.05] (
¢)
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> °
[} 1]
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Fig.5 Comparison of leukodepletion efficiency of EVAL and EVAL-
BSA-10 asymmetric filters: a % cell adhesion, b % hemolysis and ¢
speed of filtration
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the BSA concentration was =50 g/L, induced a very high
hemolysis.

From Table 2, it could be noticed that EVAL-BSA-10 is
the ideal membrane having minimum hemolysis as well
as decreased RBC and platelet adhesion. Hence, this
membrane was devised to asymmetric filter and carried
out the whole blood filtration studies. The efficiency was
expressed in terms of % cell adhesion, % hemolysis as well
as speed of filtration and is collated in Fig. 5. Upon whole
blood filtration, it was observed that the WBC adhesion
on the EVAL-BSA-10 membranes was reduced signifi-
cantly and the RBC adhesion was enhanced than those
of neat EVAL (Fig. 5a). No change in platelet adhesion was
observed as a result of BSA immobilization. Interestingly,
the speed of filtration was very much lower for the EVAL-
BSA-10 filter than that of neat EVAL (Fig. 5¢). The percent-
age hemolysis induced by the EVAL-BSA-10 filter was
found to be approximately zero (Fig. 5b). Figures 6 and 7
depict the distribution of cells through the various layers
of EVAL-BSA-10 asymmetric filter. From the microscopic
images provided in Fig. 7, it can be visualized that all the
layers were highly populated with cells. However, most of
the WBCs were present in top and middle layers than bot-
tom layer according to the SEM (Fig. 6) and microscopic
images (Fig. 7). In addition, it can also be inferred that
a higher number of RBCs (red stained) were present on
EVAL-BSA-10 filter (Fig. 7) which is in good agreement with
the quantitative data given in Fig. 5a.

4 Discussion

An attempt to covalently immobilize BSA onto electrospun
EVAL membranes by means of pre-coating of polydopa-
mine was executed in this article. The mechanism for this
reaction has been well portrayed by profuse investiga-
tors [24, 25]. Dopamine is neurotransmitter which readily
undergoes oxidative polymerization to form PD particles/
aggregates under alkaline conditions [26]. An important
feature of this PD is that it makes a very strong attachment
to the substrate by covalent and non-covalent interactions
like m—m interactions and electrostatic interactions [27].
Thus the newly generated PD layer remains stable and
durable for a long time in all conditions excluding highly
alkaline environment [27]. Thus the PD layer also furnishes
its reactive functionalities for further attachment of desir-
able molecules and imparting the required properties to
the substrate thereby. Consequently, lot many polymers
have been functionalized by attachment of different mol-
ecules by means of adherent PD layer in order to enhance
the wettability, cell adhesion and biocompatibility [28, 29].

The formation of PD and its further reaction with BSA
on EVAL surface have been evidenced by structural,
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Fig.6 SEM analysis of adhered
cells to the EVAL-BSA-10 filter;

a—c top layer, d—f middle layer
and g-i bottom layer at differ-
ent magnifications

morphological, and wettability analysis. A new peak cor-
responding for the C=0 stretch in PD has been featured in
the ATR-FTIR spectra (Fig. 2). Many researchers have also
noted this peak confirming the attachment of PD layer
[30]. Further after the BSA immobilization, this peak was
replaced by another peak which could be primarily due to
the C=0 stretch of Amide | band derived from BSA. Inter-
estingly, no other peaks of Amide | band were visible at
lower wavelength (Fig. 2). This alludes to the point that the
NH, groups of BSA were involved in the reaction with PD.
Thus it is also concluded that BSA was not simply physi-
cally adsorbed to the PD-coated EVAL membrane, but
covalently attached. Interestingly, the SEM images reveal
the formation of PD particle aggregates on EVAL surface
(Fig. 3b). Similar observation was also previously published
by Jiang et al. [31]. However, the concentration of PD par-
ticles disappeared after reacting with BSA sustaining the
smooth morphology of the EVAL fibers. The progressive
increment in the fiber diameter after the reaction with BSA
also supports to their successful immobilization (Table 1).
A notable decrease in the pore diameter when the collec-
tion speed was increased from 500 RPM to 1500 RPM cues
to the asymmetry in the leukodepletion filter. The effect of
BSA immobilization on the wettability of EVAL membranes
has also been studied. The results presented indicate that
the EVAL membranes became slightly hydrophilic after the

PD formation (Table 1). This is obviously due to the pres-
ence of hydrophilic catecholic groups derived from the
PD [32]. However, the WCA values were raised after BSA
immobilization. This stipulates that the BSA chains were
hydrophobic in nature. Similar observation was previously
noted by Weng et al. [33] when BSA was immobilized to
anatase TiO, film by means of pre-treated phosphoric acid.
The measurement of CWST is believed to be rather signifi-
cant than WCA of membranes, particularly for leukodeple-
tion filters. An approximate CWST of 78 mN/m or higher is
desirable for the blood to wet the filter membranes [13].
Although the BSA immobilization improved the CWST of
EVAL, the maximum CWST noted as 76.3 mN/m. Prima
facie, it might seem contrary that there is disagreement
between WCA and CWST values for the various mem-
branes. Nevertheless, CWST, an indirect measure of hydro-
philicity, is enhanced by the decrease in WCA and CWST is
also dependent on the surface coverage of the functional
moieties and its surface polarity [34]. An increase in CSWT
despite the hydrophobicity of the membranes could be
attributed either to the presence of foldable polymeric
chains/branches of polar character or to the extension of
surface modification to the bulk of the polymer [34]. BSA
being a globular protein having 585 amino acid residues
prefers to take up a folded orientation and requires a liquid
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Fig.7 Microscopicimages

of stained cross sections of
EVAL-BSA-10 filter membrane
assembly. The order of the
figures a to f indicates different
portions from top to bottom of
the filter. The arrow indicates
the direction of blood flow

of still higher polarity/surface tension to wet its surface
resulting in an increased CWST than neat EVAL.

The effects of BSA immobilization were clearly visible
from the data of in vitro hemocompatibility evaluation.
The in vitro platelet adhesion was effectively decreased
when the EVAL-BSA membranes were exposed to PRP,
which is in accordance with many other studies (Table 2,
Fig. 4) [35, 36]. It was surprising to note that the plasma
protein adsorption and percentage hemolysis was gradu-
ally increasing with the increase in the BSA concentration
(Table 2). Previous studies have evidenced the existence
of BSA as negatively charged species at the physiological
pH due to an isoelectric point of 4.7 [37]. This points to the
presence of ionizable -COOH groups taking dominancy
over other functionalities. Thus, the increase in plasma pro-
tein may be ascribed to the active -COOH groups of the
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BSA, as they bring about an effective bonding between
the various proteins in plasma. Moreover the BSA chains
will also invite other proteins in the environment ulti-
mately resulting in a high protein adsorption. In resem-
blance to this, a study Fu et al. [38] also demonstrated
that —-COOH groups encourages the protein adsorption
as they observed EVAL membranes in situ functionalized
with citric acid had significantly higher protein adsorption
than the unmodified EVAL. Thus when whole blood was
filtered through EVAL-BSA membranes both under in vitro
conditions as well as a filter device, most of the proteins
was adsorbed to its surface [38]. The effects due to this
phenomenon are also reflected in other parameters also
when whole blood was allowed to permeate through the
EVAL-BSA membrane. An incursion by the better part of
the platelets and WBCs upon the BSA membranes was
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noteworthy in both cases. However, the RBC adhesion was
reduced, in the in vitro exposure to blood, that is to say,
the BSA chains offered an improved RBC recovery, which
is highly demanded for leukodepletion filters (Table 2).
Such an enhanced platelet adhesion from whole blood
is paradoxical to what observed from PRP. It has been
well reviewed that the adhesion of blood components to
materials is influenced by many parameters, one of which
being the viscosity of blood [39]. Thus the extent of pro-
tein adsorption from a more viscous whole blood might
be quite different from that encountered with diluted
plasma. It might be the formation of a strong protein layer
on the EVAL-BSA membrane surface which facilitated the
fine adhesion of WBC and the subsequent recruitment
of platelets and vice versa. Such interrelated adhesion of
platelets and WBCs has also been reported to occur on
membrane oxygenators and filter membranes [40, 41].
Even certain leukodepletion filter membranes developed
from hydrogel interfaces having different charge densi-
ties have shown a charge biased WBC to platelet adhesion,
nevertheless their excellent blood compatibility in vitro
[42]. So as a result of these adhesions, it is expected that
pores of the membranes might be clogged with cells
and proteins. In such a case the RBC might find it diffi-
cult to pass through the membrane pores. This was also
evinced by the application of a high suction while per-
forming the leukodepletion studies by whole blood filtra-
tion under in vitro conditions. Obviously, the RBCs were
squeezed through the pores resulting in a high degree
of lysis (Table 2). Thus all-inclusive, it can be inferred that
it is the surface charge balance of the membranes cued
from the different extents of BSA which ultimately decided
the potency of the membranes apropos leukodepletion.
Higher extent of BSA immobilization on EVAL membranes
is inappropriate and among the various EVAL-BSA mem-
branes, EVAL-BSA-10, with negligible hemolysis, is being
proposed worthwhile for the development of filters suit-
able for preparing RBC concentrate from whole blood.
However, some interesting deviation from the in vitro
blood-material behavior was observed as a result of typi-
cal filtration of whole blood. Notwithstanding the several
published reports on the betterment of in vitro hemo-
compatibility of BSA functionalized biomaterials, there
is no previous data on the leukodepletion efficiency by
such membranes. The WBC capturing by the BSA chains
was marginally lower than neat EVAL membranes. The
extent of platelet adhesion was intact, whereas a remark-
able increase in the % of RBC adhesion was noted. The
reason for this is quite obvious that EVAL-BSA surfaces
show high protein adsorption. This triggers the faster
transfer of platelet, also vivid from the high platelet adhe-
sion and longer filtration time. Subsequently, there are
chances of rapid pore plugging effect which hindered

the deformation of RBCs, also supported by the micro-
scopic images (Fig. 7). This is in well agreement with ear-
lier reports that the acidic groups cause an increase in the
bending elastic modulus of RBCs which ultimately results
in the decrement in extend of RBC deformation [12]. This
is well reflected in the poor RBC recovery. In an earlier
study by Gerard et al. [43], the effect of RGD peptides
immobilized on poly(butylene terephthalate) non-woven
fabric (PBTNF) upon leukocyte removal was investigated
by whole blood filtration tests. However, only one layer of
this modified layer was used in assembly with 14 layers of
commercial unmodified PBTNF [43]. They observed only
infinitesimal increment in WBC adhesion, however, there
was no notion on its wettability level and the adhesion of
other components [43]. Excluding this, there is no prec-
edent report on the effect of surface immobilized proteins
on leukodepletion. There was a controversial disparity in
the performance of the membranes under in vitro condi-
tions and during filtration, because the adhesion of various
components and the factors leading to them is entirely dif-
ferent under stationary (in vitro) and dynamic flowing con-
ditions. It is noticeable that there are quite many investiga-
tions focusing on the surface modification of commercially
available leukodepletion filter membranes and assessment
of their efficiency only by in vitro blood-material interac-
tions [44, 45]. Very few researchers delved into the util-
ity of such membrane toward a typical device filtration.
Even in those works, instead of whole blood various blood
fragments like platelet concentrates, RBC concentrate etc.
were used to assess the filter efficiency [12, 45]. The results
of such investigations could not be compared with that
of whole blood filtration, as is the case here, because the
relative population of WBC will be quite different in both
cases so do the capacity of the filter. Interestingly, in a
report by Cao and co-workers where commercial grade
PBTNF used in leukodepletion filter device was immobi-
lized with PVP with the intention of selective leukocyte
removal, further evaluation by whole blood filtration could
not particularly alter the platelet recovery, although the
method as proven successful under in vitro conditions [14,
46]. Thus, the obtained results demonstrate that the BSA
functionalization could improve the hemocompatibility
of the EVAL membranes in vitro, however, could not sig-
nificantly enhance the overall leukodepletion efficiency
during whole blood filtration. However, a fair decrease
in the platelet adhesion when PRP was exposed to BSA-
immobilized membranes suggests that these membranes
will be particularly beneficial in the filtration of platelet
concentrates.
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5 Conclusions

This work epitomizes the covalent immobilization of BSA
to electrospun EVAL membranes utilizing the reactive
polydopamine coating for improving the leukodeple-
tion efficiency. Chemical characterization of the various
EVAL-BSA membranes using ATR-FTIR confirmed the suc-
cessful immobilization. Consequentially, there observed
a gradual increment in fiber diameter and decrement in
pore diameter while preserving the wettability and per-
centage porosity of the membranes. Upon the evalua-
tion of blood-membrane interactions, a fair increment in
the plasma protein adsorption as well as disinclination
to platelet adhesion in vitro was noticed as a function of
extent BSA immobilization. Upon whole blood exposure
to the functionalized membranes, a marked increase in
RBC recovery without affecting the innate capacity of WBC
adhesion of EVAL membranes connoted the desirability
of the BSA immobilization toward better leukodepletion
performance. Congruous with this, a significant reduction
in the hemolysis at lower proportions of immobilized BSA
chains and intact platelet adhesion forecloses the expe-
dience of higher extents of BSA immobilization to mem-
branes intended for leukodepletion. The typical whole
blood filtration studies project that the immobilization
of BSA was not as beneficial as expected and could not
ensure the selective removal of WBCs.
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