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SYNOPSIS

Abound reports exist for the fact that leukocytesthe donor blood may be
harmful to the multitransfused patients in somecibecircumstances of blood
transfusion. These harmful circumstances appednanform of blood transfusion
reactions and these conditions have proposed #1® &t leukoreduction in the
custom of blood transfusions. Despite the vari@ehniques for leukocyte removal,
membrane based filtration is the best choice amhé&samong the most widely used
ones, due to its simplicity and effectiveness. Tlheigkodepletion is defined as
leukocyte removal by with the help of specificdi$ or device which can reduce the

leukocytes to a level of < 5 x 6f residual level per transfusate.

Various polymeric membranes including polyethyleeeephtalate (PET),
polypropylene (PP), polybutylene terephthalate (}?Bdolyurethanes (PU) and
cellulose-based polymers in their pure form andniodified versions have already
been recommended to fabricate leukodepletion dilddost of these filters uses fiber

based non-woven membranes.

Due to the high cost and significantly high pleteadhesion for the
commercialized filters, the use of leukodepletialterfs is presently not much
implemented in India. So developing a cost-effextand efficient leukodepletion
filter indigenously will be worth to the patientroonunity in India in near future. In
this background, the main goal of the study wast@lexplore the technique of
electrospinning to fabricate membranes efficient [&ukodepletion filters, out of
suitable polymers (2) to optimize the various meamlr parameters that affect their
leukodepletion performance and (3) to modify thecebspun membranes to alter
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their surface chemistry and thereby enhance tHetipletion efficiency. The study
is presented in six chapters. The background atrdunction of the work are
elaborated in Chapter 1. It explains in detail dkibe leukocyte mediated adverse
reactions, need for leukoreduction, universal Ilelgpdetion and selective
leukodepletion programs, methods of filtration,usture and components of
leukodepletion filter, membranes used for leukoeiph filters, their fabrication
methods, ideal properties required for such mendgmacommercially available
filters and their limitations, and the current saeo of leukodepletion filters in
India. The chapter also discussed the variousegfieg for developing efficient

leukodepletion filters.

Hypotheses put forward on the basis of current kedge are:
(1) Fibrous or fibroporous polymeric matrices can give better leukodepletion and
thus efficient leukodepletion filter membranes can be developed from appropriate
choice of blood compatible polymeric material by the application of suitable fiber

fabrication method.

(2) Leukodepletion and the mechanism of the same by fibroporous membranes are
influenced by its properties including filter structure fiber diameter, pore diameter
and porosity. Hence optimization of these parameters will generate excellent

leukodepletion filter membranes

(3) Altering the chemical functionality of such membranes may affect its physico-
chemical properties and also its leukodepletion efficiency. Thus the leukodepletion
performance of the fibroporous membranes can be enhanced by proper choice of
modification.
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Major objectives of the current study are identifees follows.

» To fabricate leukodepletion filter membranes duypayacrylonitrile (PAN) and

poly(ethylene-co-vinyl alcohol) (EVAL) by electragping.

» To study the physico-chemical properties, blood emal interactions and

leukodepletion efficiency of PAN and EVAL membranes

» To assess the effect of filter structure, fibemugder, pore diameter and porosity

upon the leukodepletion efficiency of EVAL membrane

» To modify the EVAL membrane to alter its surfacerciistry by photografting
with 2-hydroxyethyl acrylate (HEA), functionalizati by incorporation of
glycine (Gly), photografting with N-(3-sulfopropyN-methacroyloxyethyl-N,N-
dimethylammonium betaine (SMDB) and immobilizatiari bovine serum

albumin (BSA) via dopamine spacer.

» To study the effect of these modifications on tlygico-chemical properties,
mechanical properties, blood-material interactiand leukodepletion efficiency
of the EVAL membranes and thus derive a correlatietween the surface

chemistry, wettability, and leukodepletion efficogmof membranes.

In Chapter 2, exhaustive literature review has beseried out to understand
the current status of polymeric membranes for Idekdetion. The topics reviewed
include blood transfusion reactions and remediesmbranes for leukodepletion
filters, membrane modifications to enhance the delgpletion efficiency. It also

reviews the importance of electrospinning in membrgabrication process. Review
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also summarises the significance of various systevhgch are used for the

membrane modification in our study.

In Chapter 3, experimental design in order to aahitne objectives of the
proposed study is elaborated. It includes detallestription of materials employed,
experimental protocols and instruments employedHerpresent study. Fabrication
of leukodepletion filter membranes by electrospigniof EVAL and PAN is
discussed in Section 1. The various approachesmimdification of electrospun
EVAL membranes are described in Section 2. The Idpugent of prototype and
leukodepletion filter devices out various electtrmspmodified and unmodified
membranes are explained in Section 3. Section Wdes the physico-chemical
characterization and evaluation of the various firedliand unmodified electrospun
membrane systems. The biological evaluation indgdithe in vitro
cytocompatibility evaluation anish vitro hemocompatibility evaluation, and also the
evaluation of leukodepletion efficiency of the wars membranes systems are
detailed in Section 5. ATR-FTIR technique was addptfor structural
characterization of various membrane systems. Elgee@ of grafting (DG) was also
reported by gravimetric analysis method. Measuresamd analysis of surface
morphology using Scanning Electron Microscopy (SEAMd surface wettability
using goniometer as well as critical wetting suefaension (CWST) are also
detailed. Estimation of the fiber diameter and ppreperties was done by the
ImageJ analysis. Mechanical testing using Universating Machine was adopted to
study mechanical properties of the membranes. lrpetal details are also given

for in vitro release profile of glycine (UV spectrophotomete@ytotoxicity
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evaluation of electrospun membranes using direotaod and live/dead assaiy
vitro hemocompatibility evaluation of the various memmerasystems as per ISO
10993-part 4 are provided. Details of whole bloaliration experiments for
assessing the efficiencies of the various membsgeems are also explained. Post-
filtration analysis of the filter membrane by SEMdahistology is also described in

this section.

Chapter 4 includes results presented substantiagedigures, tables and
graphs. EVAL and PAN membranes were successfuligdated by electrospinning,
and their fiber diameter and pore properties wepsrted. Both the membranes were
found hydrophobic from their water contact angléduga. Both membranes were
non-cytotoxic to fibroblast cells and non-hemolytikhe filtration studies showed
that EVAL filter possessed leukodepletion efficigiehich was comparable to that
of the commercial filter while PAN filter gave aryepoor efficiency and hence PAN
filter was excluded from further study. Furtherwids found that EVAL asymmetric
filter can grant better leukodepletion efficientyam that by EVAL symmetric filter.
The better leukodepletion was obtained when therfiliameter in the EVAL
membranes were 1.8 um. The various modified EVAL membranes includingAdE
grafted EVAL (PHEA-g-EVAL), glycine incorporated AL (EVAL-Gly), SMDB
grafted EVAL (PSMDB-g-EVAL) and BSA immobilized EMA(EVAL-BSA) were
characterised for their physico-chemical properéied biological evaluation. All the
modifications enhanced the overall hemocompatbitift the EVAL membranes
while altered its leukodepletion performances féedent extends. Thus a correlation

between the surface chemistry, wettability and deldpletion was established.
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Hence it was found that the PSMDB-g-EVAL had theprapriate degree of

wettability and surface chemistry for enhanced ¢eldpletion.

In Chapter 5, results are discussed and analyattd the aid of current
literature. It is shown that electrospun EVAL hdee tpotential to be used as
leukodepletion filter membranes and appropriateifitadion on the membranes can
enhance its hemocompatibility and leukodepletiorfgpmance. The importance of

present study has also been highlighted.

Chapter 6 summarises the results and conclusiorghvelne drawn from the
present study. Leukodepletion filter membranes veaiecessfully developed out of
electrospun polymers. The electrospun EVAL memlsaagd be recommended to be
used for leukodepletion filters. However, its pemi@ance can be improved by
various chemical modifications. Out of the variousdifications adopted in the
study, the modification by incorporation of zwittars, the PSMDB-g-EVAL
membranes have the appropriate surface chemisattaliity, hemocompatibility
and leukodepletion efficiency. Thus it is concluddedat the method of
electrospinning can be recommended in future féari¢ation of highly efficient
leukodepletion filters out of suitable blood combia polymers which have the
desirable combination of appropriate surface chewic®mposition, wettability,
surface energy and degradability. The limitatioisthee current study have been

identified. Citations are listed in the bibliograpkection.
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CHAPTER 1

INTRODUCTION

Blood constitutes a major part of human circulatsggtem and is composed of
plasma and formed elements. The term blood traisfus defined as the process of
receiving whole blood or blood products into oneisculation intravenously. During
blood transfusions, the blood or blood products ag drug for curing blood related
decease conditions like thalassemia, anemia etin @place a heavy blood loss due to
accidents and surgeries (von Ahsral.,2001). In each of such cases the donor’s blood
serve as very important entity in saving one’s, lifewever, there are chances of adverse
reactions to occur as a result of such transfusibmsse adverse reactions are collectively

termed as blood transfusion reactions.

It has been established that the major culprit iiehihese reactions are the
leukocytes or white blood cells (WBC) present ie tthonor blood (Sahu and Verma,
2014). Sometimes, these leukocytes may mediatetrresmission of certain viral
infections to the recipient (Chu, 1999). Hencedh&/ remedy to prevent the occurrence
of these reactions is to reduce the leukocyte ctuatsafe level before transfusion. Thus
the removal of leukocytes from the donor’s bloodeisned as leukoreduction (Capasso
and Pisano, 2014). There are several methods ddwoieduction including differential
centrifugation, sedimentation, freezing and thawo®l washing and filtration (Meryman

and Hornblower, 1986). Among these, filtration &snas the best method due to its



simplicity and effectiveness (Brugt al.,1995). Thus membrane based filtration of blood
has been proven as the most practical approadbaukocyte reduction and has been paid
much attention since 1990s. In this context, thelwgion of polymeric non-woven fiber
networks has greatly contributed to the fabricatioh membrane bed filters for
leukodepletion. A number of these kinds of filteysvailable in the market and made the

filtration process much easier.
1.1.Need for leukoreduction

Leukocytes in the donor blood may be harmful torthéti-transfused patients in
some special circumstances of blood transfusioes@&tarmful circumstances appear in
the form of blood transfusion reactions. Some aséh commonly recurring troubles
caused by the administration of leukocyte rich bib@ave been identified in 1950s, and
include nonhaemolytic febrile transfusion reactiofd¢HFTRS), decreased immune
defense to infections, alloimmunization to humanukteyte antigens (HLA
Alloimmunization), transfusion related acute lumgury (TRALI), transfusion related
immune suppression (TRIS), graft versus host des€@/HD) or transfer of viral
infections such as those caused by cytomegalo¢€i4V) or human T-cell leukaemia
virus | (HTLV-I) etc. (Kimet al, 2009; Mijovi et al, 1983). The balance between these
adverse effects and the leukocyte number has haaisiped previously and is provided
here in Table 1 (Lanet al., 1992). Now it becomes clearer that these effecés ar
minimizable if the leukocyte counts are below aegiold of 18 The American

Association of Blood Banks (AABB) recommends thasiiest more specifically to be less



than 5 x 18unit after leukoreduction (3 log reduction givi8§.9 % leukocyte removal)
with almost 85 % of other blood components retai(dga et al, 2003). Reports of
Novotnyet al also strongly support that leukoreduction to @lef < 5 x 16 of residual
level per transfusate could prevent primary HLAbalitibody formation (Novotngt al,
1995). However the European Council guidelines psepthis count better to be lesser
than 5 x 18&unit (Guo et al, 2012; Yomotovianet al, 2001). Food and Drug
Administration (FDA) guideline also was previoushandatory about the leukoreduction
to lesser than 5 x init residual leukocytes, but presently little mstringent to counts

recommended by European Council (FDA guidelines18®A guidelines 2012).

Side effect Major responsible Leukocyte
cell number

NHETR Granulocyte
Monocyte

HLA Allcimmu- | Lymphocyte
ization Monocyte

IHTLV Infection | CDa+

Lymphocyte
CMYV Infection | Monocyte
Granulocyte
GVHD CDa+,CDs+

Table 1. Relationship between leukocyte number anadverse effects

With such inconsistency in monitoring the leukoretthn, contradictions also

exist with respect to the minimization of above tmmed risks. Receipt of leukoreduced



blood is indeed and unavoidable for some speciajests like allogenic bone marrow

transplant recipients (Sharma and Marwaha, 2010).
1.2. Leukoreduction and leukodepletion

As the two terms are used very frequently and ahingeably, “leukoreduction”
and “leukodepletion”, we would like to follow thastinction between them as done by
Sharmaet al that leukoreduction and leukodepletion are respalgtleukocyte removal
by gross method and leukocyte removal with the hdlspecific filters or devices
(Sharma and Marwaha, 2010). Thus a leukodepletiter tan be defined as a filter
which can remove the leukocytes from blood to antaf < 5 x 16 per unit while
retaining more than 85 % of other functional anable blood components. Defining the
efficiency of the leukodepletion may vary accordioghe various guidelines mentioned

above.
1.3. Universal leukodepletion (ULD) and Selective leukaepletion (SLD)

As it is proven that the step of leukodepletiomézessary in transfusion, this is
implemented either to all patients through a ursakteukodepletion (ULD) program or
to selective groups of patients. Thus accordingundversal leukodepletion program
(ULD), all the blood components have to be leukdele before transfusion while the
selective leukodepletion (SLD) demands that onlgc#x components have to be
leukodepleted (Sharmet al., 2014). Both have their own issues. While cost9thie

universal leukodepletion, the difficulty in preditg the need of leukoreduced blood at



the time of component preparation reduces the fsignce of selective leukodepletion
(Sharma and Marwaha, 2010). European countriessante states of USA follow the
ULD while the other is predominant in world’s othgarts. Still the debate is going on the

implementation of ULD/SLD (Sharma and Marwaha, 20d@mtovianet al.,2001).

1.4. Leukodepletion filters

Defining a leukodepletion filter is now very obviuThey are specific filter
devices which are used to remove the leukocyte® fitee blood to the safe level, as
mentioned by the various guidelines, while retagniather functional and viable
components. It was Fleming who reported the useottbn wool matrix for effective
leukodepletion (Flemingl926). Further research and developments in thietipn of
membrane based filtration of blood for leukodeplethas been paid much attention in
the past years. Studies have also evinced thatraeatbrane based leukodepletion filters
are also able to remove tumor cells, bacteria, textto etc. and can prevent the
occurrence of virally transmissible diseases (Fufiled al, 2001; Hogmaret al, 1997,
Oldhafer et al, 2013; Petsclet al, 1998; Waterset al, 2003). Recent studies also
reported that membrane based leukodepletion agetefe in separation of components in
amniotic fluid (Campbelét al, 2012). So knowing more about the structure, corepts
and performance efficiencies of leukodepletiorefstwill be worth for understanding the

current status of leukodepletion filters.



1.4.1.Types of filtrations using leukodepletion filter

Filtrations are performed in two different waysngsieukodepletion filters. They
are pre-storage filtration and post-storage filbrat(Sharma and Marwaha, 2010). As
their name indicates, the pre-storage filtratiordasme with the freshly collected blood
from the voluntary donor immediately after the eotlon. After filtration, the filtered
blood will be either stored or processed for furttemponent separation. The post-
storage filtration is performed with the stored ddoor blood components only when
required for the patient (Sharma and Marwaha, 2048hce the post-storage filtration is
also called as bed-side filtration. The pre-storfdgation is always preferred to the other
one due to its advantages mentioned below (Buchétold, 1994; Rideret al, 2000;
Sharma and Marwaha, 2010)

Advantages of pre-storage filtration

* It eliminates the scope of inflammatory cytokinecamulation and prevents

adverse reactions.
* It minimizes the risk of leukotropic virus transsien.

* It helps to perform leukocyte quality control irettaboratory rather than by the

patient's bedside.

* During pre-storage filtration blood components dan thoroughly studied and
various factors affecting the process of leukodépte can be modified

accordingly.



1.4.2.Components and structure of a leukodepletion filter

A typical leukodepletion filter consists of leukqudetion filter membranes
perfectly assembled in an outer case. The filtdrbve supplied with two openings — inlet
and outlet. The inlet functions for directing tHedwd to be filtered, to the filter while the
outlet serves for collecting the filtered bloodséhematic representation of the interior of

a leukodepletion filter is provided in Figure 1.

Depending on the structure and properties of thmlnanes, the filters are again
classified into two different types- (1) symmetiitter and (2) asymmetric filter.
Symmetric filter is one in which the pore size bftlke membranes will be uniform where
as in asymmetric filter, there will be a graduatmase in the pore sizes of different
layers from top to bottom (or in the direction tw of blood) (Figure 2) (Bruikt al.,
1991). Several previous studies on the comparatratiation of these two types of filters
emphasize that asymmetric type of filter is prefdrto symmetric filter, because in
symmetric filter, there will be more chance forladbgging on the membranes which
ultimately results in pore plugging and prevente tietention of other components.
However, in asymmetric filter, the chances for pptegging will be minimum thus
ensuring maximum retention of other functional amable blood components (Brugt

al., 1991) (Figure 2).
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1.4.3.Membranes in leukodepletion filters

It was seen that commercialized leukodepletioeriitare composed of polymeric
membranes in either sponge like structure (opellaelform) or non-woven form. But
most of them uses polymeric fiber based non-wovesmbranes. The membrane
dimensions including the pore size, porosity, thiess, area etc. vary from filter to filter.
Poly(ethylene terephthalate) (PET), poly(butyletezephthalate) (PBT), polyurethanes
(PU), poly(vinyl alcohol) (PVA) etc. and their méied forms have been widely used as
membranes in leukodepletion filters either in sgofagm (S) or non-woven (NW) form
(Bruil et al.,1993; Bruilet al, 1991; Gucet al.,2013; Henschleet al, 2005; Kimet al,
2009). Figure 3 shows the morphological dissintjanif both types of membranes. Table
2 summarizes the properties and structure of sdntteeccommercialized leukodepletion

filter membranes.
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Figure 3. Structure of leukodepletion filter membranes; (a) non-woven (NW) and

(b) sponge form (S)



Imuguard Terumo,

IG500 Japan Cottonwool 93 -98 85 - 97
Erypur Organon, Cellulose NA ) )
G-0 Netherlands acetate fiber B 28~ ke =0 =88 e
Cellselect Cellulos_e e NA >99 75 - 88 NA
NBPI, acetate fiber
Netherlands
Optima Polyester  NA  \A  95-99 86-92 NA
fiber

Ultipore- Pall, New Polyestel

SQ40S York fiber NW 40 84.8 92.7 44.8
Fenwal Polyestel

402423 Fenwal, US fiber NA 20 65 73 63.5
Sepacell  Asahi, Japan P?i'zifte' NW 20 99.7 89.8 96.4

Table 2. List of commercially available filters; NAnot available, NW-non-woven, S-
sponge form

1.4.3.1. Methods of fabrication

The polymeric leukodepletion filter membranes aiadally fabricated by conventional

technigues, mainly (1) melt blowing and (2) solveasting and particulate leaching.

1.4.3.1.1. Melt-blowing

Melt blowing generates non-woven (NW) networks ofymers. It is a type of
melt-spinning in which molten polymer streams amedted into a high velocity gas/air
jets. This high velocity jets impinge upon the pogr and the drag forces caused by the

air helps to form self-bonded web which is collecten a moving surface (Hassanal,

10



2013). Mel-blown membranes possess high surfacea anel good barrier properties
which make them excellent candidates for varioligafion applications (Hassaet al,
2013). From Table 2, it can be seen that SepaodllRall filters are composed out of

melt-blown non-wovens.

1.4.3.1.2. Solvent-casting and particulate leaching

In this method a composite of the polymer solui®mnitially prepared by mixing
the polymer solution with salt particles of speci§ize. Then the solvent is allowed to
evaporate which leaves the solidified polymer membrwith the salt particles in it.
Finally the porous membranes are generated by isingethe membrane in water so that
all the salt particles leach out leaving the panethe membranes (Wosek, 2015). Highly
porous membranes can be generated by this methgut¢F3(b)]. A major limitation of

this method is that only thin membranes can bedatad by this method.

1.4.3.2. Requirements for leukodepletion filter metforanes

The efficiency of leukodepletion by filters is detened by physico-chemical
properties of the membranes, blood parameters dtidtibn parameters. But the
membrane properties remain more significant thanathers. Generally, the membrane
parameters including, material chemistry/compositior surface chemistry, surface
charge, pore diameter, fiber diameter, porosityttabdity etc. significantly influences
the performance by leukodepletion filter membrartéswever, the effect of some of
these parameters on the membrane performancesestatdished, but the effect of other
parameters are still not manifested. It is reporieat negatively charged leukocytes
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adhere by van der Waals and electrostatic intenagtand is dependent on pore size and
flow rate (Curtis, 1973; Skalakt al., 1982; Van Oss, 1975). Certain functionalities
including —OH, zwitterions, -NFare suggested to favor leukocyte binding (Cuetial.,
1983; Ertelet al, 1992; Leeet al, 1991; Owengt al, 1988). The effect of fiber diameter
on leukodepletion efficiency has also been disdo&hirokaze, 2002; Umegast al,
1988). The effect of pore size and porosity is deleat on the mechanism by which the
leukocytes are removed. Still some researchersestigipat the ideal pore size and
porosity for leukodepletion filter membranes arspextively 5um — 40um and 30 % -
90 % (Bruilet al., 1995; Morudu, 2011). Contradictory reports stdist on the effect of
wettability on leukocyte adhesion. Certain studiegorted that hydrophobic polymeric
membrane surfaces have a strong leukocyte bindiogever, some other researchers
suggest enhanced hydrophilicity favor leukocyteesittn (Bruil et al., 1994; Lim and
Cooper, 1990). Hence it has to be understood thdesarable level of the various
parameters and their appropriate combination wgiuee the maximum leukodepletion by
the membranes. Still a clear knowledge on the etitthese parameters on the retention

of other blood components is not completely figuoed

1.4.4.Commercially available leukodepletion filters

Some of the commercially available leukodepletitters with their efficiencies,
membrane material and pore sizes are listed ineTabFrom the table it can be inferred
that most of the filters are fabricated out of gaiters and cellulose acetate fibers with

their pore sizes ranging from 20n — 40pum. The filters were highly efficient in WBC
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depletion and RBC retention. But significant amowftplatelet adhesion was also
reported for some of the filters. The approximatstdor such a filter is estimated to be

Rs. 2000.
Limitations of commercially availablefilters

The major limitations associated with currently ilatsle commercial leukodepletion
filters are said to be (1) the high cost and (2)rpadatelet retention (Ridezt al, 2000;
Steneker and Biewenga, 1990). The high platelet Vaisen using such filters are often
encountered when whole blood is filtered througbnth Hence in order to prevent the
high platelet loss by filtration, in most cases fatelet fraction is removed from whole
blood by differential centrifugation and later tremaining leukocyte rich centrifugate is
allowed to filter through the leukodepletion filtédatori and Kurita, 200¥). However,
this practice is much more time consuming than dimeple filtration. So developing
highly efficient leukodepletion filters which caffectively filter whole blood with a high

retention of platelets and RBCs is worth in theeot era.

1.5. Current scenario of leukodepletion in India

The current status of leukodepletion in India canfigured out from Table 3. It is
now clear that in developed countries like Europe BISA, more than 80 % of the total
transfusions are leukodepleted since they folloe YLD programme. But in Asia,

especially in India, the blood banks still dependbther leukoreduction methods.
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Donations Without LD

Country (Million) (Million) LD (Million)

Europe 21.9 4.8 16.3 (80 %)
USA 135 2.6 10.9 (82 %)
Asia 23.3 19.1 4.2 (25 %)

Table 3. Status of leukodepletion in various countes. LD-leukodepletion

Since countries including India follow SLD, leukgdietion filters are used only in
critical conditions (Sharma and Marwaha, 2010). ¢éemccording to the current scenario,
India doesn’t have any indigenous efficient leukadgon filters. So we are forced to
import highly efficient leukodepletion filters frorthe developed countries whenever
needed. This result in high cost for such filtdrattnormal patients in India may not be
able to afford. However, the possibility for recoemding ULD as a mandatory
requirement in India, in the near future, cannonbglected. In such a case, developing
highly efficient and cost effective leukodepletififters indigenously may reduce the

filter cost and will be of significant importanae the patient community.
1.6. Strategies for developing leukodepletion filters

While developing an efficient leukodepletion filtestrategies for overcoming the
limitations of the commercialized filters have te bndertaken. Taking into account, the
high cost of such filters can be assigned to thewufaturing method employed.

Generally, the membrane fabrication by melt-blowiteghnology is costly when
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compared to other conventional methods (Ward, 2088hce there are three important
approaches which one should consider while devetppn efficient and cost effective

leukodepletion filter. They are detailed below.

1.6.1.Identification of suitable polymers

A number of polymers have already been establishé@ used as leukodepletion
filter membranes. However, a lot more polymers Wwhace highly blood compatible and
non-degradable suitable for membranes in leukotiepldilter still exist uninvestigated.
Suggesting a few include poly(ethylene-co-vinyl ofial) (EVAL), poly(ethylene-co-
vinyl acetate) (EVAC), poly(tetrafluoroethylene) TIFE), polyacrylonitrile (PAN),
polycarbonate (PC), poly(ethersulfone) (PES) etostMof these polymers have been
recommended for some other blood contacting agmitawing to their excellent blood
compatibility, however, their leukodepletion eféaicies have not been reported till date
(DeWitt et al, 2005; Jiret al, 2008; Nieet al, 2015; Wan Kim and Jacobs, 1996). Some
other blood compatible biodegradable polymers widg polycaprolactone (PCL) can
also be experimented if their degradability cantineed accordingly. Thus exploring
novel cheaply available polymers with required gmbies might resolve the proposed

limitations of the commercialized filters and threplace the currently available polymers

1.6.2.Exploration of feasible membrane fabrication method

Another approach for developing efficient and ctctive leukodepletion filters
is to explore a feasible membrane fabrication nektisince most of the commercial filter

membranes are composed of non-woven matrices peddug melt-blowing, alternative
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fiber fabrication method will serve best for therpase. In this context the method of
electrospinning seems very relevant. Electrospmrgenerates non-woven membranes
whose morphological features resemble that of lelixn non-wovens (Ramakrishiea
al., 2005). The technique has gained much attentidherpast two decades in the area of
biomedical engineering. Filtration membranes ame among the noteworthy uses of
electrospun membranes. The membranes can be dasined and modified according
to the filtration requirements by the alteratiorthe spinning parameters (Ramakrisieha
al., 2005). A number of electrospun polymers have bepnrted to be best membranes
for the purification of air and water (Guikat al., 2013; Guleet al., 2012; Zhanget al,
2010). Yet it seems like electrospinning has beencealed by the various other
conventional techniques when concerned with theridatoon of leukodepletion
membranes. The method can be considered while a@ugl leukodepletion filter
membranes with ideal properties and can serve edbéit alternative to melt-blowing

method for generating non-woven fabrics.

1.6.3.Membrane modifications

As already mentioned earlier that the membrane eotgs can influence their
leukodepletion efficiency, modifications of membeanby various approaches serve as
yet another strategy for developing efficient leddpletion filters. Membrane
modification also offers to achieve the requiredparties to the desired level. The
surface composition, surface charge, wettability ean be modified by the appropriate

modifications. Membranes can be modified by variapproaches like coating of the
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membrane surface with suitable materials, grafthgther monomers, incorporation of
suitable additives, attaching different functiotie by coupling reactions, attaching
biomolecules like proteins, anticoagulants inclgdimeparin etc. (Chargt al.,2011; You

et al, 2011). Several investigations have been repatefdr on the various modification
strategies to the leukodepletion filter membrariasone study, it was reported that
coating the filter fabrics with various amphiphileopolymers enhanced the overall
performance of the fabric (Natori and Kurita, 20072everal other studies also reported
better results after modification by different mamers including sulfbetaines,
carboxybetaines etc. (Wangt al, 2013; Yuanet al.,, 2008). Incorporation of
hydroxyapatite was also proven to encourage thieoliepletion efficiency of PET filter
fabrics (Kimet al, 2009). The limitations associated with commerzgl filters can also
be resolved by the proper modification to thoseéerfilmembranes. Thus the various
strategies for modification of existing membrangerm new pathways for replacing the

search for exploring new materials.

1.7.Hypothesis

It is now obvious that exploring novel membraneenats by alternative fabrication
methods is highly relevant in developing efficiantkodepletion filters capable for whole
blood filtration. Moreover, the feasibility of memame modification for tuning the
desirable properties to the desirable extend abdlithtes to develop an ideal
leukodepletion filter. Hence it is conceptualizéhit generating non-woven membranes

out of excellent hemocompatible polymers and tlgipropriate modification can give
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outstanding filter fabrics which can replace therently available leukodepletion filters.

In order to accomplish this, we put forward the ¢tjyesis as follows.

(1) Fibrous or fibroporous polymeric matrices camegbetter leukodepletion and
thus efficient leukodepletion filter membranes t@ndeveloped from appropriate choice
of blood compatible polymeric material by the apalion of suitable fiber fabrication

method.

(2) Leukodepletion and the mechanism of the saméhbbgporous membranes are
influenced by its properties including filter sttue fiber diameter, pore diameter and
porosity. Hence optimization of these parameteis generate excellent leukodepletion

filter membranes.

(3) Altering the chemical functionality of such mleranes may affect its physico-
chemical properties and also its leukodepletionicieficy. Thus the leukodepletion
performance of the fibroporous membranes can beared by proper choice of

modification.

1.8.0bjectives of the study

1. To fabricate leukodepletion filter membranes oupalyacrylonitrile (PAN)
and poly(ethylene-co-vinyl alcohol) (EVAL) by eleaspinning.
2. To study the physico-chemical properties, blood emak interactions and

leukodepletion efficiency of PAN and EVAL membranes
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3. To assess the effect of filter structure, fibernukser, pore diameter and
porosity upon the leukodepletion efficiency of EVAiembranes.

4. To modify the EVAL membrane to alter its surfacerlistry by photografting
with 2-hydroxyethyl acrylate (HEA), functionalizati by incorporation of
glycine (Gly), photografting with N-(3-sulfopropyN-methacroyloxyethyl-
N,N- dimethylammonium betaine (SMDB) and immobitina of bovine
serum albumin (BSA) via dopamine spacer.

5. To study the effect of these modifications on thggico-chemical properties,
mechanical properties, blood-material interactioasd leukodepletion
efficiency of the EVAL membranes and thus deriveoarelation between the
surface chemistry, wettability, and leukodepleticfficiency of the

membranes.
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CHAPTER 2

LITERATURE REVIEW

The major objectives of the present study are tplaeg the technique of
electrospinning to fabricate efficient leukodematifilter membranes out of suitable
blood compatible polymers and to tune their physicemical properties to enhance their
overall leukodepletion efficiency. To accomplislistgoal, it is necessary to establish the
current progress in this field. The following chapbn literature review elaborates in
detail, the various blood transfusion reaction Hrer preventive measures and, history,
development and significance of leukodepletionefdt The mechanism of leukocyte
removal by filtration is also discussed. The hist@rdevelopment of various polymeric
membranes in leukodepletion filters is discussed. dddition, the method of
electrospinning for fabrication of membranes isoatkescribed. Thus it is possible to
deduce the experimental design strategies for theemt study with the help of these

published literatures.
2.1. Blood transfusion reactions and their preventin

Leukocytes are the cells of immune system whichrarelved in fighting against
the foreign invaders and thus protecting the bodynfinfections. It has been well
established that during the process of blood trensih, the circulating donor leukocytes
may identify the recipient as foreign and may peElummune responses. These

responses are undesirable in the recipients, esdlyeici multitransfused patients, and are
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called blood transfusion reactions (Mijévet al, 1983). The major blood transfusion
reactions clinically encountered in patients areAYR, HLA alloimmunization, TRALI,
TRIS, GVHD etc. NHFTR is caused by the antibodigeaed against donor leukocytes
and HLA antigens is one among the most frequentiguoing transfusion reactions
(Yomtovianet al, 2001). According to the report from USA in 201ite rate of NHFTR
was 0.9 per 100,000 units of plasma transfusionid&& Hazards of Transfusion (SHOT)
annual report, 2002). Another retrospective stugyNarick et al reported that the
occurrence of NHFTR due to leukocyte contaminatiedma transfusion was 1:4,476
(Narick et al, 2012). NHFTR are also seen associated with keytkocontaminated
platelet transfusions (Serious Hazards of TransfugiSHOT) annual report, 2002).
Although these reactions carry a low risk, repeaiedurrences may make the patient
very apprehensive and reluctant to subsequent btmrdponents. Alloimmunization
results in the production of anti-human leukocytéigen (anti-HLA) antibodies against
the donor leukocytes and result in the rejectiotramsfer of viral infections such as those
caused by cytomegalovirus (CMV) or human T-celkkeamia virus | (HTLV-I) (Pandey

and Vyas, 2012).

The prevention of occurrence of these reactions acomplished by
leukoreduction of blood and blood components befmtministration to the recipient.
This is evidenced by clinical studies also. A vesrlier report by Fischeet al has
recommended that reducing the leukocyte count©t@dr unit could effectively prevent
the occurrence of HLA alloimmunization and otheaattons (Fisheet al., 1985). There

are several leukoreduction methods which are iraluptactice. Bruilet al and Wenz
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have described in detail the various methods feparing leukocyte-poor blood (Bruet
al., 1995; Wenz, 1986). Differential centrifugationkdod to reduce the leukocyte count
is the earliest method and still remains as thetrfreguently used one. However, this
method consists of on open system handling andgivaoor leukocyte removal (Brut
al., 1995). Hence various modifications to this bagichhique were also applied and
include inverted centrifugation, double centrifugai upright centrifugation etc.
(Meryman and Hornblower, 1986). There exists anothethod in which molecules with
high dielectric constant are deliberately addeth&blood which causes the spontaneous
sedimentation of RBCs and separation of the leukeo@pntaining buffy coat. This
technique gives approximately 80 % leukocyte rehdwawever, is time consuming and
associated with risk of bacterial contaminationtlod resulting products (Brugt al,
1995; Wenz, 1986). Washing of RBCs using the rgaaihilable cell washers followed
by centrifugation also achieves 70 % - 95 % ofléukocyte removal (Bruit al., 1995).
The disadvantages associated with this methodosg processing time, high cost and
open-system handling. Another technique, the frélea® method, have also been
considered as efficient method for preparation eafkbcyte poor blood components,
however, the associated difficulties like requiretef expensive equipment render this
method the least considered one (Beatihl., 1995). The capability for leukocyte removal
by these methods have also been reviewed by Shatradaand according to their study,
centrifugation could achieve removal to®1QL log reduction) leukocytes, whereas
washing and freeze-thawing could make it t§ (102 log reduction) and $a.0’ (2-3 log

reduction) respectively (Sharma and Marwaha, 2010).
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Apparently, leukocyte removal by filtration, or ledepletion, has achieved more
attention than the above mentioned methods. Duhiegearly stages of development of
such filters, the most commonly used filters werécramaggregate filters which
effectively removed the micro-aggregate debris ftbm stored blood thereby preventing
emboli formation in the recipient (Morudu, 2011)he€Be types of filters were also
reported to possess sufficient leukodepletion. tBatcurrently available leukodepletion
filters are not specifically intended for micro-aggate removal since they are highly
efficient and commonly applied for pre-storage ed$ide purposes. Various researchers
investigated and compared the leukodepletion tceerotbukoreduction methods and

established the advantages of leukodepletion avetiter methods as
« Filtration is very simple, clinically effective aress time consuming.

» It doesn’t require an open-system handling thusdavg risk of contamination

and preserve the shelf life of filtered products.
* It can be performed at patient’s bedside (Betidl.,1995).
2.2. Historical developments in leukodepletion fiktrs

The first membrane based leukodepletion was regpantel 926 by Fleming who
used a cotton wool matrix tightly plugged into atmm made glass tube (Fleming, 1926).
Blood was forcefully driven through this and thell ceounts were analyzed by
hemocytometer. The filter could efficiently remothee leukocytes as well as platelets

with high RBC recovery. Following this glass beamséd filters were later developed
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(Vaughan, 1939). Later Greenwattal investigated the leukocyte removal capacity of 3
different fibrous materials — Dacron, Teflon anddfy— and reported that nylon has high

leukodepletion efficiency than the others (Greenetal.,1962).

Serious researches have been carried out in 1%jtlerieg new natural and
synthetic materials efficient for leukodepletionotiWithstanding the search for new
materials, a compromise in the design and paramefethe filter has also successfully
experimented. However in last decade more progresssearch have been reported and
currently a number of new generation filters at@dily available which gives 99.995 %

leukocyte removal integrated with very fast filiosis (de Vrieset al, 2005).

2.3. Commercially available leukodepletion filters

Several leukodepletion filters are commercially ilde in the market which
differ in their specific purpose whether pre-st@agr post-storage, material type,
configuration and efficiencies. Some of such fdtand their specifications are provided
in Table 2. The post-storage or bedside filters @enerally micro-aggregate
leukodepletion filters whose pore sizes are matentionally larger, approximately 170-
240 um, to accomplish the effective removal of microaggte debris and blood clots
along with the leukocytes (Morudu, 2011). Thestefd made the filtration process much

easier and found clinically effective, howevertical reviews have also been reported.
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2.3.1. Clinical benefits of leukodepletion filters

The clinical benefits of various leukodepletionteis have been unveiled by
various researchers. Siradt al demonstrated that when 3 different types of RBC
concentrates were leukodepleted through Pall RCfilté0 and transfused to thalassemic
patients, the occurrence of NHFTR was reducedI{iiet al.,1990). Similarly the HLA
alloimmunization was also significantly reduced patients with poly-transfused
oncohematology and hematologic malignancies asudtref transfusion of leukodepleted
blood obtained by filtration through Imuguard 1G 05@ilter (Andreu et al., 1988;

Sniecinskiet al.,1988).

The beneficial aspects of use of leukodepletiaersl in preventing bacterial and
viral transmission have also been evidenced. Boweteal presented that use of Pall
filters noticeably reduced the CMV infection wheMZ seronegative blood products
were filtered (Bowdermt al, 1995). Sundry other clinical trials recommendeat various
commercially available leukodepletion filters coydtevent the conveyance ¥ersinia
Enterocolitica contamination (Nusbacher, 1992). Pre-storage ftitna using filters
Sepacell R-500 reduced the likelihood of significkacterial proliferation because of the
removal of microorganism along with the WBCs durittgation (Buchholzet al, 1994).

In addition to the leukodepletion, the potentialtloése filters in other applications have
also been disclosed recently. The first clinicak ugf leukodepletion filters for the
effective tumor suppression was proved throughithgitro study by Oldhaferet al
(Oldhaferet al, 2013). Oncologic surgeries are always associaithigh risk of tumor

cell circulation into venous blood. Hence they uk&® (Leukoguard 6 filter from Pall)
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and this filter was integrated with the veno-venbypass system of patients undergoing
extended liver surgery for secondary hepatic malgy. The filters could effectively and
safely carry out the cytokeratin positive (CK+) lcaéépletion (Oldhaferet al, 2013).
Fruhuf et al also recommended leukodepletion filters could bedufor the effective
reduction of various human primary tumor cells (fif et al, 2001). Another
interesting study very recently reported by Camipbehl illustrated that leukodepletion
filters could be successfully used for the remoshlcomponents of amniotic fluids

(Campbellet al.,2012).

2.3.2. Complications associated with leukodepletidiiters

Despite of the beneficial aspects of leukodepletilbers, it is also worthy to note
that there are some reported troubles associatbcsweh filters. There is no such a clear-
cut idea about the minimum level of leukocytes foeventing the viral infections and
hence leukodepletion filters may not be trustworthysuch cases (Morudu, 2012).
Supporting to this, a prospective study by Colk¢ral evidenced that leukodepletion
provided no clinical benefits in patients due takiedepleted RBC concentrate on the
survival and complications of CMV and HIV infect®r{Collier et al, 2001). Another
significant drawback of the leukodepletion filteassthe very low platelet recovery (de
Vries et al, 2005; Johnsomt al, 1983; Natori and Kurita, 2007a; Rider al., 2000;
Sirchiaet al, 1990; Zwarts and de Vries, 2002). It is accodrteat more than 40 % of
the platelets are lost due to adhesion to therdilfde Vrieset al, 2005). It becomes
apparent that platelets have a strong affinity towathe filter membranes than the

leukocytes and this indirectly helps the leukodyiteding. A favorable fact in this is that
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such removal of platelets will reduce the thrombexaelease and vasoconstriction (de
Vries et al, 2005). However, loss of sufficient amount of lsydatelets will lead to
wastage of blood products. Due to this, whole blétichtion through leukodepletion
filters are not much implemented, but, filtraticare usually preformed after the removal
of the platelet fraction by any other methods. Tagain becomes a time consuming

process there by disfavoring the straightforwardreesl liability of filter technology.

2.4. Effect of various filter parameters on the lekodepletion efficiency:

An insight to leukodepletion mechanism

The performance by leukodepletion filters are d@fdcby various parameters
which can be generally classified into filtratiomarameters and filter parameters. The
effects of these parameters, although not compledee been reviewed by various
investigators. However, a prior understanding am techanisms by which leukocytes
are depleted will help to analyze the effects & #ibove mentioned parameters on the
leukodepletion. Several researchers have suggetiied possible mechanisms of
leukodepletion by membranes but the exact mechaisisiot yet manifested (Brudt al,
1995; Natoriet al, 2006). According to Ridex al the mechanism of leukodepletion by
current filters is through directly by barrier netion and indirectly by adsorption to fibers
(Rideret al.,2000). Similarly, Stenekaet alfound that the WBC and platelet removal is
partially due to the formation of cell clusters e surface of the layers and the major
mechanism was trapping or mechanical sieving ofceiles by the pores in the fibrous

networks rather than adhesion (Steneker and Bieayeb@90; Stenekeet al., 1992).
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However, a more vivid idea about the leukodepletiethanism was provided by Bruil
et al According to Bruilet al, the selective removal of cells is based on thiedihce in
degree of deformability and adhesiveness betweenv#nious cell types (Bruiét al,
1995). It is understood that leukocytes as welplaselets have poor deformability and
high adhesiveness while RBCs have high deformghdlitd poor adhesiveness. Hence
during blood flow through the filter, RBCs are éasieformed and escapes through the
filter pores while other cells get adhered to tiierf Leukocyte removal occurs by the
mechanisms like blocking or straining, bridgingieiiception and adhesion (Brat al.,
1991; Bruil et al, 1995). A schematic representation of these ivigeal in Figure 4.
Blocking occurs when the particle size is largeanththe pore size; Bridging becomes
relevant at a high particle concentration; Intetiwgpis the trapping of the leukocytes at
dead ends of the filter or filter sites other thmore sizes; Adhesion is significant when
the ratio of cells to pore size is in 16 10". All these mechanisms acts accordingly
depending on the conditions and parameters ofatiiitn, however, adhesion is
predominant while the contribution from other maukm are negligible.Mathieset al
also found that adhesion is significant in fibromembrane due to the presence of several
“cross-over” points in the fibrous network (Mathetsal, 2002). However, the studies of
Stenekeet al suggest that the removal of leukocytes by non-wdilgous membranes is
presumably due to mechanical sieving by the poBisngker and Biewenga, 1990;
Stenekeret al., 1992). Investigations made by Zwarts and de Vaies support that the
major leukodepletion mechanism by non-woven mendgas adhesion (Zwarts and de

Vries, 2002).
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Figure 4. Schematic representation of proposed lewklepletion mechanisms; (a)
blocking, (b) bridging, (c) interception and (d) adhesion. (Bruil et al., 1995)

Deliberation on the effects of various parameterghe leukodepletion by filters
can now be realized based on the mechanisms. Eifemperature, one among the
filtration parameters, has been examined by manlydeiineated that leukodepletion is
maximum at low temperature preferably at 4 °C (3oet al, 1983; Ledent and Berlin,
1996; Meetret al.,1999). This is accounted for the stiffness ofdbks, their lower speed,
and lower mobility at low temperatures that thekteytes may either get trapped or get
adhered. Another important parameter, the primimgpee-wetting with saline has
considerable effect on the performance of leukastapi filters. It is accounted that pre-
wetting is necessary before the filtration of blawdblood components for removing the
air trapped inside the filter and also for securthg cells to get adhered. Thus the
leukodepletion efficiency has shown to be enharaféer the priming (Johnsoet al.,

1983; Matheiset al., 2002; Sniecinsket al., 1988). However, contradictory reports are
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also available. It was put forward that the efindg of certain commercial leukodepletion
filter was high even without priming (Sirchiat al, 1990). Leukodepletion is also
dependant on composition of blood. The presenceplagma significantly affects
leukocyte adhesion. Grinnel and Falud other researchers found that leukocyte adhesion
is reduced in presence of plasma (Grinnell and ,Fé@B1). However, there is a
controversial report by Ledent and Berlin that preg of small amount of plasma
enhanced the leukodepletion efficiency of the ffilieedent and Berlin, 1996). It is also
accounted that leukocyte adhesion is greatly initee by the pre-adsorbed proteins and
various proteins present in plasma has differefeicef on leukocyte interaction. Certain
proteins including albumin inhibit leukocyte bindinvhereas globulins and fibronectin
have more affinity for leukocytes (Barbet al, 1978; Forrester and Lackie, 1984). The
role of platelets in leukocyte adhesion has alssdedo be considered seriously. In fact
platelets have very high adhesiveness to any aibstthan leukocytes do (Garvin, 1961).
Hence platelet adhesion to filter membranes is ydvemcountered during leukodepletion.
Several studies have unanimously suggested thatdinesion of platelets highly support
the subsequent leukocyte adhesion (Morley and Biey 1989; Raset al, 1981). This

is because, upon adhesion, the platelets getsatafivand release their components like
fibronectin, fibrinogen, von Willibrand factor etawhich then promote leukocyte binding

(Morley and Feuerstein, 1989).

The filter parameters including the pore size, matehemistry, surface charge,
surface wettability, surface microstructure andieste morphology are believed to play

vital roles during leukodepletion. Leukocytes wesgccessfully removed through the
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pores of size equivalent to the size of leukocylésym (Bruil et al, 1991). However
other studies have proven that there might be @safar clogging and thus diminishing
the efficiency with such a small pore size and kemuich higher pores are favorable
(Callaertset al, 1993). In addition, the very small pore size raffect the RBC passage
and could cause hemolysis (Blackshear Jr and Aadef978). The different chemical
functionalities present on the membrane affectscéeadhesion. It has been established
that membranes having hydroxyl, carbonyl and amim@eties promote leukocyte
adhesion (Erteét al, 1992; Leeet al, 1991; Owenst al, 1988). Contradictory data are
available for the effect of carboxyl and sulfongteups (Curtist al.,1983). However, it
is not mandatory that incorporation of these fuoaiities may accordingly promote or
inhibit leukocyte adhesion, because as a resutitaiduction of these groups, the overall
physico-chemical properties of the membrane changesther interesting fact is that
leukocyte adhesion is enhanced by presence ofetivahtions especially €aand Mg*
(Hoffstein et al., 1981; Kvarstein, 1969). Hence the type of antictegt may also
influence the cell trapping. For example, if EDTAaxalate were used as anticoagulants,
they might bind to the aforementioned divalent aradi thereby decreasing their
concentration and thus leukocyte adhesion has showe inhibited (Lang et al., 1988;
MacGregoret al, 1974). Surface charge of the membrane also lascdal role since
leukocyte binding to the membrane is partially thuéhe electrostatic interaction between
the membrane surface and the leukocytes (Curtis3;18kalaket al., 1982; Van Oss,
1975). Notwithstanding the overall negative chaogethe leukocyte surface, they are

easily attached to both positively as well as neght charged surfaces (Curted al.,
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1983; Ertelet al, 1992; Leeet al, 1991; Owenst al, 1988). This is because of the
presence of pseudopodia on the leukocytes whichetfaectively penetrate through the
electrical double layer of a negative charged sarfand ultimately reach the bare surface
thereby forming a strong contact with the surfadell{ack et al, 1973; Van Oss, 1975).
Effect of surface wettability on leukodepletion halso been reported contradictorily.
Some researchers found that hydrophilic surfacerfaleukocyte adhesion while others
published the conflicting argument that hydrophobidstrates show high leukocyte
adhesion (Bruilet al.,1994; Lim and Cooper, 1990). It has also been destnated that
leukocyte adhesion on the substrates having mrodstres, consisting of small micro-
domains which differ in their composition, morphgyo crystallinity and wettability is
generally lower than the substrates without anyresitucture (Kataokat al, 1983;
Maruyamaet al, 1987; Okancet al., 1981; Yuiet al, 1983). The effect of surface
morphology on leukocyte adhesion was disclosed dnjous investigators. They found
that surfaces having irregular and rough textysesmnote the adhesion of leukocytes and

platelets (Guidoiret al, 1977; Rich and Harris, 1981, Zinggal, 1981).

2.5. Polymeric membranes for leukodepletion filterdrom laboratory to
market

Various polymers have been found to have promigiraperties and excellent
leukodepletion efficiencies. These have been ewpmarially validated in laboratory

throughin vitro studies and some of them ultimately reached the&ehaPolymerssuch

polyethylene terephtalate (PET), polyamide (P#9lypropylene (PP), polyvinyl alcohol
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(PVA), polybutylene terephthalate (PBT), polyuretba (PU), nylon and cellulose
acetate (CA)n their pure form and in modified versions halready been identified as
outstanding filter materials (Henschletral., 2005). The distinct properties accredited to
the leukodepletion ability by these polymers andase chemistry, surface charge and the
ideal pore size (Henschlet al.,2005). The studies published by Kehal, Guoet al and
Yang et al have described the efficacy of PBT non-woven meamés towards
leukodepletion (Guet al.,2013; Kimet al, 2009; Yanget al, 2011). They investigated
the effects of various parameters that affect tfieiency of PBT membranes. Brei al
experimented on open cellular PU membranes, prddayesalt suspension techniques,
having pore size varying from 1&m to 65um (Bruil et al., 1991). These membranes
showed very high leukocyte removal (> 99 %). laliso explicit from Table 2 that most

of the commercial leukodepletion filters are basedBT, CA, PU and PA.

2.6. Significance of membrane modifications

It is now well understood that an effective leukplééion is highly influenced by
the various physico-chemical properties of theffilhembrane. Hence alterations in these
properties by suitable approaches are necessatgsign highly efficient leukodepletion
filter membranes. It is interesting to note tha tommercial Pall RC100 filter is made
out of polyester fibrous membranes suitably modiffer the selective adhesion of
leukocytes (Sirchiat al, 1990). Different researchers have focused derfinembrane
modifications to tune the various membrane parammetBruil et al modified PU

membranes by coating with poly(ethyleneimine) (REQrder to introduce amine groups
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to the PU surface (Bruiét al., 1993). However, upon filtration, it was found ttiae
modification significantly enhanced the leukocytthesion from purified leukocytes in
the absence of RBCs, platelets and plasma whilkotte adhesion from whole blood
remained unchanged (Brwet al., 1993). They concluded that morphological paranseter
like filter shape, roughness, porosity etc. playsrenimportant role rather than the
chemical composition of the filter in mediating el adhesion (Bruiét al., 1993). Kim

et al demonstrated the modification of PBTNF by incogtimn of HA particles via the
attachment of acrylic acid onto PBTNF by graft moérization (Kimet al, 2009). They
found that PBT-HA modified membranes had high leyke adhesion as well as high
RBC recovery (Kimet al, 2009). Coating or covalent attachment of hydiaph
monomers or polymers synthesized from such monofoersiodifying the membranes
in order to alter the surface chemistry, surfacargh, hydrophilicity, and WBC and
platelet adhesions have been now widely acceptemtorNet al focused on the
enhancement of platelet permeation by coating oh iRih-woven filter membranes with
amphiphilic copolymers synthesized fromm-butylmethacrylate (BMA), N,N -
dimethylacrylamide (DMA)N-acryloylmorpholine (AMO), andN-vinylpyrrolidone (VP)
(Natori and Kurita, 2007a; Natori and Kurita, 200 Natori et al., 2006). These coated
membranes exhibited enhanced platelet permeatiemivene modification by acrylate
and methacrylate based monomers and zwitteriorstesys are another most commonly
and successfully employed strategy (Yaeg al., 2011). In addition to these,

modifications by immobilization of suitable biomoldes have also received attention.
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Several researchers have investigated the efféttese modifications and are described

below.

2.6.1. Modifications by acrylate and methacrylateystems

The monomers of acrylates and methacrylates as@utieir polymers have been
proven successful for the modification of leuko@dipin filter membranes in order to
achieve highly selective leukocyte removal with maxm retention of other
components, especially platelets. It has been tepdhat the commercialized Sepacell-
PL filter consists of PET nonwoven fibers coatedhwa copolymer of hydroxyethyl
metachrylate (OHEMA) containing 5 % of diethylametioyl methacrylate (DEAEMA)
(Dzik, 1993). Methacryloyloxyethylphosphorylcholin®PC), also belonging to this
class, has been used to modify filter membrangfeventing the high platelet adhesion
(lwasaki et al., 2003; Lewiset al, 2000). 2-hydroxyethyl acrylate (HEA) is another
widely used functional monomer for this purposecdtgly Yanget al modified the
surface of PBTNF by UV graft polymerization of HEshd reported a very significant
reduction in the platelet adhesion for the modifRRITNF (Yanget al.,2011). HEA and
its homopolymer, poly(hydroxyethyl acrylate) (PHEAJas been also shown to have
other excellent biological properties includingrthe-responsive and stimuli-responsive
properties, low cytotoxicity and excellent hemocauiplity (Bian and Cunningham,

2005; McAllisteret al, 2002).
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2.6.2. Modifications by zwitterionic systems

Functionalization imparting zwitterionic systemsv@groven most versatile and
acquired much attention in past decade. The sjgaiithese zwitterionic systems is the
presence of covalently linked cations and anionsh&n same unit. Belonging to this
category, phosphorylcholines (PC), carboxybetaii@) and sulfobetaines (SB) have
been successfully used to improve the hemocompwtibf various non-woven fabrics
for blood contacting applications. A number of istigators have recommended that
introduction of various zwitterionic moieties torias polymers effectively decreased
the platelet adhesion to these surfaces (Ishibaed, 1990; Yuaret al, 2003; Zhanget
al., 2003). Yanget al attempted to functionalize PBTNF by UV induced fgra
polymerization of a sulfobetaine, N-(3-sulfopropimethacroyloxyethyl-N,N-
dimethylammonium betaine (SMDB) (Yarg al.,2011). The functionalization enhanced
the overall hydrophilicity and wettability of PBTNFhe functionalization also enhanced

the hemocompatibility of PBTNF and their plateletrpeability (Yanget al.,2011).

2.6.3. Modifications by biomolecule immobilizations

The immobilization of various biomolecules on mear® surfaces have been
shown to alter the cell adhesion/retention or heangaatibility of filter fabrics. Caet al
demonstrated that grafting of heparin onto PBTNghificantly enhanced the overall
blood compatibility and altered the absorption ¢telgees of low density lipoprotein
(LDL) and total cholesterol (TC) (Caat al, 2011). These modified fabrics could be used

for selective depletion of LDL (Caset al, 2011). PBTNF was also functionalized by
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attachment of a peptid&ly-Arg-Gly-Asp-Ser and Gly-Gly-Gly-Gly-Gly. Thesgeptide
modified non-wovens showed better leukodepletidiciehcies than the neat PBTNF (Gératd
al., 2011). Immobilization of protein has also beenaanepted strategy t@duce the platelet
adhesion, aggregation and activation. As albumsibeen identified as a protein which
prevents the platelet adhesion, several attempte haen succeeded in modifying the
membranes by albumin immobilization (De Queirizal, 1997; Wenget al, 2008;

Zhanget al, 2013).
2.7. Poly (ethylene-co-vinyl alcohol) (EVAL)

Poly (ethylene-co-vinyl alcohol) (EVAL) is an imgant semi-crystalline,
amphiphilic polymer widely used for various bioneali applications like periodontal
ligament regeneration, scaffold for neural repaiwpund dressing material etc.
(Matsumureet al, 2004; Xuet al, 2011; Younget al.,2001). In addition to these, EVAL
is an excellent membrane material and have beemeocmlly used as plasma separators
under the name “Evacure-SC” (Sueoka, 1997). Anierarkport of Sakuradat al
recommends EVAL hollow fiber membranes for effi¢ci@modialysis (Sakuradzt al,
1987). Similar studies revealed the capability &AE hollow fiber membranes as
affinity membrane for purification and separationpooteins and bilirubin (Acconaét
al., 2000; Avramescet al, 2004; Avramescet al, 2002; Bueneet al, 1996; Coffinier
and Vijayalakshmi, 2004). Another interesting stbg Acconciet al reported the use of
histidine immobilized EVAL for the removal of endain from snake antivenom

(Acconci et al, 2000). During these separations, it is in faa thydrophobic and
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hydrophilic segments present in EVAL which makenth&uitable for developing specific
interactions with these biomolecules. Moreover, éxeellent blood compatibility of
EVAL membranes is also well known. Hence it is wocbnsidering this polymer for

fabrication of leukodepletion filters.
2.8. Polyacrylonitrile (PAN)

Polyacrylonitrile (PAN) is an attaractive enginegripolymer which has a high
thermal stability and resistivity to solvents, lm@ and radiation (Wangt al, 2007).
Electrospun PAN matrices have also been identdredxcellent membrane materials due
to their high capture-efficiency for micro/nano tiees (Nataragt al.,2012). A number
of investigators have unveiled their potential iisation media (Barhatet al, 2006; Li
et al, 2007; Saufi and Ismail, 2002). It is also notetwp that PAN hollow fiber
membranes as well as poly(acrylonitrile-co-methatdlyifonate) membranes have been
used for hemodialysis (Jindat al, 1989; Klein, 1998). However, issues of high pirote
adsorption and fouling due to their hydrophobictigve been raised by various
researchers. Hence several attempts have beentedd¢oumodify the PAN membranes
to overcome these limitations. Clee al reported that the immobilization of heparin or
insulin could enhance the hydrophilicity and henmmpatibility of PAN based
membranes (Xwet al., 2005). Covalent attachment of phospholipid mogetato the
various PAN derived membranes has been succeedrthémce their hemocompatibility
(Huanget al.,2006; Huanget al, 2005). Another interesting advantage for the P

PAN based membranes, the availability of surfacectionality which supports further
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derivatizations with desirable surface propertiesassary for the concerned application,

has made them a favorite membrane material (CtaaddgHu, 1990; Okt al, 2001).
2.9. Electrospinning-a feasible membrane fabricatio method

Electrospinning, a fascinating fiber fabricatioshrique, has been widely used to
generate polymeric fibroporous matrices for vari@applications (Ramakrishnet al,
2005). Fibers are produced either from polymertsnet from polymer solutions, when
the electric field overcomes the surface tensiome Pprocess is solely governed by a
number of parameters like solution viscosity, canity, feed rate, collector
composition etc. Spun fibers also offer severalaatiwges such as an extremely high
surface to volume ratio, tunable porosity, with talility to control the nanofiber
composition to achieve the desired results (Greamer Wendorff, 2007; Het al, 2008;
Ramakrishnaet al., 2005). Such electrospun fibers have been widedyg us the various
fields of biomedical engineering like drug delivetissue engineering, wound dressing,
biosensors, antifouling membranes etc (Aganealal, 2008; Lee and Livingston
Arinzeh, 2011; Namboodiri and Parameswaran, 20E81ddkumaset al, 2010; Remya
etal., 2013; Sill and von Recum, 2008; X al, 2011). Although the technique serves
befit for the fabrication of polymeric porous mermabes for leukodepletion filters, few
report exist for a leukodepletion filter develog®delectrospun polymeric fibers. Geb
al recently developed a newly designed leukodeplefiier out of poly(butylene
terephthalate) (PBT) electrospun/melt-blown comjgosiats. A layer of electrospun PBT

was assembled along with melt-blown PBT before ¢x@ of the filter and their
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performance evaluation resulted in reduced WBC sidhanspite of the lower fiber and
pore diameter of the electrospun fibers than thé-bhewn fibers (Guoet al., 2013).
Hence it can be expected that the forthcoming studiill disclose the potential of this

technique towards the fabrication of filter memlaseffective for leukodepletion.
2.10. Limitations of the current systems

The benefits and drawbacks of the currently lalsbe leukodepletion filters have
been reviewed in detail. It now becomes clear that high platelet adhesion and
moderate efficiency (for certain filters) in prewen of blood transfusion reactions are
the serious limitations of the currently availablembranes. In addition, the high cost of
such filters renders the ULD to be a less practicaltine to be implemented in

developing countries including India.

To summarize, it can be estimated that signifigangress has been made in the
development of leukodepletion filters with adequat®perties. However alternative
membrane fabrication techniques like electrospignamd exploration of new blood
compatible polymers has not yet been much explbyetthe investigators. In addition the
various membrane modification approaches openspatimvays to developing excellent
membrane materials which can overcome the limitatiand thus replace the currently
available filters. Hence the present work is aeraftt to investigate the feasibility of
electrospinning technology for developing leukoeé&ph filter fabrics out of blood

compatible polymers, integrated with the appropriraembrane modification strategies to

40



tune the properties of the membranes ideally afattefare being taken to achieve this

goal.
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CHAPTER 3

MATERIALS AND METHODS

In this study, efforts were made to (1) developypw@ric filter membranes for effective
leukodepletion by electrospinning, (2) modify th&eotrospun filter membranes to
enhance their hemocompatibility and (3) comparel¢&odepletion efficiencies of the
various modified filter membranes, thereby deduc¢hegcorrelation between the material

surface chemistry, wettability and leukodepletidficency.

The membranes were prepared by electrospinningPAN and EVAL.
Leukodepletion filters were developed out of thesembranes and evaluated for their
efficiency. Effect of fiber diameter, pore diametard symmetricity on leukodepletion
efficiency was also established. Later EVAL membsamwere modified for enhancing
their hemocompatibility by various approaches vighotografting with HEA,
incorporation of glycine, functionalization with 3M8 and immobilization of BSA via
dopamine. All the membrane systems were evaluatad their leukodepletion
efficiencies. All experiments related to membraalerication are described in Section 3.1
while the modification approaches are describedsaction 3.2. The development of
prototype and leukodepletion filter is describedection 3.3. The physico-chemical and
mechanical property evaluation is detailed in $®ct8.4. Biological evaluation of the

developed membranes is described in Section 3.5.

42



3.1. Fabrication of leukodepletion filter membranedy electrospinning

3.1.1. Commercial reagents

Poly (ethylene-co-vinyl alcohol) (EVAL) with 44 hdo ethylene content
(having melting point 191 °C and melt index 3.5Q0ymin), 2-hydroxyethyl acrylate
(HEA), N-(3-sulfopropyl)-N-methacroyloxyethyl-N,N- dimethylammonium betaine
(SMDB) and ninhydrin (2,2-dihydroxyindane-1,3-dipn@ere purchased from Sigma-
Aldrich  Chemical Company Inc., USA. Polyacryloiégr was procured from
Technorbital, India. Benzophenone (BP) extrapurgstats were supplied by Sisco
Research Laboratories, India. 2-propanol (> 99.5#6s, EL grade), N,N-dimethyl
formamide (DMF) (puriss AR grade) and 1,1,1,3,3g3dflouro-2-propanol (HFIP) was
purchased from Spectrochem, India. Ethanol (99.9AR, grade) and glutaraldehyde
solution (25 %, LR grade) were obtained from SDefahemicals, India. Glycine (GR
grade) was procured from Merck, Germany. Bovinermsealbumin (BSA) and dopamine
hydrochloride were obtained from Himedia, India.efame AR was procured from
Rankem, India. The chemical structures of the pelgrand monomers/molecules used
for membrane modifications are provided in FigureA5commercial leukodepletion

filter, Imuguard Il RC was obtained from Terumor@oration, Japan (Figure 6).
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3.1.2. Preparation of reagents

The following reagents were freshly prepared andduaccording to the reported

forthcoming procedures.

Name of the reagent Concentration and diluent
Ninhydrin 0.2 % w/v in methanol
Sodium bicarbonate 0.1 M in distilled water
Glutaraldehyde 2.5 % in distilled water

Table 4. List of prepared reagents

3.1.3. Development of PAN membranes by electrospimg

10 w/v % solution of PAN was made by dissolving tequired amount of PAN
in DMF by overnight stirring at room temperaturéneTsolution was then filled into a
syringe supplied with blunt end needle of lengthrdi& and internal diameter 1.2 mm,
and mounted onto the syringe pump (Holmarc optohatonics, Kochi, India). The
solution was then electrospun at a rate of 1 mLhe spun fibers were collected onto a
rotating mandrel placed at 13 cm apart from theofithe needle. The needle gauge and
the distance were constant for all the electrospmrcarried out. The speed of the
mandrel was set at 500 RPM and 1500 RPM in ordéurie the pore properties of the

membrane. A voltage of 8-9 kV (Gamma high voltdg8A) was applied to maintain the
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stable jet of fibers. These parameters were algaighed in Table 5. The deposited fibers
were finally detached from the mandrel in the foah fibroporous membrane. The

membranes were then dried at 40 °C in an air ooethé removal of residual solvent.

Electrospinning parameters

Polymer Solvent Concentrati Flow rate Distance| Applied Collection
on (w/v %) (cm) | Voltage (kV)| speed (RPM)
PAN | DMF 10 1 mL/h 8-9 kV 500
1500
2 10 mL/h 11-12 kV 500
propanol 13 1500
. water - 500
EVAL (70:30) 9 1 mL/min 14-15 kv
1500
HFIP 1 mU/h 10-11 kv 500
1500

Table 5. The parameters for electrospinning of vanus membranes

3.1.4. Development of EVAL membranes by electrospining

EVAL was electrospun from both 2-propanol:water tmig and HFIP in order to
tune the resulting membrane properties. Firstlguired weight of EVAL pellets were
dissolved in 70:30 2-propanol:water mixture by va@es stirring at 60 — 65 °C overnight
to a concentration of 9 w/v %. This solution wascelospun at two different conditions.
To be more specific, the flow rate was varied betwd mL/min and 10 mL/h and,

accordingly the applied voltage was also variefdrasided in Table 5.
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Since the flow rate cannot be reduced further belbv mL/h using 2-
propanol:water solvent mixture, EVAL was again #legspun from HFIP. The
concentration of the EVAL in HFIP was 9 w/v % arek tflow rate employed was 1
mL/h. Again, a voltage of 10-11 kV was required stabilize the fiber jet. The
electrospun fibers were collected onto the manskelat a speed of 500 RPM and 1500

RPM (Table 5).
3.2. Maodifications on electrospun EVAL membranes

Electrospun EVAL membranes were subjected to varehemical modifications
in order to enhance its hemocompatibility. Thusjotes chemical functionalities were
incorporated on the EVAL membrane in order to stthey effect of these modifications
on the performance of leukodepletion. Briefly, adification by photografting of HEA
was carried out to enhance the hydrophilicity ofAEVby incorporation of more —OH
functionalities. Another modification was the irdiection of zwitterion bearing chains.
Two types of zwitterionic moieties were exploreda) (carboxylic acid derived
zwitterions, glycine and (b) sulfobetaine, whichaissulfonic acid derived zwitterion,
SMDB. Further approach for enhancing the hemocoilipgt was carried out by
immobilization of BSA via dopamine. The detailedthelology for these modifications

is narrated below
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3.2.1 Preparation of 2-Hydroxyethyl acrylate graftel poly(ethylene-co-vinyl alcohol)

(PHEA-g-EVAL)

PHEA-g-EVAL matrices were prepared by photograftiagydroxyethyl acrylate
monomer onto EVAL in the presence of BP as phdtiator. A novel approach for
grafting where the solution for electrospinning t@aned HEA monomer, BP and EVAL
were adopted (Figure 7). At first polymer soluti@w/v %) was prepared by dissolving
EVAL pellets in 2-propanol:water mixture (70:30 ¥A\Later HEA monomer and BP
were added into the polymer solution and dissolmatl The concentrations of monomer
and BP taken were 10 % (v/v) and 4 % (w/v) respebtj of the polymer solution. Yang
et alreported that optimum results were obtained whenirtftiator concentration was 4
% (w/v) (Yanget al.,2011). So this concentration was fixed for the entrwork. The
mixture was electrospun at a feed rate of 10 mB/hvoltage of 12 kV was used for
maintaining a constant and stable jet. The spuardibwere collected on a rotating

mandrel set at a speed of 500 RPM located 13 cry &amn the spinneret.

The fibroporous mat obtained was immediately U\atied to induce grafting. The
mats were kept in a UV chamber provided with UVainps (Toshiba FL15SBL, 350
nm, 15 W). Different UV exposure times ranging frd® minutes to 60 minutes were
given. The grafted fibroporous mats thus obtainedtewwashed with acetone for 30
minutes followed by distilled water for 2 hours ander to remove any homopolymer
formed, and the unreacted monomer and the init@@sent in the mat. They were dried
overnight at room temperature prior to oven dryatg0 °C. The grafted mats were

designated as PHEA-g-EVAL and indicated with cqroesling UV treatment time in
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minutes for easy identification. The ‘zero’ minl&/ treated EVAL stands for the neat

EVAL in all the mentioned results.

EVAL + BP +tHEA

PHEA-g-EVAL

Figure 7. Preparation of PHEA-g-EVAL

3.2.2. Functionalization of EVAL by incorporation o glycine (EVAL-Gly)

Various concentrations of glycine viz. 1, 5 and ¥ (w/w to EVAL
concentration) were directly dissolved in the EVAdolution. This mixture was
electrospun at 10 mL/h at a voltage of 13 kV. Thersmembranes were collected onto
the mandrel rotating at a speed of 500 RPM. The lonanes were completely dried at 50
°C in a vacuum oven. The glycine functionalized HVAembranes were denoted as

EVAL-GIly along with the corresponding concentratmfrglycine used for modification.

3.2.3. Functionalization of EVAL by photografting d SMDB (PSMDB-g-EVAL)

Similar to the above protocol in Section 3.2.1, ithgitu addition of the monomer
SMDB and photoinitiator BP was followed to prepB®@MDB-g-EVAL electrospun mats
(Yanget al, 2011). A 9 % (w/v) of EVAL solution was preparadd to this solution,
SMDB (10 % w/w of EVAL) and BP (4 % w/w of EVAL) we added and stirred to
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dissolve. This solution was then electrospun &b fate of 10 mL/h using a spinneret of
diameter of 1.2 mm. A voltage of 12 kV (Gamma Highltage, USA) was needed for a
smooth and continuous electrospinning. The spuardilivere collected onto a target set at
13 cm away from the spinneret rotating at a spé&®@ RPM. The obtained fibroporous
membrane was directly UV treated for varying dunatirom 10 to 60 minutes, uniformly
on both sides to induce grafting in a closed anthisd chamber fitted with UV lamps
(Toshiba FL15SBL, 350 nm, 15 W). The grafted filmsre then washed with acetone
and water to remove unreacted monomer and initiatbey were then dried under
vacuum at 50 °C. The membranes were denoted as BSMEVAL along with the UV

irradiation time.

3.2.4. Immobilization of BSA via dopamine on EVAL nembranes (EVAL-BSA)

Neat dried EVAL membranes, obtained by electrospmmf EVAL solution in
2-propanol:water mixture at a rate of 10 mL/h, welaced in 2 g/dL dopamine solution
(20 mM in tris HCI) and incubated at 30 °C for 1@ubs. During the term, the dopamine
polymerizes to polydopamine (PD) particles and detsly attached to the EVAL
resulting in black coloration to the EVAL membraridis is also depicted in Figure 8.
The PD coated EVAL membranes (EVAL- PD) thus olsdinvere thoroughly washed
with distilled water by sonication for several tispereplacing the water at each 30
minutes, for removing any unbound/loosely bound Pp#@rticles. Later the washed
membranes were dried under vacuum at 50 °C. BSitienl was prepared at various
concentrations 1, 2, 10, 50 and 100 g/dL by dissglthe desired amount of BSA

crystals in PBS of pH 7.4. The dried membranes\OAEEPD were immersed in the BSA
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solution and incubated at 30 °C for 24 hours. Ttienmembranes were taken out and
sonicated with distilled water to extract the uaeltied BSA. After washing, the obtained
BSA immobilized EVAL membranes (EVAL-BSA) were diligh a vacuum oven at room
temperature for 3 days. The various BSA immobiliEABAL membranes were denoted

EVAL-BSA along with their corresponding BSA concextion.

30°C |
—_— 3
12h | ® 24 h
2 g/L Dopamine in 10 mM Polymerized Dopamine on BEA solution 1,2,10,50
Tris-HCl EVAL (EVAL-PD) and 100 g/L

Figure 8. Immobilization of BSA on EVAL membrane via dopamine
3.3. Development of prototype and leukodepletionlter

Two different types of prototypes, namely protot#pend prototype-B, of the
leukodepletion filter was developed by machiningoly(methyl methacrylate) (PMMA)

blocks into the desired specifications as detdleldw.

Prototype-A was designed to employ for the typiadlole blood filtration for
assessing the leukodepletion efficiency of varimmlified and unmodified electrospun
membranes. For this, the PMMA blocks were sculjtéal a circular case having internal
diameter 5 cm, internal cavity depth of 3 mm andvmled with an inlet and outlet
[Figure 9: (a) & (b)]. The inlet and outlet werdaimed for passing the whole blood for

filtration and for collecting the filtered bloodspectively.
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The prototype-B was particularly engineered foesaing of the various modified
membranes prior to the whole blood filtration usipgptotype-A. For this purpose a
circular chamber of diameter 4 cm was engravedvin équal PMMA blocks so that on
the chamber depth is approximately 4 cm on closfirtne two halves. Inlet and outlet

were provided on the two halves respectively [Fegarr (c)].

Leukodepletion filters were developed by stackimg ¢lectrospun membranes in
the prototype-A in asymmetric and symmetric fashibor designing the asymmetric
filter, the membranes obtained at a collection dt800 RPM were placed as the top 4
layers and monolayer of membrane obtained at 15804 R kept as the bottom layer just
before the exit of the filter. But for the symmetfilter, all the 5 membranes were from

the membranes obtained at a speed of 500 RPM.
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Figure 9. The developed prototype and leukodepletiofilter; (a) prototype A top

view, (b) prototype A lateral view and (c) schemati representation of prototype B.

3.4. Characterization and evaluation of the electrspun membranes

3.4.1. Structural characterization

Structural characterization of the neat and modifie/AL membranes were
carried out using an ATR-FTIR spectrophotometesdda Model 6300, Japan) in the

range of 4000-400 ch
3.4.2. Degree of grafting (DG)

The degree of grafting (DG) of HEA and SMDB grafledAL was estimated by

gravimetric method. For the estimation of DG, at jpdithe electrospun mat, added with
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the monomer and initiator, was cut before UV expesand it was extracted to remove
those additives. The extraction was done by immgrgie mats in acetone and sonicating
them for about 30 min. Later they were immersedistilled water and sonicated for 2 h.

The water was replaced with fresh distilled wategwgery 30 minutes intervals. The mats
were then dried and weighed. The weight of thisaeteéd mat was taken as; WVeight

of grafted EVAL membrane was taken a$.WWG was calculated using the equation

given below:

DG g - =

The morphology of the PAN, modified and neat EVAeatrospun membranes
was investigated by scanning electron microscofgMB(Hitachi model S-240, Japan)
operated at 15 kV. Dried samples were mounted omiailum stubs and sputter coated
(Hitachi E101) prior to observation under SEM. Theerage fiber diameter was

measured from the SEM images using ImageJ software.

The membranes after exposure to whole blood (WR) glatelet rich plasma
(PRP) were fixed with 2.5 - 3 % glutaraldehydedwled by slow dehydration in ethanol-
water mixture. Dehydration medium had the ethamuitent varied from 30 to 100 %.
The samples were then dried in a vacuum oven 4C3Finally the samples were again

gold coated and observed under SEM.
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3.4.4. Pore characteristics

The pore characteristics of the electrospun mendsrabhefore and after
modification were analyzed by studying the percgataorosity and pore diameter using
ImageJ analysis. The SEM images of the respectembrnanes were converted to binary
images using different thresholds. The porositytltd membrane was analyzed in
different layers corresponding to these threshadsording to previously reported
protocol (GhasemMobarakelet al.,2007). These porosity values for various layersewe

then averaged and reported as the overall porokthye sample.

3.4.5. Surface wettability studies

The wetting characteristics of the neat and modliékectrospun membranes were
studied from their water contact angles (WCA) amdical wetting surface tension
(CWST). The WCA were estimated with a goniometeuijgged with a special optical
system and a camera (Data Physics OCA 15 plus, &sfmA drop of water (L) was
placed on the electrospun fiber mat and the imaae immediately taken at the very first
point of contact between the water and the suréddbe mat and sent via the camera to
the computer and imaged using Imaging SCA20 so8w@WST was determined by
following previously established procedures (Lewisal, 2000; Yanget al, 2011).
Briefly, a series of aqueous solutions of knowrfesze tension were chosen in such a way
that their surface tensions differ by 2-5 mN/m. v of each liquid was placed on the
electrospun mat and visually observed it for 5 rtesulf the drop spreads on the mat it

was considered as a wetting liquid and if it doesgapread on the mat, it was taken as a
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non-wetting liquid. CWST was taken as the averaglles of the surface tensions of
liquids that sat at the boundary between wetting aan-wetting liquids. The set of

aqueous solutions used are listed in the Table 6.

Aqueous solution Surface Tension (mN/m)
43.2 wt % CHCOOH 38.2
26.5 wt % CHCOOH 43.7
26.5 wt % CHCOOH 47.2
10.8 wt % CHCOOH 52.5
7.2 wt % CHCOOH 56.5

4 wt % CHCOOH 60.4
2.5 wt % CHCOOH 63.1
0.5 wt % CHCOOH 67.3

0.1 M CaC} 70.4
1.7 M CaC} 74.2
2.7 M CaC} 78.3
24.7 M NacCl 81.5
27.3 M NacCl 83.5
33.3 M CaC} 86.4
35.7 M CaCl 88.0

Table 6. Aqueous solutions selected for critical wer surface tension (CWST)

studies and their surface tension values.

3.4.6. Mechanical properties

The static mechanical properties of neat and HE#ted EVAL were evaluated
on a Universal Testing Machine (Instron, model 334fiached with 10 N load cell.
Micro dumbbell samples having 2 mm width in theroar portion and 15 mm length
were punched out from neat and grafted electrodpAL mats using a cutting die.
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Mechanical testing was carried out at 25 °C wittr@ss-head speed of 10 mm/min. The
dynamic mechanical properties of electrospun magsewstudied using a dynamic
mechanical analyzer (Tritec 2000 DMA, Triton teclogy limited, UK) at a frequency of
1 Hz. The test was conducted in a tension modehegtating rate of 1 °C/min. The test
temperatures ranged from room temperature to 150TH@ modulus and damping

properties of the grafted and neat EVAL were reedrds a function of temperature.

3.4.7.1n vitro release study of glycine

The release of glycine from the loaded EVAL membrmarEVAL-Gly) was
analyzed by the UV-visible spectrophotometric mdtHeVAL-Gly discs of dimensions 8
mm x 0.4 mm were placed in Eppendorf tubes contgi@ mL PBS (pH=7.4). Release
studies were carried out using a shaking incub@@RPM at 37C). At certain intervals,
500 pL of the released medium was aliquoted outrapthced with fresh buffer. This
released medium was transferred to a 10 mL starfteski and mixed with 0.5 mL of
sodium bicarbonate and 2.5 mL ninhydrin reagene Tiixture was heated in a water
bath at 90 + 5 °C for 20 min. Then the flasks weoeled to room temperature and
subsequently, the volume was made up to the matk distilled water. The absorbance
of this solution at 568 nm was read by a UV-visiBlgectrophotometer (Shimadzu)
(Colson, 2010). The released glycine was quantéhtiestimated from the calibration
curve constructed using glycine by the same methbd. cumulative release of glycine
was calculated using the standard plot. The exmgeisnwere carried out in triplicates and

reported as average values.
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3.4.8. Histological analysis of the filter membrane

After the whole blood filtration studies, the filtmembranes were taken out and
one half of the segment was subjected to histodoglysis. Small pieces (10 mm x 2 mm
x 3 mm) (Ixbxh) of filter membrane were cut, remd\and stapled in such a manner that
would prevent the separation of different layersnembrane during processing. They
were processed routinely in an automatic tissueqasor (ASP300, Leica, GmbH) and
embedded in paraffin. A 5 micron thin sections wet# using a rotary microtome
(RM2255, Leica, GmbH) and stained with Haematoxgleamd Eosin (H&E) using an
autostainer (Leica, GmbH). Sections were visualigsthg a bright field microscope
(Axioimager Z1, Carl Zeiss, GmbH ) and digital inreagwere captured at low and high
magnification from top, middle and bottom layersfiier membrane using the camera

AutoXL (MRc,Carl Zeiss, GmbH) attached to the mgwope.
3.5. Biological Evaluation

3.5.1.1n vitro cytotoxicity by direct contact assay

An in vitro cytotoxicity test using direct contact method wpasformed using the
electrospun membranes as per 1ISO 10993-part 5asthrwdth L929 cell lines. 4 mm
discs of electrospun EVAL membranes were thorougldghed with distilled water and
dried completely in a vacuum oven. These sampleslised by ethylene oxide gas,
negative controls (HDPE) and positive controls (tompound stabilized PVC) in
triplicate were placed on the cells. After incubatiat 37 £ 1 °C for 24-26 hours, cell

monolayers were examined microscopically using captimicroscope and Leica
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Application Suit software (Leica, DMIRB, Germanyy the response around the samples

and the controls.

3.5.2.1n vitro hemocompatibility evaluation

The hemocompatibility evaluation of the variousceilespun membranes was
performed to assess the safety of the electrosmmbranes towards the application and
the tests were done according to 1ISO 10993 stangard4. The following test were
carried out on electrospun membranesn-vitro hemolysis assay, plasma protein
adsorption assayn vitro RBC aggregation assay, platelet adhesion studaegjulation
assay, complement activation and blood cell consiemigtudies. Since the modifications
of PAN membranes were not taken into considerattsnhemocompatibility evaluation
was assessed exclusively by the vitro hemolysis assay. Moreover, some tests,
mentioned above, vim vitro RBC aggregation assay, coagulation assay and eomepk
activation were done selectively for PHEA-g-EVAL migranes only. All the above
mentioned tests were done using human samplesratheethical guidelines and the
study was approved by the Institutional Ethics Cattea (IEC) of Sree Chitra Tirunal
Institute for Medical Sciences and Technology (Awai no.: SCT/IEC/594/2014 dated

21/04/2014).

3.5.2.1. In vitro hemolysis assay

Thein vitro hemolysis was studied in order to assess theysaff¢he membranes.
The procedure involves quantifying the hemoglolmntent, as a result of lysis of RBCs.
Blood from human volunteer was collected into thic@agulant, citrate-phosphate-
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dextrose-adenine (CPD-A). The total hemoglobinhe whole blood was analyzed by
Haematology Analyzer (Sysmex-K 4500, Japan). Sasnpde mm discs in triplicate
thoroughly washed and dried, were immersed in RBS fminutes in polystyrene petri
dishes before exposing to blood. A 1 mL blood waantadded to the samples and
incubated for 30 minutes under agitation at 70 RBM using an Environ shaker
thermostated at 35 £ 2 °C. Four empty polystyremkure dishes were exposed with
blood as reference. The free hemoglobin liberatéd the plasma after exposure to
samples was measured using Diode array spectrapbtg#o according to the protocol

reported in ISO 10993: Part 4 and percentage hesisolyas calculated using the formula,
Hemolysis (%) = (Free Hb/Total Hb) X 100..................... 2)
3.5.2.2. Plasma protein adsor ption assay

Human blood from a voluntary donor was freshly ecéd into anticoagulant
Citrate Phosphate Dextrose-Adenine (CPD-A). Plasmes separated from blood
following established procedure (Thankam and Mu@d44). It was then diluted to a
final concentration of 10 % by adding PBS. Neat amatified EVAL membranes cut
into 8 mm discs, washed thoroughly and dried, wecabated at 37 + 2 °C with 1 mL
diluted plasma kept in a polystyrene well plate 30rminutes. After the incubation, the
samples were removed and the protein content sn@afraction left was estimated by
Lowry’s method (Olson and Markwell, 2007). The permage protein adsorption was
calculated from the remaining protein fraction ahé total protein content from the

calibration curve with BSA standard.
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3.5.2.3. In vitro RBC aggregation assay

For in vitro RBC aggregation studies, the collected anticoagdldlood was
diluted 10 times with sterile 0.9 % saline. Thefigéh and neat EVAL membranes were
extracted with PBS for 48 hours. A 100 pL of thidract was mixed with 100 pL of
diluted RBC and the mixture was incubated at 37°“€Zor 30 minutes. The cells were
examined microscopically for aggregation. Followwgs the rationale behind mixing
equal quantities of the extract and diluted RBGh& volume of the extract is higher than
that of RBC, RBC gets diluted and the RBC availdbleaggregation would be limited.
In such cases if the extract caused aggregatiantathe poor availability of RBC, the
aggregation may not be observed. On the other hatite volume of the extract is less
than that of the RBC, population of RBC becomeshhagd it becomes difficult to
distinguish between the ‘true aggregation’ andstdoed RBC population’. For the sake
of comparison, positive and negative controls waiso used (Thankam and Muthu,

2014).

3.5.2.4. Platelet adhesion studies

The platelet-rich plasma (PRP) and platelet-po@smpi (PPP) were prepared
according to the procedure reported elsewhere Kdrarand Muthu, 2014). The platelet
count in the PRP was maintained with PPP. Sampdes placed in PRP and incubated at
room temperature for 30 minutes. After the expogeeod, the samples were removed

and the platelet count in the remaining PRP waedodfhe ratio of platelets consumed
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(%) by the materials were calculated from the ahitounts and counts after exposure.

The following formula was used for calculation:

Consumption ratio (%) = initial count-countafter coRtaTt v 100........... 3)

initial count

Samples were then washed with PBS and the adhéaezleps were fixed with
2.5-3 % glutaraldehyde followed by slow dehydration ethanol-water mixture.
Dehydration medium had the ethanol content vaneohf30 to 100 %. The samples were
then dried in a vacuum oven at 30 °C. Finally theagles were gold coated and observed

under SEM.

3.5.2.5. Coagulation assay

The blood coagulation assay was carried out to nstaled the effect of materials
on the activation of clotting factor cascade. Testse done in order to evaluate the
extrinsic coagulation pathway by partial thrombsgla time (PTT) analysis and
estimating the level of plasma fibrinogen, whicht® major coagulation protein in
blood. For these tests, the samples were placB& P and kept for agitation at 75 £ 5 °C
in an incubator at 37 °C for 30 minutes. Aliquotsra collected before and after the

exposure period and analyzed by the following tests

3.5.25.1. PTT analysis

PTT was determined by the plasma recalcificatiothoek using the CK PREST
assay kit (Diaganostica Stago). 50 pL of PRP ctdbbbefore and after the exposure with
samples, were placed in the pre-warmed strip ofettes. A 50 pL of PTT reagent
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(without kaolin) was then added to these cuvettekiacubated for 3 minutes at 37 °C.
After the incubation time, 50 pL of 0.025 M Ca@las dispensed into each cuvette and
clotting times were determined by the Start 4 samemated coagulation analyzer
(Diaganostica Stago) according to the manufactsiiastructions. The percentage change
in the PTT after exposure was calculated from thé Palues obtained before and after
exposure. For calibration purposes, unicalibrati@s used and internal control was used

as a quality control on each day of testing.

3.5.2.5.2. Fibrinogen estimation

To identify the level of fibrinogen, clotting asséylark’ method) was performed
with PRP, collected before and after exposure t® mhaterials, using the reagent
Fibriprest on Start 4 semi-automated coagulatiayaer (Diaganostica Stago) according
to the manufacturer’s instructions. The percentdgnge in the expression of fibrinogen
as a result of PRP exposure to materials was taknlated. Equipment calibration was
done using unicalibrator and internal control wasdias a quality control on each day of

testing.

3.5.2.6. Evaluation of complement activation

In order to assess the complement activation indiune the membranes, the
complement protein C3 was analyzed by quantifying &anaphylotoxin peptide C3a,
formed as a result of C3 cleavage, using commef€sd ELISA kit (Enzyme linked
immuno-sorbent assay) from MicruoVue C3a Plus. Bti¢RP was prepared according
to the procedure mentioned in the previous sectidre complement activation was
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performed on selected samples only. The samples &gosed to PRP and incubated at
37 °C for 30 minutes at 70 £ 5 RPM. 100 pL aliquotsPRP were taken from each
sample before and after exposure and diluted ubmgliluents provided in the kit. A 100
pL of this diluted PRP was then added to the mitceoplates which are pre-coated with
specific monoclonal antibody for human C3a. Thegdavere then incubated for 1 h at
room temperature so that the C3a present in themalabinds to the antibody. The
unbound C3a was then removed by washing the plategshe wash solution provided in
the kit according to manufacturer’s instructionseTplates were again incubated for 1
hour after adding 100 pL of the conjugate. Afteshiag these plates with wash solution,
100 pL of the substrate solution was added andbetedl for 15 minutes at room
temperature. The reaction was then arrested bygdde stop solution in the kit and the
absorbance at 450 nm was measured by ELISA reaark, Biorad). Concentration of
C3a was estimated from the standard curve using ®Bbftware. The obtained results
were expressed in terms of percentage change atdulrom the C3a measured before

and after exposure.

3.5.2.7. Blood cell consumption studies

In advance to the whole blood filtration, it is eesary to study the interaction of
the electrospun membranes with blood cells. Fos, tthe neat and modified EVAL
electrospun membranes were enclosed in the ceposition of the custom-made
prototype-B in such a way that the membrane segmr#ie interior cavity of the
prototype into two chambers. Blood from human vaden collected into the

anticoagulant CPD-A, was added to the upper chamibeve the membrane. The whole
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assembly was kept undisturbed for 30 minutes feritieraction of blood cells with the
material. Afterwards, the blood was taken by a raudtion through the valve provided in
the bottom chamber. The total count of WBCs, RB$ @latelets were analyzed before
and after exposure with membrane using Haemataaogyyzer. The percentage adhesion

of WBCs, RBCs and platelets were quantified byftmeula,

. . Initial count — Count after exposure (4)
Adhesion (3) = Initial count X100

3.5.3. Whole blood filtration studies

The filter devices were equilibrated with PBS byame of connected tubes to
repel air and to wet the membrane surface pridhedlood filtration. Blood from human
volunteer was collected into a bag added with theceagulant CPD-A. Study was
approved by the IEC of SCTIMST and was carriedasuper the ethical guidelines. The
filter device was connected to the bag throughitiet and the bag was hanged at a
height of 2 m from the floor. Blood was then all@v® pass through the EVAL filter
under the effect of gravity. A 20 mL blood was u$adeach filtration. The filtered blood
was collected through the outlet. The RBC, WBC platelet count was analyzed before
and after each filtration using Haematology analyZéne adhesion of WBC, RBC and

platelets were quantified by adhesion ratio, defiabove.

The control filter was also evaluated by the sane¢hod. All the filtrations were
performed with 6 replicates at room temperaturee Heat EVAL membranes were

evaluated through symmetric and asymmetric type thedperformances of both were
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compared. However, for all the other membranedudheg the various modified EVAL
membranes and the PAN membranes was evaluatedebgsgimmetric filter only. The
speed of filtration was estimated from the timeetaKor filtration with respect to the
volume of blood filtered. After filtration, the EMAmembrane assembly was separated

from the device and further studied by SEM andotasty.

3.6. Statistical Analysis

Data of all non-biological studies presented irs thiork were the mean of 6
samples. All the biological studies, except the Mhblood filtration, were done in
triplicate. Data is reported as mean = SD. Staastnalysis was performed with one way
ANOVA using Microsoft excel 2007 version. The vauéor which p<0.05 were
considered as statistically significant. The numiifetests for each parameter is indicated

in the respective figure legends.

66



CHAPTER 4

RESULTS

Chapter 4 contains the results of the current studys divided into three
subsections. The first section details the fabiwcabf EVAL and PAN membranes by
optimized electrospinning parameters, their charadtion and assessment of
leukodepletion efficiency. The second section dises the various modifications,
characterization and evaluation of leukodepletidiiciencies of the modified EVAL
membranes. The third section describes the comparavaluation of the various
modified EVAL filters and deriving the correlatiobetween surface chemistry,

wettability and leukodepletion efficiency of thédrs.

4.1. Fabrication characterization and evaluation of leukodepletion

efficiency of electrospun membranes

The main objective of this section is to discuss thbrication of electrospun
membranes by electrospinning of PAN and EVAL. Syimimeand asymmetric filters
were designed out of these membranes and theirodieyketion efficiencies were

compared.
4.1.1. Fabrication of filter membranes of EVAL andPAN by electrospinning

The straightforward technique of electrospinnirgdorms any polymers into

continuous fibers. The feasibility of the technigared production of nano/micro scale
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fibers with tunable properties have made this teglera most popular one. Here filter
membranes were fabricated through the process aaftrespinning. EVAL has been
electrospun from its solution in 70/30 2-propanali& mixture as well as from HFIP.
The chosen concentration of 9 % gave rise to smidmdihs at each flow rate (1 mL/h, 10
mL/h and 1 mL/min) and collected onto a rotatingndr@l. PAN membranes were
obtained by electrospinning its solution in DMF. wyer, clogging at the tip of the
needle was observed on all occasions during theretpinning of EVAL. The PAN
electrospun membranes seemed slight yellowish lior @nd tenuous. The speed of the
collector was set at 500 RPM and 1500 RPM in otdegenerate membranes with
different porosities. Consequently the spun meni@nl500 RPM might be composed

of more packed fibers with lower porosity than aene at 500 RPM.

4.1.2. Characterization of the filter membranes

4.1.2. 1. Morphological analysis

The morphological features of the electrospun mamés were inspected by SEM
analysis and the respective images are presentédune 10. Subsequent image analysis
described the membrane parameters and these datamapiled in Table 7. It can be seen
that varying the spinning solvent from 2-propanalater to HFIP did not alter the
unwrinkled morphology of the EVAL fibers. Howevehe changes in the flow rate
significantly affected the membrane properties.\\Wamall fibers of average diameter 0.7
+ 0.1pm were obtained when EVAL was electrospumfits solution in HFIP at a rate of

1 mL/h (Table 7). The lowest pore diameter was adsorded for this system. The fiber
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diameter was almost doubled when EVAL was electinsform 2-propanol : water
mixture at the flow rate of 10 mL/h (Table 7). Vdngh flow rate of 1 mL/min was also
implemented to further expand the size of the EViltlers in the membrane. It was
noticed that such a high flow rate resulted in dnepping of minor volume of EVAL
solution, even at a voltage of 14 kV. The PAN fteere fine and the diameter was
found to be 1.4 + 0.2 um at 500 RPM. In additidme {pore diameter of the PAN
membranes seemed more or less similar to thateoEYPAL membrane electrospun at a
rate of 1 mL/h and 10 mL/h (Table 7). Interestinghjtering the collector speed at
specified flow parameters had little change onfiher diameter for all the electrospun
system. Fibers experience a hauling effect as atret the increment in the collector
speed from 500 RPM to 1500 RPM and consequentlycesti the pore diameter. This
variation in the pore size with reference to tharge in the collector speed manifests the

proposed asymmetry in the filer devices.
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Figure 10. SEM images of membranes electrospun afrious conditions (a) EVAL-
1 mL/h-500 RPM; (b) EVAL-10 mL/h-500 RPM:; (c) EVAL-1 mL/min-500 RPM; (d)
PAN-1 mL/h-500 RPM; (e) EVAL-1 mL/h-1500 RPM; (f) EVAL-10 mL/h-1500
RPM:; (g) EVAL-1 mL/min-1500 RPM; (h) PAN-1 mL/h-1500 RPM

Membrane Fiber Pore diameter Porosity
diameter (um) (um) (%)

EVAL-1 mL/h-500 RPM 0.7+0.1 18.0+ 3 53+0.9
EVAL-10 mL/h-500 RPM 1.8+0.1 23.3+5 51+1
EVAL-1 mL/min-500 RPM 3.0+x05 294 51+04
PAN-1 mL/h-500 RPM 1.4+0.2 16 +4 50+0.6
EVAL-1 mL/h-1500 RPM 0.7+0.2 9+3 53+0.9
EVAL-10 mL/h-1500 RPM 1.7+0.2 13+3 51+04
EVAL-1 mL/min-1500 RPM 40+0.8 14 +3 52+0.5
PAN-1 mL/h-1500 RPM 15+0.2 92 50+0.6

Table 7. Properties of the electrospun EVAL and PANnembranes
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4.1.2. 2. Analysis of porosity

The porosity of the membranes were estimated byéeranalysis of the SEM
pictures and reported as average percentage ponosiable 7. The porosities of all the

membranes were more or less equal and not signifycaffected by the collection speed.

4.1.2.3. Water contact angle measurements

The wettability of membranes is of great interestew they are to be used as
membrane materials for any kind of filtration. Theetting characteristics of the
electrospun EVAL and PAN membranes were well eistabtl by their water contact
angle measurements and the images are providedgureF11l. Both the membranes

appeared to be hydrophobic in nature, accordirsgdontact angle of 126 £ 6 ° and 113 +

2 ° with water for EVAL and PAN membranes respesliy

' a

e I b

Figure 11. Water contact angles of (a) EVAL membraa and (b) PAN membranes

4.1.2.4.1n vitro cytotoxicity assay

The toxicity of the electrospun EVAL and PAN memiwa is qualitatively

assessed bip vitro cytotoxicity assay. Representative microscopicgesaare shown in
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Figure 12. The images reveal a good cell attachnamet spreading upon the spun
membranes. Cells were denser on negative contrié \ilie positive control indicated
severe cytotoxic effect. No vacuolization, cell atgtment or membrane disintegration

was detected around the electrospun samples idjdheir non-cytotoxic nature.

Figure 12. Microscopic images of L929 cells growmo(a) electrospun EVAL

membrane, (b) electrospun PAN membrane, (c) positevcontrol and (d) negative

control by direct contact test

4.1.2.5.1n vitro hemolysis assay

The preliminary evaluation of hemolysis is pre-risga to assure the safety of
both the electrospun membranes prior to being asedevice. Data showed that EVAL
and PAN membrane does not induce lysis to the exptdood (Table 8). Percentage

lysis obtained for both the membranes were wellentide acceptable range of 5 %.

Membrane Hemolysis (%)
EVAL 0.033 £ 0.005
PAN 0.090 £ 0.05

Table 8.1n vitro hemolysis of electrospun EVAL and PAN membranes
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4.1.2.6. Evaluation of efficiency of leukodepletion

Blood was filtered through the developed PAN fileerd various EVAL filters
under the effect of gravity. Firstly, the efficisnof EVAL asymmetric filter, composed
of fibers with diameter 1.8 pm was compared witht thf asymmetric PAN filter and that
of the control. Further, symmetric and asymmetitterf were composed out of fibers of
size 1.8 um were compared. Finally, the performswadeEVAL asymmetric filters with

membranes of varying fiber size were also compared.

Continuous blood flow was observed through allfilters. Figure 13 shows the
leukodepletion filter device and membrane asseraftér whole blood filtration. The cell
adhesion ratio calculated from the cell counts @@vided in Figure 14. Electrospun
EVAL asymmetric filter could remove 100 + 0 % leaktes, 8.19 + 4.8 % RBCs and
91.0 + 8.2 % of the platelets. PAN asymmetric reetb®7.5 + 13.1 % leukocytes, 3.3 £
3.5 % RBCs and 28.9 + 7.8 % platelets. However, aetrol filter Imuguard could
remove 100 £ 0.01 % of leukocytes, 31.4 + 17 % BCR and 98.5 £ 1.3 % of platelets
[Figure 14 (a)]. The filtration speed was abou@32 + 0.008 mL/s for the EVAL filter,
0.029 + 0.019 mL/s for the PAN filter and 0.042 8@ mL/s for the Imuguard [Figure
14 (b)]. The percentage hemolysis induced afteffittiation by these filters was within

the acceptable level [Figure 14 (c)].
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Figure 13: Leukodepletion filter device after wholeblood filtration; (a) filter
assembled, (b) filter device separated, (c) membrarassembly top view and (d)

membrane assembly lateral view

The visualization of adhered platelet and leuko@gpulation on the electrospun
EVAL and PAN layers were done by the SEM analy$itop, middle and bottom layers
of the device (Figure 15 and Figure 17) and higficl study of the stained cross
sections of the filter assembly (Figure 16 and Fegl8). The leukocytes and platelets
were trapped on all layers of EVAL filter accorditggthe histology and SEM pictures.
The leukocytes were even widely spread througheflgating a good interaction with the
electrospun EVAL membrane (Figure 15). HowevermirBigure 17, it can be inferred

that cells present on the PAN filter was compagedyivesser than that on the EVAL filter
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in accordance with the quantitative data given igufé 14. High populations of RBCs

were also visible throughout the layers of PANefilin the microscopic images provided

in Figurel8.

From these observations, since the PAN filter waisn@l to have very poor

leukodepletion efficiency, it was ruled out andtier studies were carried out with

EVAL membranes only.
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Figure 14: Evaluation of leukodepletion efficiencyof electrospun membranes; (a)

cell adhesion, (b) hemolysis and (c) speed of fittion
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HV: 15 kv
SCTIMST

Mag: 1500 Mag: 3000x
WD 10 mm 1— 10 pm — f§ 11.12.2012 WD: 10 mm

Mag: 1500% Mag: 500
WD: 10 mm 1= 10 ym — [l SCTIMST WD: 10 man

Figure 15. SEM analysis of adhered cells to the EMAfilter (a-c) top layer, (d-f)

middle layer and (g-i) bottom layer at different magnifications.
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Figure 16. Histological examination of stained crassections (from top to
bottom) of EVAL filter membrane assembly. The arrowindicates the direction

of blood flow

77
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Figure 17. SEM analysis of adhered cells to the PAfilter (a-c) top layer, (d-f)

middle layer and (g-i) bottom layer at different magnifications
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100 pm

Figure 18. Histological examinations of stained css sections (from top to
bottom) of PAN filter membrane assembly. The arrowindicates the direction

of blood flow

The performance of symmetric EVAL filter (EVAL-S)are also compared with
the asymmetric EVAL filter (EVAL-AS) and the ressikvere as follows. EVAL-S filter
could remove 91 + 11 % leukocytes, 22 + 12 % of RB@d 93 + 8 % of platelets
[Figure 19 (a)]. The percentage hemolysis inducgdEWAL was negligible below the
acceptable level and the speed of filtration wasenw less similar to that of EVAL-AS
filter [Figure 19 (b) & (c)]. The microscopic imag@ef various portions from the stained
cross-section of the EVAL-S filter, provided in Hrg 21, convey that the cells were
present equally on all layers. This was furtherpsufed by the SEM images provided in

Figure 20.
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In the light of these data, it has to be emphasihatl asymmetric filters gave
better performance than the symmetric one and hiemtteer studies will be focusing on

development of asymmetric filters of EVAL.
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Figure 19. Comparative evaluation of leukodepletiorefficiency between EVAL
symmetric (EVAL-S) and EVAL asymmetric filter (EVAL -AS): (a) cell adhesion,

(b) hemolysis and (c) speed of filtration
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Figure 20. SEM analysis of adhered cells to the EVAL-S filte(a-c) top layer, (d-

f) middle layer and (g-i) bottom layer at different magnifications
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Figure 21. Histological examinations of stained css sections (from top to
bottom) of EVAL-S filter membrane assembly. The arow indicates the
direction of blood flow

Figure 22 shows the effect of fiber diameter otelespun EVAL membranes on
their overall leukodepletion efficiency. No sige#int difference in cell adhesion (WBCs,
RBCs and platelets) was observed for the EVAL rBlteut of membranes with fiber
diameter 1.8 um and 3 pum [Figure 22 (a)]. Howee#ficiency of leukodepletion was
very poor when the fiber diameter was reduced ToyOn [Figure 22 (a)]. The speed of
filtration for this filter was also significantlyolver than the other filters having higher
fiber diameters [Figure 22 (c)]. The percentage ¢igsis induced by all of these filters
fell under the acceptable level [Figure 22 (b)]eTdell populations on the various layers

of the two filters having fiber diameter 0.7 um a®qum were analyzed by SEM and
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histology and are provided in Figure 23 to Figufe Zhe morphology of the WBCs
adhered on both the filters were spherical as ecdele by Figure 23 and 25. From Figure
23 and Figure 24, it can be inferred that the digrapulation of WBCs distributed
throughout the different layers of the EVAL filtevith fiber diameter 0.7 um was
relatively lower than that at the various layersotifer two filters (Figure 25, Figure 26,
Figure 15 and Figure 16), supporting to the pesgmtof WBC adhesion provided in
Figure 22. Very few WBCs were visible in the bottgartion of the filter having fiber
diameter 0.7 um, in the microscopic images giverigure 24, however, more WBCs
were still present towards the bottom layer of otfiéers having high fiber diameter

(Figure 16 and Figure 26).

From this data, among the various fiber diametadistl, the minimum required
fiber diameter for effective leukodepletion was riduto be 1.8 um and hence the

conditions for obtaining the same was followedftother studies.
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Figure 22. Effect of fiber diameter on the leukodeletion efficiency of EVAL-AS
filter: (a) cell adhesion, (b) hemolysis and (c) s®d of filtration
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WD: 10 mm
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Figure 23. SEM analysis of adhered cells to the EMAfilter (fiber diameter 0.7
pum) (a-c) top layer, (d-f) middle layer and (g-i) lottom layer at different

magnifications
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Figure 24. Histological examination of stained crassections (from top to
bottom) of EVAL filter (fiber diameter 0.7 um) membrane assembly. The

arrow indicates the direction of blood flow
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Figure 25. SEM analysis of adhered cells to the EMAfilter (fiber diameter 3
pum) (a-c) top layer, (d-f) middle layer and (g-i) lottom layer at different

magnifications
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Figure 26. Histological examination of stained crassections (from top to
bottom) of EVAL filter (fiber diameter 3 um) membrane assembly. The

arrow indicates the direction of blood flow

4.2. Modifications on EVAL membranes and their chaacterization

4.2.1. Preparation of 2-hydroxyethyl acrylate graféd poly(ethylene-co-vinyl alcohol)

(PHEA-g-EVAL)
4.2.1.1. ATR-FTIR spectroscopy

The photografting of HEA onto EVAL was confirmed hyonitoring the
appearance or shifting of characteristic peak$itnATR-FTIR spectrum (Figure 27). A
peak at 3288 cthcorresponding to the O-H stretch in EVAL shifted3360 crit for all

the grafted mats. A new peak at 1735.6'cipresent in all the grafted mats, is due to
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carbonyl stretching vibrations. Since the thicknekthe samples exposed to UV varied
slightly, there appear to have variations in thensities of this peak. This is especially
true for the sample exposed to UV for 50 minutaesorder to avoid ambiguity, peak at
2924.5 crit (due to CH asymmetric stretch) was taken as a reference qreékalculated
the peak intensity ratios for different UV expostirees. The peak intensity ratios were
calculated from the ratio of the intensity of peatk2924.5 cril (lg249 to that of CO
stretch at 1735.6 ci(li735.¢9. Data given in Table 9 shows that peak intensitios are
close to each other. Peaks at 1432.8' @and 1326.8 cih arising from (CH), bending
and CH deformation, respectively, shifted to highhe&ave numbers. All these data are

evidences that confirm grafting of HEA onto EVAL tmza

1

23260 em” | - 17356cm
b :
: ; 60 min
*WW 50 min

40 min

30 min
m 10 min

neat EVAL

3500 2000 2500 2000 1500 1000
Wave number (cm ")

Figure 27. ATR-FTIR spectra of EVAL and PHEA-g-EVAL electrospun mats as a

function of UV exposure time
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UV treatment time (Min)  p . intensity ratio — Lsass
1735.6

10 0.8

30 0.7

40 0.8

50 0.8

60 0.7

Table 9. Peak intensity ratio of CH stretch to C=0 stretch for

different UV treatment times

4.2.1.2 Degree of grafting

The degree of grafting was estimated to assessxtieat of HEA grafting and the
data is presented in Table 10. A gradual increasthne DG with the increase in UV

exposure time was observed. DG reached its maximbhan the UV exposure time was

60 min.
Properties (n=6)
uv :
DG (%) Porosity WCA (°)* CWST (mN/m)

exposure (%) <0.00:

time (min) p=B.L%-
0 - 53+1 126 + 6 61.8
10 2.22+1.10 51+2 109+4 68.8
30 11.11 +5.05 52+1 85+0.2 76.3
40 14.64 +5.11 52+1 109 +2 79.9
50 18.99 +2.41 53+0.2 108 +1 82.5
60 29.80 + 6.20 52+1 799

Table 10. Physico-chemical properties of electrospuibroporous mats as a function
of UV exposure time: (DG = Degree of grafting, WCA= Water contact angle, CWST

= Critical water surface tension)
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4.2.1.3. Effect of HEA grafting on the morphology bthe EVAL fibers

Morphological features of the fibroporous mats obse under SEM are shown in
Figure 28. Images reveal the formation of smodber§. [Figure 28 (a-f)]. There is a
significant increase in fiber diameter as a restilgrafting [Figure 28 (g)]. Fusion and
wrinkling of the fibers were also oberved in theSEM images and it is more
predominant in the samples that were UV treateds@bminutes. These changes in the

fiber morphology and fiber diameter with UV treatrhéme further confirms grafting.

s

0.0 0 10 30 40 50 60

UV irradiation time (min)

=]
=3

Fiber diameter (um)
-

Figure 28. SEM images of EVAL and PHEA-g-EVAL eleatospun mats:(a). Neat
EVAL; (b-f). UV treated EVAL, with treatment times 10, 30, 40, 50 & 60 min,

respectively; (g) fiber diameter as s function of VW irradiation time
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4.2.1.4. Effect of HEA grafting on the pore charadristics

The influence of HEA grafting upon the pore promsrtwere studied by the
estimation of percentage porosity and pore diamé&safting did not have any noticeable
effect on the porosity (Table 10) and pore sizgFe 29) of the mat. The porosity was

maintained within 52 — 53 % even after grafting.
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Figure 29. Effect of HEA grafting on the pore diaméer

4.2.1.5. Effect of HEA grafting on the wetting chaacteristics of EVAL

Results of water contact angle and CWST measursmewaled that grafting led
to reduction in the degree of hydrophobicity ofcélespun EVAL. Neat EVAL mat had a
contact angle of 126 + 6 ° with water. A signifitaeduction in contact angles were
observed as a result of UV treatment (Table 10thWian exposure time of 10 minutes
the contact angle decreased from 126 ° to 109 ©nUg0 minutes of exposure, the

contact angle decreased to 79 ° indicating subatadgcrease in hydrophobicity. It may
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also be noted that CWST of neat EVAL was 61.77 mi{lable 10) and could not get
wet with water, but after grafting the value gratiuancreased with UV exposure time
offering supporting evidence for improved wettdliliThe CWST for PHEA-g-EVAL,
UV treated for 60 minutes, was beyond the limisofface tension values of the selected

solutions and it could not be measured (Table 10).

4.2.1.6. Effect of HEA grafting on the mechanical perties

Tensile stress-strain plots of the neat and PHEA/@L are shown in Figure 30
and the properties such as tensile strength, Yeungdulus, elongation at break are
summarized in Table 11. Grafting resulted in aificgmt decrease of tensile strength and
Young’'s modulus whereas a substantial increaslkedrelongation at break was observed.
This indicates that along with grafting UV exposigads to certain extent of polymer
chain scission as well. No clear trend of increasedecrease of glass transition

temperature (J) or storage modulus was observed as a resultaibghafting (Table 11).

Properties (n=6)

Ny Tensile strengtl Elongation at Young’s Tg (°C) Storage moduly

o (MPa)* break (%)* modulus (MPa) at 37 °C (MPa
0 6.8+0.5 42 +5 150 + 14 82.6 56.2
10 59+0.6 71+9 136 £ 09 90.7 65.9
30 57+0.5 85+9 94 + 09 66.2 107
40 5.7+0.5 61+11 111 +11 84.6 17.7
50 55+0.8 48 +8 74 + 08 80.7 49.3
60 48+0.6 103+ 4 100 £ 19 78.8 70.6

Table 11. Static and dynamic mechanical propertiesf electrospun mats as a
function of UV exposure time
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Figure 30. Stress-strain behavior of neat EVAL (initated as ‘0’) and PHEA-g-
EVAL having different UV irradiation times

4.2.1.7. Effect of HEA grafting on hemocompatibiliy

Effect of HEA grafting on the hemocompatibility &VAL was studied by
analyzing the percentage hemolysis, RBC aggregatiasma protein adsorption, platelet
adhesion, coagulation assay,complement acivation, l@ood cell consumption. A
significant decrease in the percentage hemolysabl€T 12) was observed for all the
grafted films as a function of UV treatment timeerhblysis of neat EVAL was 2.3 £ 0.5
% whereas when it was grafted with HEA by exposmg)V for a period of 60 minutes

the hemolysis decreased to less than 9 % of thaerebd for EVAL. The light
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microscopy images of RBCs shown in Figure 31 rexctdhat RBC aggregation was

more or less absent in the neat and HEA grafted IEdM@mpared to the positive contol.

Blood contacting properties (1+9)
uv Hemolysis (%)* Plasma protein adsorption Platelet consumption
exposure 3y ok
time (min) (ug/mn’) (%)
PRP WB
0 23105 72 £1.6 72 +15 96 +3
10 1.7+£0.5 4.6+0.9 18+6 61 +10
30 09+0.2 43+1.0 15+10 61 +14
40 0.8+0.3 3.7+15 12+3 71+9
50 0.6+0.2 34+13 9+7 71+9
60 03+0.1 0.2+0.1 8+5 70 + 15

Table 12.1n vitro hemocompatibility evaluation: Data of hemolytic evéuation,
protein adsorption and platelet adhesion on electispun mats

as a function of UV exposure time

Figure 31. Light microscopy images of RBC aggregain studies conducted on
electrospun mats: (a) Neat EVAL; (b-f) UV treated B/AL with treatment
times 10, 30, 40, 50 & 60 minutes respectively; (Bpsitive control
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The plasma protein adsorption was also gradualtyedsing with UV exposure
time and the decrease was significant. When EVAE wgposed to UV for 60 minutes
the observed reduction in plasma protein adsorptias about 97 % (Table 12). A
guantitative estimation of adhered platelets froRPRas well as WB is also provided in
Table 12. The results highlight that HEA graftirmutd result in a significant reduction in
the platelet adhesion both from PRP and WB. Théelgtaadhesion was qualitatively
studied by SEM analysis and the images are showfigare 32. Neat EVAL surface
clearly showed a greater level of platelet adheshggregation of platelets were also
observed in these pictures. However, it was intergg4o note that all the HEA grafted
EVAL mats showed very little platelet adhesion. Aggates of platelets were also absent

in these grafted EVAL.

;.
HV: 15 kV Mag: 1500x HY: 15KV
SCTIMST WD: SCTIMST

Mag: 1500
WD: 10 mm

Figure 32. SEM images of electrospun mats after plelet adhesion studies: (a). Neat
EVAL; (b-f). UV treated EVAL with treatment times 1 0, 30, 40,
50 & 60 min, respectively
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The percentage change in the PTT and fibrinogea essult of blood-material
interactions is presented in Table 13. The chang®TT and fibrinogen levels were
below 20 % for all the samples. The uncertaintyeldén these cases were 5 %. The
presented data show that all the materials activtite coagulation cascade to a limited
extent. However, the modification by HEA graftingddnot seem to significantly
influence the degree of activation. The resultsayfiplement activation test performed on
HEA grafted EVAL is given in Table 13. There wassignificant difference in the
complement activation among the 3 sets of PHEA-ghAE\(Table 13). In the case of
EVAL, which was UV irradiated for 40 minutes, thevél of C3a increased after PRP
exposure. But when the UV irradiation times werentiutes and 60 minutes, the level
of C3a decreased after PRP exposure. The effédEdf grafting on the RBC and WBC
consumption (Table 13) shows that electrospun EM#sls an inherent tendency for
leukocyte adhesion. When the material was keptomtact with blood, the leukocyte
adhesion of neat electrospun EVAL and PHEA-g-EVAhatwere close to each other. On
the other hand, RBC adhesion was decreasing signtfy with the increase in the degree

of grafting/ UV exposure time (Table 13).
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uv

exposure - .
PTT (%) Fibrinogen WBC RBC consumptio  C3a
time (min) .
(%) consumption (% (%)* (%)*
0 124+35 6.9+57 96 +2 68 + 10
10 141 +55 20.7+11.8 9+1 3.7+1.38
30 104 +4.7 21.1+£15.7 96 +3 51+x47
40 156+£6.7 8.9+3.4 972 3.1+£29 74+23
50 185+59 11.4+6.3 98+2 45+43 -17.9+2
60 13.0+5.0 10.2+4.8 98+1 3.9+£29 -99+1.7

Table 13.In vitro hemocompatibility evaluation: Data of coagulation asay
complement activation and interaction of blood cel on electrospun mats as a

function of UV exposuretime

4.2.1.8. Evaluation of leukodepletion efficiency dPHEA-g-EVAL membranes

From the data oin vitro hemocompatibility evaluation of all the HEA grafte
EVAL membranes, comparing the degree of all theoddmaterial interactions, the
grafted membranes obtained as a result of 60 nerueirradiation, PHEA-g-EVAL-60,
was found to have desirable properties and thigicodar membrane system was
fabricated to asymmetric filters. As mentioned iearkhe asymmetric filter was designed
by placing the 4 layers of PHEA-g-EVAL-60 membramésained at a collection speed
of 500 RPM as the top layers while a monolayer dER-g-EVAL membrane collected
at 1500 RPM served as the bottom layer. The SENysem of these membranes were

performed and the images are provided in Figure 3% fiber diameter and pore
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properties were measured by image analysis angraneded in Table 14. The fiber
diameter and porosity was not influenced by théectibn speed, while the decrease in

pore size confirms the asymmetry in the membrasenably.

WD | det| HFW —
5mm |ETD| 199 um

Figure 33. SEM images of PHEA-g-EVAL membranes inlte asymmetric
filter collected at different speeds; (a) 500 RPMrd (b) 1500 RPM

Collection speed Fiber diameter (um) Pore diameter (um) Porosity (%)
500 RPM 2.1+0.2 18.3+£3.5 52+0.3
1500 RPM 20+04 12.0+2.4 52 +0.6

Table 14. Membrane properties of PHEA-g-EVAL asymmgic filter

The whole blood filtration exepriments were perfednaccording to the
proceudre reported in section 3.5.3. The leukodieplefficiency of the PHEA-g-EVAL-
60 asymmetric filters were compared with that of tieat EVAL asymmetric filter in
Figure 34. As expected, there was very signifigaduction in the pletelet adhesion for
the PHEA-g-EVAL-60 when compared to that of neatAEV However, it was also
interesting that the WBC adhesion was noticeablguced as a result of PHEA
grafting[(Figure 34 (a)]. There was no change ia $ipeed of filtration before and after
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grafting [Figure 34 (c)], but the percentage hemsslynduced by the PHEA-g-EVAL-60

filter was approximately zero [Figure 34 (b)].
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Figure 34. Comparison of leukodepletion efficiencypf PHEA-g-EVAL-60 and neat
EVAL asymmetric filter

The morphological and histological analysis of titter membranes are provided
in Figure 35 and Figure 36 respectively. The pagpamaof cells was comparatively poor

on the various layers of the membranes in FigureT3&® microscopic images of the
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stained cross-sections of the membrane assembiygimre 36 also show a poor cell

adhesion, which are in good agreement with the tifative data and SEM images.

Figure 35. SEM analysis of adhered cells to the PHEg-EVAL-60 filter; (a-c)
top layer, (d-f) middle layer and (g-i) bottom laye at different magnifications
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Figure 36. Histological examinations of stained css sections of PHEA-g-EVAL-60

filter membrane assembly. The arrow indicates the idection of blood flow

4.2.2. Functionalization by incorporation of glycire
4.2.2.1. Surface characterization

The glycine incorporated EVAL membranes were chiaraaed by the ATR-FTIR
spectroscopy provided in Figure 37. The presencalpéine is confirmed by the
appearance of a new peak at 1630 @urresponding to the COO stretch in the glycine.
The smooth morphology of the fibers was maintaiegdn after the incorporation of
glycine, which is evident from the SEM photographsvided in Figure 38. The diameter
of the fibers was measured from these images aptbisded in Table 15. It was found

that there was a decrease in the fiber diametbigaer glycine loading while the pore
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size was gradually decreasing with increase inigé/toading. The percentage porosity

was preserved even after the loading of glycindi@ a5).

EVAL

VAL-Gly 1%

VAL-Gly 5%

- .

1630 cm'1

VAL-Gly 10%

3000 2000 1000 0
Wave number (cm'1)

Figure 37. ATR-FTIR spectrum of EVAL-Gly membranesat various glycine loading

Figure 38. SEM pictures of EVAL-Gly membranes at vaious loadings; (a) neat
EVAL, (b) EVAL-Gly-1%, (c) EVAL-Gly-5% and (d) EVAL -Gly-10%
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Glycine

Loading (%)

Fiber Diameter

Pore Diameter

Porosity (%)

0 (Neat EVAL) 1.8+0.1 233+5 53 +1.0
1 2.0+0.2 13.0+3 51 +0.2
5 2.1+0.3 10.0 £2 52+ 1.0
10 15+0.3 6.0+1 52+0.2

Table 15. Fiber diameter and pore properties of EVA-Gly membranes

The evaluation of wettability of the glycinated maanes were also carried out
and the Figure 39 shows the effect of glycine Ingdon the WCA and CWST. It is
interesting that the WCA was more or less uniforrilevthe CWST values were

enhanced as a result of glycine incorporation.
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Figure 39. Wettability evaluation of EVAL-Gly membranes;
(@) WCA and (b) CWST
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4.2.2.2Invitro release study

The release study of glycine was also undertakerttza glycine released into the
PBS at various time periods were quantitativelynested by ninhydrin assay. From this,
the cumulative release profile for various glycloaded systems for a maximum period
of 7 days was constructed and is given in Figurel#@an be figured out that there was a
burst release of glycine form all the glycine loddeembranes within 1 day and the
release continued successively and was stabilieegdhing 7 days. The quantity of
glycine released at the end of 7 days were 4.@4 Ag/mL, 6.1 £ 0.04 pg/mL and 6.2 +

0.05 pg/mL for 1 %, 5 % and 10 % glycine loaded femes respectively.

- —

——EVAL-Gly 10 %
21 ——EVAL-Gly 5 %
——EVAL-Gly 1%

Quantity of glycine released (ug/ml)

2 4 6
Time (Days)

Figure 40.1n vitro release profile of glycine from the various EVAL-Gy membranes
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4.2.2.3.In vitro hemocompatibility evaluation

The effect of glycine incorporation on the bloodteral interactions are provided

in Table 16. There was no significant change inglasma protein, WBC adhesion and

platelet adhesion from whole blood. However thetgkd adhesion was found to be

gradually decreasing as a result of glycine incaapon. Noticeable decrease in the RBC

adhesion and percentage hemolysis was also obsenttedylycine loading. The SEM

images of the platelets adhered to the membratesefposure to PRP (Figure 41) also

support the quantitative data of platelet adhepiowided in Table 16.

Platelet adhesion

Glycine Protein RBC WBC o Hemolvsis
loading adsorption adhesion adhesion (%) (%) }f
(%) (%) ®)* (%) ’
PRP *
0 7.2 £1.6 68 + 10 96 + 2 96 + 3 72+15 2.3%0Q.
1 7.6+25 13+1 100 £ 0 99 +( 39+6 0.4+0/01
5 7.6+2.0 60 + 15 97 +2 94 + 40+ 3 0.3+0.1
10 7917 25+4 9% +5 96 + 56 + 3 0.3+0.1

Table 16.In vitro hemocompatibility evaluation of EVAL-Gly membranes

Figure 41. SEM images of EVAL-Gly membranes afterxgosure to PRP; (a) neat
EVAL, (b) EVAL-GIly-1%, (c) EVAL-Gly-5% and (d) EVAL -Gly-10%
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4.2.3. Functionalization of EVAL by SMDB
4.2.3.1.Surface characterizations

Figure 42 shows the ATR-FTIR spectra of neat and>8Myrafted EVAL. The
peaks at 2923 cthand 2850 cill in the neat EVAL stand for the Gldsymmetric and
symmetric stretches respectively. These peaks wsgllepresent in all the SMDB
functionalized EVAL. Additionally, there was newae at 1740 cih corresponding to
the C=0 stretch, 1540 chfor the N-H stretch and at 1072 ¢reorresponding to SO
stretch arising from the SMDB functionalization.eT®H absorption peak in EVAL at
3303.5 crit has been shifted to 3366 ¢nor all the SMDB grafted films indicating
successful functionalization. The morphologicaltéiees before and after SMDB grafting
of EVAL was studied by SEM and the images are mlediin Figure 43. EVAL was
electrospun to smooth, defect free cylindrical fédband the no noticeable changes in the
morphology of the fibers were observed after SMD&ftghg. However, the average fiber
diameter was found to be increasing significantighwncrease in the UV irradiation
period as a result of SMDB grafting (Figure 44). Higure 45, the effect of SMDB
functionalization on the WCA values of EVAL wasdieed. A significant decrease in the
WCA of EVAL was observed as a function of UV irration time. The SMDB grafted
EVAL became hydrophilic after 60 minutes of UV gliation indicated by its WCA of 69

+11°.
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Figure 42. ATR-FTIR spectra of neat and PSMDB-g-EVA obtained by
various UV irradiation periods
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Figure 43. SEM pictures of (a) neat EVAL and (b-g5MDB
functionalized EVAL through UV irradiation periods 10, 20, 30, 40,
50 and 60 min, respectively
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Figure 44. Effect of SMBD functionalization on thefiber diameter of EVAL as a
function of UV irradiation periods. The ‘0’ minutes stands for neat EVAL
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Figure 45. Effect of SMBD functionalization on wate contact angle of
EVAL as a function of UV irradiation periods. The ‘0’ minutes
stands for neat EVAL
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4.2.3.2 Degree of Grafting

The estimated values of percentage degree of mgadtie provided in Figure 46.
A gradual increase in DG was observed as a funatiobV irradiation period. The

maximum DG obtained after 60 minutes UV irradiatveas approximately 11 %.

- -
s <

Degree of grafting (%)
Cd

10 20 30 40 50 60
UV irradiation time (min)

Figure 46.Degree of grafting of SMDB functionalized EVAL

as a function of UV irradiation time

4.2.3.3. Pore size and porosity analysis

The pore characteristics of neat and SMDB graftéAlEis provided in Table 17.
The SMDB grafting had no considerable effect ongbee size of the membranes. The
percentage porosity of neat and SMDB functionaliE&AL is expressed in Table 17.

These porosities were neither altered by the fanetization.
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UV irradiation time (min) ~ Pore size gm), n=25 Porosity (%), n=3

Neat EVAL 23.3+5 53+1
10 2157 52+0.5
20 20.3+8 52+0.7
30 18.7+7 52+0.7
40 1967 52+04
50 1897 52+0.4
60 22.2+8 52+1

Table 17. Effect of SMDB functionalization on the pre size and
porosity of EVAL

4.2.3.4.1n vitro hemocompatibility evaluation

The influence of SMDB grafting on the blood paraengtwas assessed by the
vitro hemocompatibility evaluation by means of plasmatgn adsorption, platelet
adhesion, blood cell consumption studies and hesimlgnd the data are compared in
Table 18. It can be seen that there was no significhange in the plasma protein
adsorption as a result of SMBD grafting. The datébmod cell adhesion studies of neat
and SMDB grafted EVAL are compared (Table 18).dh de inferred that the WBC
consumption by neat EVAL was not significantly e## after grafting with SMDB,
however, there was a dramatic decrease in the RBGuenption by neat EVAL after
modification. The minimum modification time of 10imates could effectively reduce the
RBC consumption of neat EVAL. However the SMDB ftiocalization did not

particularly affect the adhesion of platelets frarmole blood. As expected, the platelet
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adhesion from PRP was remarkably reduced as res@MDB grafting (Table 18 and
Figure 47). It is obvious form these images thhaigher amount of platelets were adhered
on neat EVAL membrane while all the SMDB grafted AVmembranes manifested an
inhibition to platelets (Figure 47). The platelet®re also compact on neat EVAL
membrane. In addition, the adhered platelets ont aea SMDB grafted EVAL
membranes demonstrated spherical morphology dewbipseudopodium deformation
(Figure 47). The haemolytic evaluation was alsdgeered in order to understand the
risks, if any, caused by the SMDB modification doé&kBC damage. The results of which

provided in Table 18, highlight that there was ghly significant and effective reduction

in the percentage hemolysis as a result of SMDRigga

0 7.2 £1.¢ 68 + 10.( 96 + 2 72 £ 1f 96 + ¢ 2.3%0.!

10 7.5 +0.¢ 3.4+0.1 99 +1 52 +¢ 8l +¢ 0.18 £0.:
20 8.4+0. 3.2+2° 984 =%( 41 £1 68 + 2¢ 0.18 +0.:
30 8.9+1° 79+x2( 984 =( 52 + 1« 717 0.20+0.:
40 8.7+0.0 8.6 £ 2.( 100 +( 44 + 11 71 %€ 0.1 +0.0¢
50 8.5+0.! 3.2+ 3.( 100 +( 43 + 14 91 ¢ 0.08 £0.0:.
60 8.7 0.0 95+ 1! 99 +1 40 + ¢ 78 = 1. 0.08 £ 0.0

Table 18.In vitro hemocompatibility evaluation of PSMDB-g-EVAL obtaned at

various UV irradiation times
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Figure 47. SEM images of membranes after exposure platelets. (a) Neat
EVAL and (b-g) SMDB functionalized EVAL with UV irr adiation time 10, 20,
30, 40, 50 and 60 minutes respectively

4.2.3.5. Evaluation of leukodepletion efficiency ofzwitterions bearing EVAL

membranes: EVAL-Gly and PSMDB-g-EVAL membranes

The overall leukodepletion efficiency of the twoiterionic EVAL membranes
was compared. For this, from all the modified mesmiess, EVAL-Gly-1% and PSMDB-
g-EVAL-60 were found to have ideal blood contactangl membrane properties. Hence
these systems were fabricated into asymmetrigdifie whole blood filtration. The SEM
images of the top layer membranes (obtained atadspf 500 RPM) is already given in
Figure 38 and Figure 43, while image of the bottager placed in the filter, obtained at
a collection rate of 1500 RPM, are provided in F&ggd8 and the measured membrane
parameters are provided in Table 19. It was obsktivat the fiber diameter and porosity

for both the membrane systems remained unaltergdimarease in the collection speed.
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But the pore diameter was reduced with increasthéncollection speed for both the

zwitterions bearing membranes.

WD det ‘ HFW | £
0 /102 mm|ETD | 199 pm | SCTIMST

Figure 48.: SEM images of (a) EVAL-Gly-1% and (b) BMDB-g-EVAL
membranes obtained at a speed of 1500 RPM

Collection  Fiber diameter Pore diameter Porosity

Membrane

speed (RPM) (Hm) (%) (%)
EVAL-Gly-1% 500 20+0.2 13.0+3 51+0.2
EVAL-Gly-1% 1500 20+04 78+15 52+0.2
PSMDB-g-EVAL-60 500 2.3+0.3 222+8 52+ I
PSMDB-g-EVAL-60 1500 24+0.2 10.9+2.7 52+0.4
2Values taken from Table 18yalues taken frorfrigure 44° Values taken from Table
17

Table 19. Membrane properties of EVAL-Gly and PSMDBg-EVAL

asymmetric filters

Figure 49 shows the leukodepletion efficiency ofhbihe zwitterionic membrane

systems. It is very clear that no significant difiece in platelet adhesion was observed
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among the three filters. The WBC depletion efficignof PSMDB-g-EVAL-60
membranes was lower than that of the neat EVALEBYWAL-Gly-1% membranes. Both
the zwitterionic systems did not induce any henislyBut the EVAL-Gly-1%
membranes offered resistance to blood flow andéndecreased the speed of filtration.
The distribution of cells on the filter membranesra also compared in Figure 50 to
Figure 53. WBCs were seen on all layers of fil@rboth the membranes as indicated by
the SEM images in Figure 50 and Figure 52. The esmopic images revealed a
comparatively higher population of WBC throughdut EVAL-Gly-1% (Figure 51) than
that on the PSMDB-g-EVAL-60 filter (Figure 53). T8ee images thus support the

guantitative data of cell adhesion provided in Fegdo.
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Figure 49. Comparison of leukodepletion efficiencyf zwitterions bearing EVAL
asymmetric filters- EVAL-Gly-1% and PSMDB-g-EVAL-60 with

neat EVAL asymmetric filter
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Figure 50. SEM analysis of adhered cells to the EMAGIy-1% filter; (a-c) top layer,
(d-f) middle layer and (g-i) bottom layer at different magnifications
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Figure 51. Histological examinations of stained css sections of EVAL-Gly-
1% filter membrane assembly. The arrow indicates

the direction of blood flow
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Figure 52. SEM analysis of adhered cells to the PSdB-g-EVAL-60 filter; (a-c) top

layer, (d-f) middle layer and (g-i) bottom layer atdifferent magnifications
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Figure 53. Histological examinations of stained cis sections of PSMDB-g-
EVAL-60 filter membrane assembly. The arrow indicaes

the direction of blood flow

4.2.4. Fabrication and characterization of BSA immbilized EVAL membranes

4.2.4.1. Immobilization of BSA on EVAL membranes

BSA was immobilized on electrospun EVAL membranes self polymerizable
dopamine spacer. The proposed mechanism for thitioa is provided in Figure 54.
Dopamine readily polymerized to polydopamine (PXpches firmly to the EVAL
membrane surface providing further functionalifiesreacting with the BSA through its

amino groups. The PD formation on EVAL membranes wisualized by the black
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coloration to EVAL membranes in the Figure 8. Theenmbranes were further

characterized as described in the following sestion

HO NH;
H omamine

dip-coat in dopamine solution

Membrane >

Figure 54. Mechanism of BSA immobilization on membeine via dopamine

4.2.4.2. Surface characterization

The ATR-FTIR spectra of neat EVAL, EVAL-polydopareifEVAL-PD) and
various BSA immobilized EVAL membranes (EVAL-BSA)acompared in Figure 55. It
is clearly observed from the spectra that there avagw peak formation at 1604 ¢m
which indicates the presence of C=0 groups derired PD. After BSA immobilization,
this peak was shifted to higher wave number, 1655 which derives from the C=0
moieties in BSA. The SEM pictures in Figure 56 shbe formation of PD particles on
the EVAL fiber surface. However, after the immaotaliion of BSA, the concentration of

PD patrticles was reduced. The smooth morphologh®ffibers was retained after BSA
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immobilization, with a gradual increase in the filsBameter with increase in the BSA
concentration (Table 20). Interestingly, the poizes of the EVAL membranes were
found to significantly reducing after the functidimation while the percentage porosity
was decreased initially after the formation of P&tigles and further increased after the
BSA immobilization (Table 20). Hence the percentageosity of the neat EVAL and
EVAL-BSA membranes remained more or less uniformmil&rly, the WCA was found
to reducing after the formation of PD layer, whicldicates that the hydrophilicity of
EVAL was slightly enhanced due to the incorporatadnPD. However, the WCA was
increased after the BSA immobilization (Table 2B8d. it has to be noted that the BSA
chains offered hydrophobicity to the EVAL-PD mentma. The overall wettability of the

EVAL-BSA membranes were similar to that of the negiiL.
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Figure 55. ATR-FTIR spectra of EVAL-BSA membranes

Figure 56. SEM images of (a) EVAL-PD, (b) EVAL-BSA1, (c) EVAL-BSA-2,
(d) EVAL-BSA-10, (e) EVAL-BSA-50 and (c) EVAL-BSA-100
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WCA  Fiber diameter Pore diameter Porosity

©)* (um) * (um) (%)

Neat EVAL 126 + 6 1.8+0.1 23.3+5 53+1.0
EVAL-PD 115+3 22+0.3 - 49 £ 0.5

EVAL-BSA-1 129+ 3 23+0.3 17.9+3.2 52+0.8
EVAL-BSA-2 135+7 25+0.3 19.6 3.4 53+1.0
EVAL-BSA-10 125+5 24+0.2 16.2+2.7 51+0.p
EVAL-BSA-50 127 1 27+0.2 176 +3.2 52+0.1
EVAL-BSA-100 118 +5 3.0+0.1 139+25 52+0.4

Table 20. Properties of the EVAL-BSA membranes

4.2.4.3.1n vitro hemocompatibility evaluation

Table 21 shows the effect of BSA immobilization dne various blood
parameters. The plasma protein adsorption was ftuheé dramatically increasing with
increase in the immobilized BSA concentration. Huahesion of RBCs was gradually
reduced while no change in the WBC adhesion waerded. The platelet adhesion
showed different trends when the both the neatB®A immobilized membranes were
exposed to PRP and WB. No noticeable change irpldielet adhesion was observed
when the samples were exposed to WB, while thelptstfrom PRP became repellant to
the EVAL-BSA membranes. This is also evidenced ftbm SEM images of membrane
exposed to PRP, provided in Figure 57. The pergenteemolysis was also initially
decreasing at lower concentrations of BSA while tiembranes, for which the BSA

concentration was 50 g/L, induced very high hemolysis.
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BSA Protein RBC WBC Platelet adhesion Hemolysis

concentration adsorption adhesion adhesion (%) (%)*
(g/L) (g (%) (%) TS
O(neatEVAL) 7.2 £+16 6810 96+2.0 72+15 963 2.3%Q.
1 19.0+50 35+5 99+0.6 45+3 98+3 0.3+0.04
2 19.0+3.0 44+5 9806 6712 94+3 0@t
10 180+30 5+2 97+1.0 37+8 842 0.3+0.05
50 23.0+2.0 14+5 96+1.0 49+8 95+1 10%
100 200+£40 13+4 96+10 31+3 99+1 35+1.0

Table 21.In vitro hemocompatibility evaluation of EVAL-BSA membranes

Figure 57. SEM images of EVAL-BSA membranes afterxosure 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
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4.2.4.4. Evaluation of leukodepletion efficiency b£VAL-BSA membranes

From Table 21, it was understood that the EVAL-BBAmembranes possessed
the ideal hemocompatibility desired for leukodepletfilter membranes. Hence these
membranes were fabricated into asymmetric filt€ree membrane properties of top and
bottom layers in the asymmetric filter are recorded able 22. It can be seen that the
pore size of the bottom layer, obtained at a cotlacspeed of 1500 RPM was lower than
that of the top layers whereas the percentage pyrasd fiber diameter remained

constant.

Collection speed Fiber diameter (um) Pore diameter (um) Porosity (%)
500 RPM 24+02 16.2+2.7 51+0.2
1500 RPM 21+0.5 10.7+2.6 52+0.3

2Values taken from Table 20

Table 22. Membrane properties of EVAL-BSA-10 asymnigic filter

Upon whole blood filtration, it was observed thae tWBC adhesion on the
EVAL-BSA-10 membranes was reduced significantly ah@é RBC adhesion was
enhanced than those of neat EVAL [Figure 58 (&b change in platelet adhesion was
observed as a result of BSA immobilization. Intéregy, the speed of filtration was very
much lower for the EVAL-BSA-10 filter than that okat EVAL [Figure 58 (c)]. The
percentage hemolysis induced by the EVAL-BSA-10tefil was found to be
approximately zero [Figure 58 (b)].

Figure 59 and Figure 60 depicts the distributiogealfs through the various layers
of EVAL-BSA-10 asymmetric filter. From the microgmo images provided in Figure 60,
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it can be visualized that all the layers were hyghbpulated with cells. However, most of
the WBCs were present in top and middle layers tiwitom layer according to the SEM
(Figure 59) and microscopic images (Figure 60)ddition, it can also be inferred that a
higher amount of RBCs were present on EVAL-BSA-i@rf (Figure 60) than that of

neat EVAL filter (Figure 16) which is in good agneent with the quantitative data given

in Figure 58.
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Figure 58. Comparison of leukodepletion efficiencpf neat EVAL and EVAL-
BSA-10 asymmetric filters
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Figure 59. SEM analysis of adhered cells to the EMABSA-10 filter; (a-c) top

layer, (d-f) middle layer and (g-i) bottom layer atdifferent magnifications
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Figure 60. Histological examinations of stained ciss sections of EVAL-BSA-

10 filter membrane assembly. The arrow indicates t direction of blood flow

4.3. Comparison of leukodepletion efficiency of thearious modified and

unmodified filters

The leukodepletion efficiencies of various elegias membrane based filters viz
PAN, neat EVAL, PHEA-g-EVAL-60, EVAL-Gly-1%, PSMDB-EVAL-60 and EVAL-
BSA-10 were compared with each other in Figure ®Bhe efficiencies were also
correlated with their corresponding WCA. It candeen that out of the 6 filters compared
each have a different surface chemistry and wéithabThe PAN, neat EVAL, EVAL-
Gly-1% and EVAL-BSA-10 was found to hydrophobic ¥ehiPHEA-g-EVAL-60 and
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PSMDB-g-EVAL-60 were hydrophilic. The leukodepletidy hydrophobic PAN filter
was much poor than the hydrophobic neat EVAL filt€he overall efficiency was
decreased in the PHEA-g-EVAL-60 than that in nedAE. Among the two zwitterions
bearing EVAL membranes, the PSMDB-g-EVAL-60 washiyghydrophilic while the
other one, EVAL-Gly-1%, was highly hydrophobic. TRS&SMDB-g-EVAL, being the
most hydrophilic system, gave sufficiently high Kedepletion efficiency. In case of
EVAL-BSA-10 filter, the membranes were hydropholtia its leukodepletion efficiency

was lower than that of neat EVAL and EVAL-Gly-1%.
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Figure 61. Comparison of wettability, surface chenstry and leukodepletion

efficiency of the developed filters
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CHAPTER 5

DISCUSSION

Chapter 5 contains the discussion and interpretatidhe study results detailed in
Chapterd. The major findings of this study are correlatéth published literature in the

relevant field and interpretations made wherevesitde.

5.1. Fabrication and characterization and evaluatia of leukodepletion

efficiency of electrospun membranes

The concept of fragmentation of whole blood intoimas blood components has
brought great contributions to the transfusion Ha$ieerapies. However, the risks
associated with such component based therapies lateredisclosed from clinical trials
and practices. Thus it was identified that WBCssene in the donor blood cause several
complications in the recipient (Hogman, 1997; Kamal., 2009; Mijovik et al, 1983).
These catastrophes strongly recommended the leplatibe of blood and blood
products. Membrane based filtration of blood hasnberoven as the most versatile
method for leukocyte depletion. A numbers theselkiaf filters are available in market

and made the filtration process much easier.

The present study was aimed to fabricate a nowvettrelspun fiber based
membrane filter out of suitable blood compatibldypeers for effective removal of

leukocytes from whole blood. Electrospinning hasrbgroven successful for the
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generation of fibroporous matrices for various agions including biomedical
applications. Filter membranes are one among thewasthy uses of electrospun
membranes. A number of electrospun polymers haverted to be best membranes for
the purification of air and water (Guibet al, 2013; Guleet al., 2012; Zhanget al,
2010). Yet it seems like electrospinning has beencealed by the various other
conventional techniques when concerned with theridation of leukodepletion

membranes.

The present study focused on fabrication of mendramaterials by
electrospinning of highly blood compatible EVAL aR@N. Electrospinning of EVAL
has also been reported by previous researchersitsmulution in various solvents like 2-
propanol/water mixture 70/30 and 80/20 compositi¢fisSIP etc. (Kenawet al, 2003;
Namekawaet al, 2014; Xuet al., 2011). Some peculiarities like clogging during the
electrospinning of EVAL at a rate of 10 mL/h wetgserved. Similar effects during the

spinning of EVAL were also reported earlier (Kenaatyal, 2003).

DMF was used for the electrospinning of PAN as regabby previous researchers
due to its favorable boiling point and excellenbdoctivity (Jeuret al.,2015). The PAN-
DMF solution has a pale yellow color due to thejogation of CN bonds and the
resulting PAN fibers were highly delicate and flutb handle (Ji and Zhang, 2008). Due
to variation in the collector speed, it was expedteat the device is an asymmetric filter

device consisting of upper layers of more poroumbranes than the bottom layer.
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It is appropriate to study the morphological featuand pore properties of the
electrospun membrane to assess their performarmtk.tBe EVAL and PAN membrane
fabricated by electrospinning was composed of fimell packed, regular and smooth
network of fibers (Figure 10). Varying the flow eabf EVAL significantly altered the
fiber diameter. The maximum fiber diameter obtainveas 3um at a flow rate of 1
mL/min (Table 7). Increasing the fiber diameterttier beyond this limit resulted in loss
of polymer solution through dripping. The fiber ohieter was not much influenced by the

rotating speed of the collector (Table 7).

The suitability of the electrospinning techniquesvdisclosed from the tuned pore
properties of the membranes. The pore propertiehefelectrospun membranes were
investigated by means of ImageJ analysis. It wass&mi-Mobarakehet al who
introduced a novel method for porosity estimatignlimageJ analysis from the SEM
images (GhasenWNobarakehet al., 2007). The method is advantageous over to other
methods of porosity estimation because it is vemypke and measures the porosity of
various surface layers of the electrospun membréBbeasemiMobarakehet al., 2007).
The mean pores sizes of all the membranes wererigan the size of blood cells (Table
7). This ensures sufficient entrapment of leukaeyethe fibrous network while allowing
the RBCs to deform and percolate through the pofés higher porosity of the
membranes generated by method of electrospinniatsts expected to facilitate smooth

flow of the blood.
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The use of solvents in the process of electrospgqims sometimes disfavored
when the resulting membrane are intended to be fesdzlomedical applications. Hence
the evaluation of toxicity for the electrospun meantes is of great importance. The
findings reveal that there was a good interactibthe L929 cells with both electrospun
EVAL and PAN membranes (Figure 12). The morpholodyhe cells was preserved
when grown on both (Figure 12). The hemolysis causeelectrospun EVAL and PAN
was negligible and is less than 2 %, in thevitro study, which is safe according to the

reports of Dhandhayuthappaetial ( Table 8) (Dhandayuthapaeti al.,2012).

The developedmbeanes out of electrospun EVAL and PAN have
been evaluated experimentally by filtering wholedal. The results presented in Figure
14 emphasize that EVAL filter resulted in high lealitte removal as compared to the
commercially available filter while the PAN filteshowed very poor WBC depletion
efficiency. The retention of other components [IRBCs and platelets was also
established. The RBC adhesion to the EVAL filternmbeane was comparable to the
control while no significant change in platelet agion was observed. Interestingly, the
RBC and platelet adhesion on the PAN filter wasceably lower than those on the
control. The performances of the filters towardaktaepletion are mediated by the
physico-chemical and morphological properties of tmembranes. The surface
chemistry, surface roughness, wettability, poree,sjgorosity and fiber packing of the
membranes are believed to play pivotal roles irmeining its leukodepletion efficiency

(Matheiset al, 2002).
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The chosen grade of EVAL and PAN is inherently loydhobic as indicated by
their water contact angle despite of the hydroxedrng vinyl alcohol segments in EVAL
(Figure 11). Thus the membrane surfaces are sugposévite the proteins in their
environment and this pre-adsorbed protein may eérgdurther transport of leukocytes
and platelets. There are no available reports an ititeraction of CN groups on
leukocytes. However, previous reports by Cuetial strongly suggest that the hydroxyl
functionalities in the material surface play a Mitae in leukocyte adhesion (Curgs al,
1983). But other relevant properties of the devetbopmembranes also need to be studied

well to interpret the efficiencies (Brwet al.,1994).

Several researchers have suggested the possiblanigns of leukodepletion by
membranes but the exact mechanism is not yet nseideBruilet al., 1995, Natoriet
al., 2006). Here the approach of designing the asymmetambranes in the filter was
intended for the sieving of leukocytes due to theying pore sizes and facilitating RBCs
and platelets to pass through. Interestingly, tB¥$hotographs for the membranes after
filtration, highlights that the leukocytes were ppaed by sticking to the fibers
immediately when they came in contact with thengfe 15 and Figure 17). However,
the pore size and porosity, both in top layer aottdon layer, was helpful for the fine
passage of RBCs and was the reason for the high iRR&@tion after filtration for both
EVAL and PAN filter. The leukocytes were even wigdsbread throughout reflecting a
good interaction with the electrospun EVAL membré@fgure 15). Obviously, the vivid
vision of leukocytes sticking to the fibers in ti =M images strongly support that

leukodepletion mechanism was predominantly adhe@tagure 15 and Figure 17). But
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the PAN filter membranes had a very weak interactuith the WBCs as observed from
the SEM images. At the same time, the microscapages also reveal a comparatively
lower population of WBCs than those on EVAL filtmembranes (Figure 16 and Figure
18). These images also support the results of adhezll counts after filtration. So from
these observations, it may be concluded that thiokytes are removed by the developed

filer by means of adhesion mechanism rather thewirsy.

The assessment of true efficiency of leukodeplehigriilters is ascertained from
the magnitude of the cell adhesion/retention. Tiler$ are found to be reliable if the
residual leukocyte count after filtration is belewthreshold of 10while the exact count
varies according to different guidelines. Howeak the guidelines strongly agree to the
maximum retention of other functional and viabledd components. Here the residual
leukocyte count after filtration through the EVAleetrospun membrane filter was zero
or in other words, the filter could achieve 100&aKkodepletion while the results of PAN
filter was not satisfactory (Figure 14). Apparentlige RBC retention was significantly
comparable to the commercial filter while 5-10 %RBC loss due to adhesion to filters
is accepted (Sharnet al, 2014). Unlikely, the retention of platelets wasd pronounced.

It is also noticeable that the commercial filtersweoor in platelet retention and there was
no significant change in platelet retention betw#ancommercial filter and the EVAL
filter. It may be noted that platelets have a tewgeto adhere to material surfaces and
this issue of platelet adhesion is always encoadterherever whole blood is filtered. As
a consequence, the commercial leukodepletion dilkee employed after the removal of

platelets by centrifugation of blood (Natcet al., 2006). It was shown by previous
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researchers that the adhered platelets play a @y in promoting the subsequent
leukocyte adhesion to the filter membranes (Kjatdseagh and Golebiowska, 2002).

Hence the presented results are in good agreenignitiig fact.

The duration of filtration is also important in dreting the efficiency of filters.
The method of leukodepletion by filtration is les®me consuming when compared to
other leukoreduction methods, but further optimaato reduce the filtration time would
be desirable. The filtration time for developed BVAnd PAN electrospun membrane
filters was observed to be comparable to that ier commercial one [Figure 14 (c)].
Contradictory results were previously observed hyo@t al when they placed an
electrospun PBT layer at the exit of filter compmbse meltblown PBT layers. The
filtration time was dramatically increased from 2rbnutes to 65 minutes due to the

smaller pore size and poor wettability of the elegppun PBT layer (Guet al.,2013).

Thus, the results obtained for PAN filter suggestbdt electrospun PAN
membranes were not suitable for fabrication of lyigfficient leukodepletion filter. So it
was excluded from the study. But the overall penfance of the electrospun EVAL
leukodepletion filter clearly indicates that it mmparable to the performance of
commercial filter in complete removal of leukocytasd recovery of other functional
components. Even though the significant adhesigriai€lets is not acceptable, approach
of any surface modification technique for improvitige surface properties of the
electrospun EVAL membrane is expected to generaf@atelet retardant and more

efficient leukodepletion filter. Hence the develdpeVAL filter as such may be useful
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for the removal of both leukocytes and plateletamfrwhole blood and if modified

properly it may be an excellent leukodepletiorefitompetitive to the marketed filter.

The study also investigated the effect of filterusture, fiber diameter, pore
diameter and porosity upon the leukodepletion iefficy of EVAL filter. Previous study
by Bruil et al also investigated the effect of filter structume the leukocyte depletion
efficiency of open cellular polyurethane membrawéh pore sizes varying from 4um -
65um (Bruil et al.,1991). They concluded that asymmetric filter wagaadiageous to the
symmetric filter in all respects of leukodepletiocluding WBC adhesion, RBC retention
and hemolysis (Bruilet al., 1991). The present studies with electrospun nonewov
EVAL membranes are also in well agreement with (Rigure 19). Notwithstanding the
higher pore size of the EVAL-S filter than the loott layer of EVAL-AS filter, there was
a plugging of the cells as evidenced from the ddtaell adhesion (Figure 19), SEM
(Figure 20) and microscopic images (Figure 21) afious layers of EVAL-S filter.
Obviously the RBC retention through the EVAL-Sdiltwas also not satisfactory. So
from the light of these data it has to be infertiedt the leukodepletion by electrospun
non-woven are not influenced by the membrane pae Isowever sufficient pore size

may help in retention of other functional composent

It was also disclosed from Figure 22 and Figuretlst non-woven membranes
composed of electrospun nanofibers had a low cgpfacileukocyte removal. Umegae
al and Shirokazet al investigated on the effect of diameter of the risbi@ the PET non-
woven fabric on the leukocyte removal efficiencyhi(Bkaze, 2002; Umegaet al.,

1988). They found that very high leukocyte remavat obtained when the average fiber
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diameter varied from 1.dm to 3um. The efficiency of leukocyte removal significantl
reduced when the fiber diameter was increased le$em (Shirokaze, 2002; Umegae
et al.,1988). However no data is available on how th&deyte removal is affected when
the fiber diameter is lower than lui. In another study by Guet al, the authors found
that the use of a single layer of electrospun PBdmbrane having an average fiber
diameter of approximately 468 nm assembled with rnencially available melt-blown
PBT membranes with an average fiber diameter ofceqapately significantly enhance
the leukodepletion efficiency of the filter (Gebal.,2013). Excluding these, there are no
other reported studies on the effect of fiber dieanen leukodepletion efficiency. The
obtained results seemed to favor the findings ofeaeet al and Shirokazet al as a
very good leukodepletion with electrospun EVALdik with fiber diameters 1,8n and

3 um was observed (Figure 22, Figure 15, Figure 1@uré 25 and Figure 26)
(Shirokaze, 2002; Umegast al., 1988). The enhanced filtration time when the fiber
diameter was lowered to Oupfn is thus assigned to the high resistance offesethé
blood due to the small pores size, also supporyetthd findings of Guceet al [Figure 22

(b)] (Guoet al.,2013).

5.2. Preparation, characterization and biological ealuation PHEA-g-

EVAL

Photografting is a versatile method for modifyinge tsurface properties of
membranes or thin films (Khullket al.,2010). For the present studies, BP was used as the

photoinitiator. BP mediated photoinitiation has memsed by several authors for surface
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grafting and also for post modification of variopslymeric membranes (Nadst al,

2011; Ulbrichtet al, 1996; Wanget al, 2007; Yeet al.,2015). UV mediated reaction is
shown in Figure 62. In the presence of UV irradiatBP gets converted into a singlet
species having a short-life time. This singlet gggesoon relaxes into a triplet state. At
this point it can abstract hydrogen from the EVA4ckbone by inelastic collision and
creates an active site on the polymer surface. @dmsinitiate the graft polymerization of

HEA monomer onto EVAL surface.

o) OH OH
sacE S cas o
BP BP singlet BP triplet

oH OH
OO T

BP triplet EVAL HEA n PHEA-g-EVAL

Figure 62. Mechanism of BP mediated photograftingfoHEA onto EVAL matrix

The method of photografting by the addition of mer and initiator prior to
irradiation is almost similar to the “pre-swelliggafting method” reported earlier (Jansen
and Ellinghorst, 1985). It is a special graftingoegach in which the trunk polymer is
swollen in the monomer before irradiation. As aiteshe monomer gets absorbed by the
polymer matrix and the subsequent irradiation gaesr the graft copolymer and
homopolymer. Such homopolymers get locked insi@etthnk polymer which cannot be

removed by any known methods. Hence it becomesculiffto distinguish between
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homopolymerization and “true grafting”. The methotlowed in the current study was
not very different from this, and the chances ofrfimg the homopolymer, PHEA, along

with graft polymer cannot be ruled out.

In the ATR-FTIR spectra (Figure 27), the appeaganica new peak at 1735.6
cm® indicates the formation of carbonyl group derivednf grafted HEA. The peak
corresponding to O-H stretch in EVAL shifted fror@88cm’ to 3360 crit for all the
grafted films. The peak is found to be broadeninthwts intensities decreasing with
increase in UV exposure time. This can be attrithtieethe increase in the intermolecular
hydrogen bonding, the amount of which is proposdidio the concentration of available
hydroxyl groups. The observed increase in the D& alpports HEA grafting (Table
10). It may be noted that DG is a direct measurthefweight gained by the EVAL mat
as a result of UV irradiation. Since an extensixgaetion procedure have been carried
out, it is likely that all the unreacted monomed aoluble homopolymer formed, if any,
would have extracted out. So it can be inferred therease in DG is an evidence for
HEA grafting.

Changes in morphology of fibers as a result of HgAfting are shown in
Figure 28. These SEM images reveal that the elgmro EVAL mats consisted of
smooth and continuous fibers. The fibre diametes i@nd to be increasing with
increase in the exposure time in the beginningt@u0 minutes) [Figure 28 (g)]. This is
possibly because grafting might be the dominateagtion at these initial stages (Jansen
and Ellinghorst, 1985). As the reaction progresgesting sites might deplete and

homopolymer formation might dominate. Little changehe fibre diameter occurred at
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this stage. Similar observations have been rep@isivhere when glycidyl methacrylate
was grafted onto linear poly(ethylenimine) (¥ual, 2010). The SEM images reveal that
as a result of grafting fibers of different layduse together into a three dimensional
network. Wrinkling of the fibers are also obsenasia result of grafting. The wrinkle
formation is possibly due to the collapse of théndlyical fiber surface when the liquid
HEA monomer present on the surface and core offibtes get converted into solid
polymer through grafting and homopolymerizationeTEVAL fibers, which had in fact
been “wet” with the HEA monomers, were converted‘doy” PHEA-g-EVAL fibers
with fused and wrinkled morphological features.sThrocess increased the diameters of
PHEA-g-EVAL fibers greater than that of neat EVAhdrs. Both these observations are
more and more predominant with increase in UV expodime (Figure 28). These
changes in the fiber morphology and fiber diamefézr UV exposure further confirms

grafting.

The pore characteristics of electrospun fibropormes play a crucial role in
determining the physico-chemical properties, bimlalgactivity and biodegradability.
The pore diameter and percentage porosity waslagdclusing image analysis technique
and found that both of these parameters did ngt significantly even after HEA grafting
(Table 10 and Figure 29). The porosity and pore gias dependant on the fiber diameter
rather than DG. It was observed that there was argdyght increase in the fiber diameter
after grafting. As a result the porosity and poee slid not change substantially. Despite

the increase in the fiber diameter, pore diameterained more or less constant even after
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60 minutes of UV exposure. So it can be inferreat the photografting of HEA could
preserve the pore characteristics of electrospuALEV

It is not uncommon to modify hydrophobic polymerghahydrophilic moieties so
as to enhance its hydrophilicity. In the presentigtalso grafting of HEA resulted in a
significant reduction in the hydrophobicity of EVAdolymer (Table 10). The EVAL was
in fact hydrophobic with a contact angle 126 + @able 10) with water, in spite of the
hydroxyl functionalities derived from the vinyl allcol segment. All the grafted
electrospun mats were not as hydrophobic as ne&LEVhis is clear from the data
generated from contact angle measurements and QWlB€s. There was a non-linear
variation in the WCA values with different UV irredion periods. One possible reason is
the formation of highly hydrophilic homopolymer, EA. Depending on the amount of
PHEA formed, the values of WCA would vary. Anotlmeason is the uneven surface of
the mat formed due to grafting, homopolymerizatiagshing and drying. So while
measuring the WCA, exact point of contact betwéensurface of the polymer and water
droplet could not be detected with precision. Witlcrease in DG, contact angle
decreased and the CWST values increased (TableTfi®)EVAL surface became very
hydrophilic after 60 minutes of UV exposure as wWeder droplet placed on these mats
got wet and spread during contact angle measureitsetit Zhouet al found that the
water contact angle for EVAL with 44 mol % ethylewas 90 ° and decreased to 65 °
when modified with PC (Zhoet al., 2007). The effect of grafting on the wettability of
EVAL was also estimated by CWST. This method wavipusly studied by Lewist al,

where polyethylene terephthalate (PET) nonwoveridatas coated with a copolymer of
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MPC and lauryl mathacrylate (LMA), from alcohol-agus derived and alcohol only
copolymer solutions (Lewist al.,2000). The copolymer coating enhanced the wettgbili
of neat PET, indicated by the rise in CWST frorm@l@/m to 58 mN/m and 65 mN/m for
alcohol only and aqueous-alcohol copolymer coagmlgtions, respectively (Lewest al.,
2000). Yanget al presented similar reports of improved wettabiéfter grafting various
hydrophilic monomers to poly(butylene terephthglateonwoven fibrous matrices
(PBTNFM) (Yanget al., 2011). The CWST of unmodified PBTNFM increased rafte
grafting and was influenced by the type of monoaret UV exposure time. HEA grafted
PBTNF could achieve a CWST of 87 mN/m, (50 mN/m tloe neat PBTNFM), after
irradiating with UV for 49 minutes (Yangt al., 2011). With electrospun EVAL, HEA
grafting could increase the CWST to 81 mN/m whea W exposure time was 50

minutes (Table 10).

The mechanical properties of the electrospun oegralso play a significant
part in determining the end use of the materialudllg mechanical properties such as
tensile strength, elongation at break, etc. for éhextrospun fibroporous mats are a
function of fiber properties like orientation, fibsize, fiber-fiber bonding, porosity, etc.
(Wanget al., 2004). The stress-strain properties of electrodpdAL and HEA grafted
EVAL follows that of a typical semi-crystalline pwher (Figure 30). The technique of
electrospinning also allows control over the meatanproperties of biomaterials. For
instance, hot pressed EVAL membranes had a tessiagth of 13.39 + 0.45 MPa,
Young’'s modulus of 326.78 + 15.57 MPa and fracgitrain of 39.59 + 5 % (Zhoet al.,

2007). Ample differences in these properties weoticad in the studies as well.
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Electrospun EVAL, before modification by HEA grails, exhibited a tensile strength 6.8
+ 0.5 MPa, Young’s modulus 150 + 14 MPa and elaogadt break 42 £ 5 % (Table 11).
HEA grafting resulted in decreased tensile strergith Young’s modulus and increased
elongation at break which would possibly due toypwr degradation caused by UV
radiation initiated reactions between BP tripled d&VAL chains. The grafted HEA
chains would reduce the interaction between the E¥Aains and this could be another
reason for the decreased tensile strength. Inate&seture strains and decreased
Young's moduli of grafted EVAL mats could be attribd to the plasticization by the
polymerized HEA chains within the EVAL matrix (Tabl1). The §of neat electrospun
EVAL was 82.6 °C (Table 4). Changes igdnd the storage modulus were observed as a
result of modification but a clear trend could betdeduced (Table 11). This is probably

due to the variation in the degree of homopolynaitn happening within the matrix.

Assessment of biocompatibility of polymeric matési is a vital part in
developing new biomaterials, or when modifying angxisting material.
Hemocompatibility is an essential criterion whilelexting any material for blood
contacting applications. Here the influence of H&Afting on the hemocompatibility of
EVAL was studied quantitatively and qualitatively monitoring the changes in blood
composition and blood-material interactions whesséhfibers were kept in contact with
blood in vitro. So properties such as hemolysis, plasma protdsorption, RBC
aggregation, platelet adhesion, coagulation, comeie activation and blood cell
consumption were studied. Hemolysis can happenyat@cumstances where a material

in contact with RBCs is in a highly stressed cdoditand can be altered by physical or
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chemical modification. Electrospun EVAL showed aniodysis of 2.3 + 0.5 % before
grafting (Table 12). With HEA grafting, the hemdlyslecreased significantly. Hemolysis
of all the HEA grafted EVAL mats fell within the eeptable level of 5 % (Table 12)
(Dhandayuthapanet al, 2012). HEA grafting also affected the protein agson,
platelet adhesion and aggregation properties of EVReduced hydrophobicity of HEA
grafted EVAL decreased the plasma protein adsorgiito EVAL (Table 12), which is
the triggering factor for platelet adhesion. Thus HEA grafted EVAL was found to be a
platelet repellant material compared to neat EVBimilar observations were reported by
Zhou et al when a melt molded micro-porous EVAL membrane vathylene contents
27, 38 and 44 mol %, were modified with PC moie(i&sou et al.,2007). The grafted
PC moieties could enhance the hydrophilicity of HVand further could suppress the
BSA adsorption (Zhowet al., 2007). Linet al also highlighted the triggering action of
protein adsorption to platelet adhesion. They aahedl that heparin immobilization on
polyacrylonitrile membrane, prepared by phase sieer method, could enhance the
hydrophilicity and ultimately decreased the plaspratein adsorption and platelet
adhesion from human PRP (Lét al.,2004). The absence of RBC aggregation before and
after HEA grafting also contribute to the hemocotiiplity of HEA grafted EVAL
(Figure 31). Exposure of PRP onto neat and HEAtgdaEVAL altered PTT and
expression of fibrinogen (Table 13). The prolongdd obtained for the materials tested
seemed to favor the proposed end use of the mafEhia change in clottable fibrinogen
level may be ascribed to smaller degree of plategvation. However, the effect of HEA

grafting on the degree of fibrinogen adsorption BYAL was negligible (Table 13).
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Complement activation is another important factetedmining the hemocompatibility of
biomaterials or medical devices. Polymeric materighn initiate the complement
activation via the alternative pathway. The phenmoneinvolves a series of sequential
events resulting in the release of several anapiwilo peptide fragments of the
complement proteins (Marcost al.,2000). C3a is one among several other peptides of
such kind and the quantification of generated G3a igeneral way of assessing the
complement activation. Here the HEA grafted EVALrevecreened and selected samples
were evaluated for the complement activation. THeAHgrafted EVAL obtained at
higher UV irradiation periods were evaluated. Tlesults highlight that there was a
significant change in the percentage of generat8d &fter exposure to plasma as a
function of UV irradiation time (Table 13). It ids@ noteworthy that C3a generated after
PRP exposure was lower in the case of EVAL matsiftAdiated for 50 and 60 minutes.
The percentage of C3a generated for the 40 andit@es of UV irradiated EVAL mats
fall within the uncertainty level of 10 %. In thatter case, since the adsorption and
desorption of C3 to the materials cannot be negtedhe lower concentration of the C3a
after exposure may be due to the un-activated Hedd€3 (Hussaiet al, 1998; Marconi

et al, 2000). Therefore, it can be inferred that the HffAfted EVAL did not activate the
complement system. The cell adhesion to the mégeisaalso a significant issue in
deciding the hemocompatibility. It was observedt tekectrospun neat EVAL had a
tendency to attract the leukocytes and RBCs. Tikoleyte consumption nature of EVAL
was preserved even after HEA grafting (Table 13jsTan be attributed to the fibrous

texture due to electrospinning and presence ofdxydigroups (Curtiset al., 1986). The

147



concentration of hydroxyl groups was also increasfezr UV treatment as a consequence
of HEA grafting. The studies of Curte al also support this observation. In addition, the
increase in the fiber diameter after grafting pded more adhesion sites for leukocytes
(Curtis et al, 1986; Curtiset al, 1983; Leeet al., 2001). At the same time the RBC
adhesion was found to be decreasing with increasbhe degree of grafting with HEA
(Table 13). This phenomenon can be clarified onbidgs of hydrophobic interaction of
the presented polymers with the lipid bilayer of ®B(Liu et al, 2012). The reduced
hydrophobicity after HEA grafting and the introdiect of hydroxyl groups onto the
EVAL backbone were effective in reducing the RBCheslon onto the electrospun
EVAL fibers (Liu et al, 2012). The present studies suggest that graftitrdEA would
reduce RBC adhesion and this method is suitablenfadification of any existing filter
material. The leukodepletion efficiency of the PHBEAVAL membranes was also
studied. It is interesting to note that the WBC exlbn as well as the platelet adhesion
was significantly reduced after the grafting. Ths attributed to the enhanced
hydrophilicity of the PHEA-g-EVAL membranes thatetk could be formation of a
hydration layer around the membrane on their imatedcontact with blood (Kitanet

al., 2005). This hydration layer is supposed to bengfrdue to the strong hydrogen
bonding interactions between the OH groups fromrtembrane and the surrounding
water molecule. In such a case the leukocyte psmdia were unable to reach the fibers
for attachment (Lin and Chuang, 2000; Westal, 2004). The present studies suggest
that grafting of HEA would reduce platelet adhesemd this method is suitable for

modification to enhance the overall hemocompatibdf any existing filter material.
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5.3. Preparation, characterization and biological ealuation of EVAL

membranes functionalized with zwitterionic systems

5.3.1. Preparation and characterization of EVAL-Gly

Glycine, the simplest amino acid, is a less comsilesystem for modifying the
properties of polymers. It has particularly accdpas a model system for studying the
polymorphic crystallization behavior (Cheat al., 2007; Poornacharet al., 2007).
Several researchers have carried out the modditatf various polymers by
incorporation of glycine containing peptides antlentglycine derivatives, especially a
glycine derived zwitterions, glycine betaine (GBJaideen Ket al., 2016; Pepinskyet
al., 1958). Notwithstanding its non toxicity and biottionality, the incorporation of pure
crystalline glycine to polymer matrix by direct metls has not been executed much. In
the present study, an effort was made to incorpogiycine to the EVAL fibers by

electrospinning and to examine its effect on th@owes blood-material interactions.

Figure 37 confirms the presence of glycine in théAE matrix due to the
appearance of a peak corresponding to the COCeigltftine. When compared with the
previous studies by Isakast al where glycine was present in free form and éfual
where glycine was in the grafted form, the positafnthis peak was observed to be
somewhere in between the corresponding wavelengtisrted by them (Isakost al.,
2011; Yuet al.,2014). This hints that the incorporated glycinbasded to the EVAL by
hydrogen bonding interactions. Moreover the intgnsi the peak at 3288 chin EVAL

for the OH stretch has been increased predominamttile EVAL-Gly-10 % which is
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accounted for the OH stretch of EVAL associatediwiN - - - O stretch as a result of the

interactions between glycine and EVAL (Isalehal.,2011).

Little effect was observed on the morphological eggpnce of the EVAL fibers
after addition of glycine (Figure 38). However, thaiced decrease in the fiber diameter
and pore diameter at higher glycine loading is @wim the enhanced charge density of
the polymer solution imparted by the polar glyciwhich in turn caused a greater
stretching force experienced by each fiber whikcbspinning (Table 15) (Hemmat
al., 2015). The wettability of EVAL membranes was affected by the glycine loading
(Figure 39). This seems to contradict the precedapgrts, however, it has to be assumed
that the concentration of glycine specified in tugrent study was deficient to raise the

hydrophilicity and wettability of EVAL (Moideen ¢t al.,2016).

It is consequential to analyze the release charsiits of glycine since the
released glycine is expected influence the varmasd parameters when in contact with
whole blood (Lyapinat al, 2003). It can be seen from Figure 40 that theas a burst
release of glycine during the initial phase, and thlease was sustained after 2 days.
Minute concentrations of glycine were releasechioRBS within the initial hours and it
is necessary to understand the effect of thesehbyint vitro blood compatibility

evaluation.

5.3.2. Preparation and characterization of PSMDB-g=VAL

The sulfobetaine systems possessing zwitter ioniieties are receiving a lot
attention as highly blood compatible materialseoent years (Cheet al, 2005; Yuaret
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al., 2003a). Thus several polymeric biomaterials iditlg membrane materials have been
easily modified so far either by coating or by dewdly linking with various kinds of
sulfobetaines in order to enhance their hemocomititi The present study focused on
functionalizing EVAL leukodepletion filter membramenith SMDB by UV grafting
method.

The effect of modification of membranes that dracadly altered the physico-
chemical and blood contacting properties of EVALrevenvestigated. The EVAL
membranes were successfully functionalized by iatady the membranes as such
electrospun from mixture of photoinitiator and SMDi®nomer. This was evidenced by
the appearance of new absorption peaks corresgpialthe amide and sulfonate groups
in the ATR-FTIR spectra provided in Figure 42. ®hefting of OH peak in neat EVAL
to higher wave numbers also hints the functionabmawith SMDB (Figure 42). These

observations also agree well with the literaturea@et al., 2011).

No detrimental effects on the fiber morphology wesbserved after SMDB
functionalization as visualized in the SEM imagé&sg(re 43). However, the fiber
diameter was remarkably increased with increasetha UV irradiation time.
Successively, fiber diameter of neat EVAL was iased from 1.8 + 0.1 pmto 2.3 £ 0.3
pm after 60 minutes UV irradiation (Figure 44). Tinereased fiber diameter can be
ascribable to the formation of SMDB graft EVAL cdypmer, mediated by the

photoinitiator, as a result of UV irradiation (Zhaal, 2010).

It is also important to highlight that the wettayilof electrospun EVAL membranes

was drastically affected by SMDB functionalizatigh significant decrease in the WCA
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of EVAL was observed as a function of UV irradiatibme (Figure 44). The SMDB
grafted EVAL became hydrophilic after 60 minutesWy irradiation indicated by its
WCA of 69 + 11 °. It is also noteworthy that the W@alues vary proportionally to DG.
This decrement in WCA values further supports thecfionalization and emphasize that
the grafted SMDB chains are hydrophilic in agreeimeith Changet al (Changet al,
2012).

Figure 46 shows an increment in the DG as a funabb UV irradiation time
while the photoinitiator concentration was 4 wt Btawever, the maximum DG obtained
as a result of 60 minutes of UV irradiation was milawer than that obtained by Yasg
al (Yanget al., 2011). This difference can be attributed to therpmailability of the
monomer and initiator when these are locked infithers during electrospinning. Hence
the approach adopted in the current study perrhigsmodification of membranes to
improve the desired properties, but to a limiteteak

The pore properties before and after functionabratvere also investigated by means
of ImageJ analysis. The results presented showfisamt variation neither in the pore
size nor in the percentage porosity as a resuBMBD functionalization (Table 17).

Thus it seems that the functionalization retairrerhembrane pore characteristics.

5.3.3. Biological evaluation of EVAL-Gly and PSMDBg-EVAL

It was also necessary to understand the effectmifezion functionalization on the
extent of various interactions with blood composentnterestingly, both the
functionalizations — incorporation of glycine ankopografting of SMDB - did not seem

to particularly influence the protein adsorptiorddaWBC adhesion, however, drastically
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reduced the RBC adhesion and hemolysis (Table 16 Table 18). In case of the
adhesion of platelets, surprisingly, the resulespnted a substantial difference when the
functionalized EVAL was exposed to PRP and whotmtl(Table 16 and Table 18). In
order to manifest the mechanism of these intenastithe role of material parameters like
surface chemistry, wettability and membrane pooperties needs to unveiled. Previous
studies have shown that zwitterionic systems sheluctance to protein adsorption
because of the formation of a hydration layer adoits own charged groups (Kitared
al., 2005; Lin and Chuang, 2000; Wettal, 2004). However, in the presented data, the
degree of grafting as well as the wettability wadyomarginally enhanced after the
functionalization with SMDB while EVAL-Gly membrasewere still hydrophobic.
Hence it may be assumed that the interaction ofuhetionalized membranes with water
was poor and thus the strength of the hydratioerlayas not sufficient to prevent the
protein adsorption. Moreover, the proteins are astgfc, having both positive and
negative regimes. Hence at the interface, it migigpen that the quaternary ammonium
acid groups present in both glycine and SMDB irdesravell with the counter charges in
the protein. Thus it has to be concluded that #larizce between the ionic interaction and
the weak hydration layer resulted in the stabiityprotein adsorption. The disparities in
the adhesion of WBCs, RBCs and platelets aftertfonalization can also be interpreted
based on the hydration layer. When whole blood wa#ewed to pass through the
zwitterion functionalized membranes, although thembrane pore size was pretty much
larger than the size of WBCS, the pseudopodia ofo&/Bould readily penetrate the weak

hydration layer and reached the fiber surface tachtfirmly (Kitanoet al., 2005). But,
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when it was RBCs, since the lipid hydrophobic lipiedayer repelled the hydration layer
and caused their fast deformation allowing mosttted RBCs to pass through the
membrane (Litet al.,2012). Hence it can also be inferred that littlegsure was exerted
on the RBCs which is evident from the decreasedgoeage of hemolysis after both type
of zwitterion functionalizations. Accompanying tN€BC adhesion, the platelets from
whole blood were not able to interfere with the taybn layer. Nevertheless, the platelets
from PRP were directly exposed to the hydrationetagf the glycine and SMDB
functionalized EVAL. In the same way, the SEM imagef the EVAL membranes
exposed to PRP distinctly indicate that there wasubstantial adhesion as well as
spreading of platelets on bare EVAL and the pl&teteemed to be detached from the
membrane surface after the zwitterion functionaikira(Figure 41 and Figure 47). This
hints that the there was some sort of platelevaiitin caused by the bare EVAL which
prompted the platelets to extent their pseudoptadieold the fiber surface (Kitaret al.,
2005). However, the zwitterion functionalizatiooutd explicitly reduce the activation of

platelets and thus ensured a decreased platelesiadh

As a result of whole blood filtration, the WBC adi@ from whole blood on
PSMDB-g-EVAL was lower than that of EVAL-Gly due te higher hydrophobicity of
EVAL-GIly (Figure 49). This in turn offered a resiste to blood flow and resulted in the
increment in the duration of filtration. Additiomglthere could be a high clogging by the
adhered WBCs as evidenced from Figure 51 that #tention of RBCs was
comparatively lower than that by the PSMDB-g-EVAEidure 53). However, the

substantial platelet recovery from both the zwitteic systems was not observed.
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Therefore, on appraising the overall interactiong the various zwitterion
functionalized EVAL membranes with the various ldammponents, the modifications
imparting zwitterionic moities can be recommendadeinhancing the hemocompatibility
of various polymeric membranes and especially foodb filtration through non-woven

membranes.

5.4. Preparation, characterization and biological ealuation of EVAL-

BSA

Reducing the thrombogenecity associated with bienss by the proper surface
modifications have been of keen interest for tleeaechers. Along with other successful
methods, modification by coating or covalent attaeht of albumin to the substrates
have been proven versatile to reduce the protesoraton, platelet adhesion and
activation thereby enhancing the overall hemocoibpi&¢ for the blood contacting
biomaterials (Livet al, 2005; Maalegt al.,1999). Various precursors have been used till
date for the immobilization of BSA to the biomatdsi Among these, dopamine and

polydopamine (PD) have acquired more attentiom@k al, 2011).

An attempted to covalently immobilize BSA onto étespun EVAL membranes
by means of pre-coating of polydopamine was exécutee mechanism for this reaction
as proposed by Zhet al is provided in Figure 54 (Zhet al, 2011). Dopamine is
neurotransmitter which readily undergoes oxidatigelymerization to form PD
particles/aggregates under alkaline conditionsn@et al, 2011). An import feature of

this PD is that it makes a very strong attachmerthé substrate by covalent and non-
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covalent interactions like- © interactions and electrostatic interactions (etal., 2006).
Thus the newly generated PD layer remains stabdedamable for a long time in all
conditions excluding highly alkaline environmenteéet al., 2007). Thus the PD layer
also furnishes its reactive functionalities forthar attachment of desirable molecules and
imparting the required properties to the substtéiereby. Consequently, lot many
polymers have been functionalized by attachmendlifiérent molecules by means of
adherent PD layer in order to enhance the wettgbdell adhesion and biocompatibility

(Leeet al, 2009; Waite, 2008).

The formation of PD and its further reaction witls/ on EVAL surface have
been evidenced by structural, morphological, andtabdity analysis. A new peak
corresponding for the C=0 stretch in PD has beatufed in the ATR-FTIR spectra
(Figure 55). Many researchers have also notedpra& confirming the attachment of PD
layer (Zhuet al, 2011). Further after the BSA immobilization,slneak was replaced by
another peak which could be primarily due to theDGstretch of Amide | band derived
from BSA. Interestingly no other peaks of Amideahl were visible at lower wavelength
(Figure 55). This leads to the point that the ;Ndloups of BSA were involved in the
reaction with PD. Thus it is also concluded tha®Bf&as not simply physically adsorbed
to the PD coated EVAL membrane, but covalently chttal. Interestingly, the SEM
images reveal the formation of PD particle aggregan EVAL surface [Figure 56 (a)].
Similar observation was also previously publishgdJmanget al (Jianget al, 2011).
However, the concentration of PD particles disapgebafter reacting with BSA retaining

the smooth morphology of the EVAL fibers. The peggive increment in the fiber
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diameter after the reaction with BSA also supptotgheir successful immobilization
(Table 20). The effect of BSA immobilization on thettability of EVAL membranes has
also been studied. The results presented indid¢ate the EVAL membranes became
slightly hydrophilic after the PD formation (TabR0O). This is obviously due to the
presence of hydrophilic catecholic groups deriveninf the PD (Ballet al., 2012).

However, the WCA values were raised after BSA imitimdiion. This stipulates that the
BSA chains were hydrophobic in nature. Similar obston was previously noted by
Weng et al when BSA was immobilized to anatase 7Tifdm by means of pre-treated

phosphoric acid (Wenet al.,2008).

The effects of BSA immobilization were clearly ik from the data oin vitro
hemocompatibility evaluation. Thi@ vitro platelet adhesion was effectively decreased
when the EVAL-BSA membranes were exposed to PRRgchms in accordance with
many other studies (Table 21 and Figure 57) (Dei@uest al, 1997; Zhanget al,
2013). It was surprising to note that the plasmatgin adsorption and percentage
hemolysis was gradually increasing with increaséha BSA concentration (Table 21).
This may be ascribed to the active —COOH groupthefBSA, as they bring about an
effective bonding between the various proteinslasima. Moreover the BSA chains will
also invite other proteins in the environment u#ttely resulting in a high protein
adsorption. In resemblance to this, a studyfalalso demonstrated that -COOH groups
encourages the protein adsorption as they obsefw®&L membranes in-situ
functionalized with citric acid had significantlyigmer protein adsorption than the

unmodified EVAL (Fuet al, 2016). Thus when whole blood was kept in conteith
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EVAL-BSA membranes, most of the proteins was ad=rto its surface (Fet al,
2016). The effects due to this phenomenon is afleated in other parameters also the
WBC adhesion and platelet adhesion from whole blyad maintained while the RBC
adhesion was reduced (Table 21). The formation pfodein layer on the EVAL-BSA
membrane surface will facilitate the fine adhesainWBC and this WBC layer will
further enhance the subsequent protein adhesioas3oresult of these adhesions, it is
expected that pores of the membranes might be etbaggth cells and proteins. In such a
case the RBC might find it difficult to pass thrbuthe membrane pores. This was also
evidenced by the application of a high successibitevwperforming then vitro blood cell
consumption studies. Obviously, the RBCs were stpebéhrough the pores resulting in a

high degree of lysis (Table 21).

Notwithstanding the several published reports anithvitro hemocompatibility
of BSA functionalized biomaterials, there is no\poeis data on the leukodepletion
efficiency by such membranes. Hence the whole blg@tion experiments through
EVAL-BSA membranes were carried out because sudhta will be beneficial for the
forthcoming investigations. Asymmetric filter, wittlifferent pores sizes for top and
bottom layers, were fabricated and blood was altbwee percolate through the filter
immediately after priming with PBS. The obtainedulés of cell adhesion highlights that
the WBC adhesion was decreased after the filtrattbich shows that -COOH had a
moderate affinity towards the leukocytes (Figurg &@&nget al.,2011). Also there was a
high platelet adhesion, but the quantity of whichswnot different from that of neat

EVAL, which is in accordance with the vitro study results. The poor retention of RBCs
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and the significantly lower filtration speed thréuthe EVAL-BSA filter suggests the
pore plugging effect imparted by the adhered cafld proteins, as supported by the
microscopic images (Figure 59). Thus the obtaireslilts demonstrate that the BSA
functionalization could alter the hemocompatibildf the EVAL membrane# vitro,

however could not significantly improve the leukpligion efficiency.

5.5. Correlation between surface chemistry, wettabty and

leukodepletion efficiency

In the present study, the leukodepletion efficieacof the various electrospun
membrane systems having a range of surface fumdiiies and wettability were
investigated. So it is now ideal to arrive at arelation between the material chemistry,
wettability and leukodepletion efficiency. Previbusrang et al established such a
correlation exclusively between the surface chemammposition and cell adhesion,
however the wettability was not associated withséh¢Yanget al 2011). From the
various systems those were experimented in the stugkneral conclusion can be drawn
that hydrophobic substrates promote WBC and plataiwesion, thus providing high
leukodepletion efficiencies (Lim and Cooper, 199@arious modifications altered the
WBC adhesion as well as the platelet adhesiors. ¢dlear from Figure 61 that wherever
the membranes were hydrophilic, there was a pookolgepletion, however some
modified systems gave excellent leukodepletion ewvgh the hydrophilicity associated
with them. The following facts can also be dedufredn this comparison chart. -CN

present in PAN did not show an effective interactigth the WBCs while the OH groups
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had a strong affinity towards the WBCs. The begé#iciency by EVAL-Gly-1% was
exclusively due to the high degree of hydrophobiaitd the presence of zwitterions than
the other zwitterinoic sulfobetaine system. Thuscain be identified that the most
hydrophilic system, the PSMDB-g-EVAL-60 membraneavey a sufficiently high
leukodepletion and leads to the conclusion thatstiréace chemistry was in such a way
to promote the leukocyte adhesion despite of tiaeeed hydrophilicity and wettability.
Similarly the PAN filter, being highly hydrophobigould not offer a satisfactory
leukodepletion performance and this may be dubdaveak affinity of -CN functionality
towards the leukocytes. The leukodepletion by EMBSBA-10 filter was a little lower
than the EVAL despite of its high degree of hydmiphity. This is because of the poor
interaction of WBCs with the -COOH groups derivedni BSA chains, while its own
NH; groups were bound to the PD spacer while immatiibn.Based on these facts, the
relative order of leukodepletion efficiency for thgstems with various functionalities
those were explored in the current study can bemngi@s —CN << -COOH < OH =
N*(COO) < N(SG). It is now inferable that the membrane modifimat by
sulfobetaine moieties can be well executed fovm®us leukodepletion filters, however
the hydrophilicity of the resulting membranes hasbe tuned properly in order to
accomplish 100 % leukodepletion. Such a data iseeepd to be beneficial for the
forthcoming investigations while developing and igemg efficient electrospun

leukodepletion filter membranes.
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CHAPTER 6

SUMMARY AND CONCLUSION

6.1. Summary and Conclusions

It has been identified and clinically proven thatess number of leukocytes in
the donor blood might cause some adverse readtidhg recipient during the process of
blood transfusion. Thus a number of commercial delgpletion filters serves to reduce
the leukocyte count to the safe limit in order tey@nt the occurrence of these reactions,
however, their high cost and significant platekrhoval has prompted the researchers to

go in search of alternative membrane materials kvban overcome these limitations.

Electrospun polymeric non-woven membranes havemmath been taken into
serious consideration for developing leukodeplefitiaers. Hence the primary objective
of the present study is to address the above proliig exploring the feasibility of
electrospun poly(ethylene-co-vinyl alcohol) (EVALand polyacrylonitrile (PAN)
membranes for leukodepletion. The morphologicaltuies of the membranes were
studied by SEM analysis. The membranes were hydtmphbiocompatible and non-
hemolytic. Leukodepletion filters were designed ofitthese membranes by stacking
them in an acrylic case and their efficiency waseased by whole blood filtration. The
developed EVAL asymmetric filter showed a high ledé&pletion efficiency while the
PAN asymmetric filter gave a poor performance tfeeseeliminated from further studies.

Effect of fiber diameter and filter structure oretleukodepletion efficiency of EVAL
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filters were also successfully deduced. Thus it wdsrred from this initial phase of
study that asymmetric EVAL filters with fiber diatee 1.8 - 3um and appropriate pore
diameter could offer very good leukodepletion perfance which was comparable to the
commercially available filter. The morphology andtdbution of the WBCs adhered to
the filter was also examined by SEM and histalabianalysis. Notwithstanding,
significant platelet loss by adhesion to EVAL filtmembranes was also noted which

needs to be considered further.

Several reports suggested that the adhesion ofildells onto membranes during
leukodepletion is highly dependent on their surfabemistry and wettability. So by
tuning the surface properties in the most desirafalg, it is possible to enhance the WBC
adhesion, and the RBC and platelet retention. Hethee various approaches for
modifying the EVAL membranes thereby altering treirface properties so as to reduce
the platelet adhesion were adopted. Selected hmaidtimoieties including acrylates,
zwitterionic systems and proteins which can inhib#lective platelet adhesion was
carefully chosen for the modification. Thus EVAL mmeranes were modified by
photografting with 2-hydroxyethyl acrylate (PHEAE)/AL) and N-(3-sulfopropyl)-N-
methacroyloxyethyl-N,N- dimethylammonium betaine  SKDB-g-EVAL),
functionalization by incorporation of glycine (EVAGly) and, immobilization of bovine
serum albumin (EVAL-BSA). The PHEA-g-EVAL and PSMBBEVAL membranes
were prepared by UV induced photografting of thenomers with the aid of
benzophenone photoinitiator. The UV irradiation dirwas varied in order to obtain

membranes with different degree of grafting. Glgcimas directly incorporated to the
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EVAL membranes during electrospinning while BSA wimsmobilized to EVAL

membranes utilizing the reactive polydopamine egatChemical characterization of the
various modified systems using ATR-FTIR confirmée successful modifications and
the wettability studies demonstrated the hydropityliof the modified EVAL membranes
were enhanced after the modification except forcigly functionalized and BSA
functionalized membranes. The DG of PHEA-g-EVAL arfdSMDB-g-EVAL

membranes were found to be increasing with incréagbee UV irradiation time. The
effects of these modifications on the morphologigabperties of the membranes
including the fiber diameter, pore diameter andceetage porosity were also well

established. The release of glycine from the EVA-@embranes was also investigated.

Prior understanding about the degree of variousractions of the modified
EVAL membranes with blood is necessary before agsgstheir leukodepletion
efficiency. Hence arin vitro hemocompatibility evaluation was performed and the
various blood parameters like vitro hemolysis, plasma protein adsorptionyitro RBC
aggregation, platelet adhesion, coagulation assapplement activation and blood cell
consumption were analyzed. All the modificationkamced the overall hemocompaiblity
of EVAL membranes by reducing the hemolysis, protisorption, RBC adhesion and
reduced the platelet adhesionvitro when the modified membranes were exposed to
PRP except for EVAL-Gly and EVAL-BSA systems. Imstingly the protein adsorption
remained unchanged in EVAL-Gly while it increasedBEVAL-BSA at the same time

increasing the hemolysis. The PHEA-g-EVAL membragielsnot affect the coagulation
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cascade and activate the complement system. Thesiadhof WBC, RBC and platelets

from whole blood were also varied to different deggr as a result of modifications.

The evaluation of performance of the various medifimembrane systems
towards leukodepletion efficiency was also undemalby filtration of whole blood
through asymmetric filters composed out of seleatezginmbranes from each modified
systems. Thus PHEA-g-EVAL-60, PSMDB-g-EVAL-60, EVARly-1 and EVAL-BSA-
10 membranes were evaluated. The overall leukotieplefficiency of PHEA-g-EVAL-
60 filter was significantly lower than that of neBWAL filter while for all other
membranes systems, the leukodepletion efficieny masmuch different from that of
neat EVAL. The filter membranes were further eveddaby SEM and histological

analysis in order to get an idea about the digiobwf cell through various layers.

It was also found admissible to derive a corretabetween the surface chemistry,
wettability and leukodepletion efficiency of therias electrospun membranes by
analyzing the data collected for all the modified ainmodified systems. The presented
data insinuate that hydrophobic membranes are suétstd for leukodepletion filter but
may be associated with high platelet adhesion. Wewen order to design an ideal
leukodepletion filter with high retention of othéunctional and viable components,
membranes with appropriate surface chemistry artthiigty has to be identified. From
the various surface functionalities that were ekpented, the zwitterions bearing
sulfobetaine systems has proven to have the hifghitaffor leukocytes and giving a

substantially high leukodepletion efficiency despdf the hydrophilicity. Thus, along
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with the other current techniques, the techniqueslettrospinning can be explored in

future for the fabrication of membranes for leukglééon filters.

To conclude the thesis presented was an extengerag to disclose the potential
of electrospinning technology for developing exeell leukodepletion filters with
idealized properties. By the selection of suitddd®d compatible polymers cost effective
and highly efficient leukodepletion filter membranean be easily fabricated by
electrospinning. It was also shown that there asgious surface modification
perspectives which are practicable for altering phgsico-chemical properties of the
electrospun leukodepletion filter membranes in prderesolve the limitations of the
commercialized leukodepletion filter. Further eféom search of novel electrospun filter
membranes are expected to lead to the commertiatizaf productive and profitable

electrospun polymeric membrane based leukodeplétiers.
6.2. Limitations of the Study

The present study explored the feasibility of efespinning technique for the fabrication
of leukodepletion filters. The study also undertdlo& various modification strategies to
improve the leukodepletion filters in detail and #ie reported experiments were
performed with small volume of blood. Nevertheldhks, relation between the filter depth
and volume of the blood filtered or the designtstyees of the filter in order to achieve

effective filtration of one unit of blood could nbé evaluated due to limitations.
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6.3. Future perspectives

In future, the work can be extended by electrospmrof various other blood
compatible polymers and to inspect their leukodepteefficiency. Thus various other
membranes can also be identified. A detailed evialiaf blood-material interactions by
studying the platelet activation and complemenivatibn due to the material, filtration

process and filter design can also be undertaken.
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APPENDIX

Preparation of phosphate buffered saline (PBS) pH.Z (1000 ml)

The following salts were taken for 1000 ml of PBS

Sodium Chloride (NacCl) -8.00¢
Potassium Chloride (KCI) -0.20g
Disodium hydrogen phosphate (R&POy) 1449
Potassium dihydrogen phosphate ¢RIy .0.24 g

These salts were completely dissolved in 1000 mtisfilled water. The pH of the
resulting solution was checked. If the pH is higtiem 7.4, drops of 0.1 N HCI is added
until it becomes 7.4. If the pH is less than 7efjuired amount of 0.1 N NaOH is added
to adjust the final pH to 7.4.
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