SYNTHESIS AND SURFACE MODIFICATION STUDIES OF BIOMEDICAL
POLYURETHANES TO IMPROVE LONG TERM BIOCOMPATIBILITY

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

EDA AY E AKSOY

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR

THE DEGREE OF DOCTOR OF PHILOSOPHY

IN
POLYMER SCIENCE AND TECHNOLOGY

JULY 2008



Approval of the thesis:

SYNTHESIS AND SURFACE MODIFICATION STUDIES OF BIOMEDICAL
POLYURETHANES TO IMPROVE LONG TERM BIOCOMPATIBILITY

submitted byEDA AY E AKSOQY in partial fulfillment of the requirements for the
degree ofDoctor of Philosophy in Polymer Science and Technology Department
Middle East Technical University by,

Prof. Dr. Canan Ozgen

Dean, Graduate School Nfatural and Applied Sciences

Prof. Dr. Cevdet Kaynak

Head of DepartmenMetallurgical and Materials Engineering Dept.

Prof. Dr. Nesrin Has rc
SupervisorChemistry Dept., METU

Examining Committee Members:

Prof. Dr. Duygu K sakirek

Chemistry Dept., METU

Prof. Dr. Nesrin Has rc
Chemistry Dept., METU

Prof. Dr. Erdal Bayraml
Chemistry Dept., METU

Prof. Dr. Kezban Ulubayram

Faculty of Pharmacy, Hacettepe University

Assoc. Prof. Dr. Goknur Bayram

Chemical Engineering Dept., METU

Date: 4.07.2008



| hereby declare that all information in this document has leen obtained and
presented in accordance with academic rules and ethicabiduct. | also declare
that, as required by these rules and conduct, | have fully ©@d and referenced all

material and results that are not original to this work.

Name, Last name: Eda Ay Aksoy

Signature:



ABSTRACT

SYNTHESIS AND SURFACE MODIFICATION STUDIES OF
BIOMEDICAL POLYURETHANES TO IMPROVE LONG
TERM BIOCOMPATIBILITY

Aksoy, Eda Aye
Ph.D., Department of Polymer Science and Technology

Supervisor: Prof. Dr. Nesrin Has rc

July 2008, 167 pages

Thrombus formation and blood coagulation is a major problem associdtetlood

contacting products such as catheters, vascular grafts andiartiarts. An intense
research is being conducted towards the synthesis of new hemocoenpaielrials
and modifications of surfaces with biological molecules. In thislys polyurethane
(PU) films were synthesized in medical purity from diisocyarend polyol without
using any other ingredients and the chemical, thermal and meahproperties were
characterized by solid state NMR, FTIR, GPC, mechanica, tBA and TGA. The
surfaces of PU films were modified by covalent immobilizatiomlifferent molecular
weight heparins; low molecular weight heparin (LMWH) and unfomaied heparin
(UFH) and these surfaces were examined by ESCA, ATR-FTHRJ And contact
angle goniometer. Cell adhesion studies were conducted with whole lnlooahand

examined by SEM. The effects of different types of hepadnsblood protein
adsorption and on platelet adhesion were analyzed by electrophoresiSEdhd

respectively. The surfaces of the UFH immobilized polyurethdnes f(PU-UFH)



resulted in lesser red blood cell adhesion in comparison to LMWHobilized
polyurethane film surfaces (PU-LMWH). When the PU films wieeated with blood
plasma, the surfaces modified with two different heparin types shawvelearly
different protein adsorption behavior especially in the early stdgalood plasma
interaction. PU-LMWH samples showed about three times less pratisorption
compared to PU-UFH samples. The morphologies of platelets adberedaterial
surfaces demonstrated differences; such as PU-UFH had slusién some
pseudopodia extensions, while PU-LMWH had round shaped platelets wiigh li
clustering. PU surfaces modified by immobilization of LMWH arfeH) demonstrated
promising results for the improvement of non-thrombogenic devices and surfaces.

Keywords: Polyurethane, Surface Modification, Heparin Immobilization, Protein

Adsorption.



Oz

UZUN SUREL B YOUYUMLULU UNGEL T RLMES
AMACIYLA B YOMED KAL POL URETANLARIN
SENTEZ VE YUZEY MOD F KASYONU CALI MALARI

Aksoy, Eda Aye
Doktora, Polimer Bilimi ve Teknolojisi Bélim

Tez Yoneticisi: Prof. Dr. Nesrin Has rc

Temmuz 2008, 167 sayfa

Trombi oluumu ve kan p htlanas kanla temas eden katater, damar ve yapay kalp
gibi dUrunlerde karla lan en buylk problemdir. Kan ile uyumlu yeni malzemelerin
sentezi ve ylzeylerinin biyolojik molekdller ile modifiye edilmé&sinular nda youn
aratrmalar yap Imaktad r. Bu camada medikal safl kta politiretan (PU) filmler
diizosiyanat ve poliolden bka hicbir katk maddesi kullan Imadan sentezlenwa bu
filmlerin kimyasal, termal ve mekanik 6zellikleri kat NMR, R, GPC, mekanik test
cihaz, DMA ve TGA ile karakterize edilmir. PU filmlerin yuzeyi farkl molekdl

a rl ndaki heparinler; diik molekal arlkl heparin (LMWH) ve
fraksiyonlanmam heparin (UFH) kullan larak kovalent immobilizasyon ile modifiye
edilmi ve bu yuzeyler ESCA, ATR-FTIR, AFM ve temas a¢s gonyoesetile
incelenmitir. Hlcre yap mas cal malar total insan kan ile yap Imve SEM ile
goruntilenmitir. Farkl tiardeki heparinli yizeylere kan proteini adsorpsiyonu ve

platelet yapmas srasyla elektroforez ve SEM ile incelenimi UFH immobilize

Vi



edilmi polidretan filmlerin yizeylerinde (PU-UFH), LMWH immobilizedilmi
polilretan film ylUzeylerine (PU-LMWH) goére daha az sayda krnkan hicresi
yap mas gorulmitdr. PU filmler kan plazmas ile temas ettirildide iki farkl
heparin tird ile modifiye edilmi ylzeyler arasnda 6zellikle temasn erken
basamanda protein yapmas yonunden belirgin fark gozlenmmi. PU-LMWH
orneklerinde, PU-UFH 0Orneklerine gore ¢ kat az protein adsorplamgdzalenmitir.
Malzeme ylzeylerine yaman plateletler farkl morfolojiler gdsterntir. PU-UFH
kimelenmi ve yaylm platelet morfolojilerine sahipken, PU-LMWH de az
kimelenme ve yuvarlak, yay Imanplateletler olmutur. LMWH ve UFH immobilize
edilerek modifiye edilen PU yuzeyleri, trombi dlurmayan cihazlar n ve yizeylerin

geli tirilmesi icin olumlu sonuclar gésterntir.

Anahtar Kelimeler: Politretan, YUzey Modifikasyonu, Heparimmobilizasyonu,
Protein Adsorpsiyonu.
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CHAPTER 1

INTRODUCTION

1.1 Polyurethanes

Polyurethanes were discovered in 1937 by Bayer and the reseatich synthesis of
polyurethanes has gained great importance since the World WHr MHey are the

class of polymers that contain urethane groups in their backbone structures Ifrigure

)

——NH—C—0——

Figure 1 Urethane group

Polyurethanes are a very diverse family of polymers capaldghabiting a wide range
of properties changing from smooth elastomeric membranes tohugjdstructures
depending on their molecular composition. They can be prepared in mlifferens,

including foam, fiber, film, tube, resin, elastomer etc. and thezehave found

applications in various areas [2].

1.1.1 Basic Polyurethane Synthesis

Polyurethanes are generally obtained by condensation reactiomsa@tydnates and

polyhydroxy compounds (polyols) as shown in Figure 2 [3].



O
I

n(OCN—R1—NCO) + n( HO——R,—OH )—» +C—NH—R1—NH—C—O—R2—O%
n

Diisocyanate Polyol Polyurethane

Figure 2 Condensation reaction of diisocyanate and polyol.

In the preparation of polyurethanes, the compounds containing amino and tarboxy
groups or organic halides and metal cyanides may also be useti¢3g fieactions are

summarized in Figure 3.

” || - 2HCI
HoN—R{—NH; + Cl—C——0—Ry;—O0——C——Cl —> Polyurethane

- 2NaCl
Cl—Ry—Cl + 2NaOCN + HO——R,—OH —> Polyurethane

o)
|| || - 2R,0H
R,——0——C——NH—R——NH—C—0—R, + HO——R,—OH ——> Polyurethane

Figure 3 Various reactions for polyurethane synthesis.

1.1.2 Raw Materials for Polyurethanes

Polyurethanes are usually produced by the reaction of a dpobyfunctional
isocyanates, with di or polyhyroxyl compounds. Since the chenastiyfunctionality
of the hydroxyl containing reactant (polyol) or the isocyanate camabed, a wide

range of branched or crosslinked polymers with different properties candiesabt



1.1.3 Isocyanates

The most common commercial method used to produce isocyanatespisosgene-
based process. Free amines are reacted with excess phosgem@ei organic solvent
at low temperature; the resulting slurry of carbamoyl ctési and amine
hydrochloride is then heated at elevated temperature in the presencessf gxasgene

to give the desired isocyanates [4]. The overall reaction scheme is shown en4&igur

-HCI
R——NH; + COCl, —» R

-HCI
Cl ————» R——N—C——0

ZT
O—O

Figure 4 Isocyanate synthesis reaction.

Isocyanates have very reactive N=C=0 groups and undergo addition reaat&sthe
carbon-nitrogen double bond. These groups react with a large number of compounds
such as amines, alcohols, carboxylic acids and even with themp&hNgsIsocyanate

components can have aromatic and aliphatic groups.

Aromatic isocyanatesare most widely used in the production of both flexible and
rigid polyurethane foam coatings, adhesives, elastomers and flPeiygirethanes
obtained from aromatic diisocyanates undergo slow oxidation in tsergre of air and
light, causing discoloration. Reactivity of isocyanates depends ein themical
structures and aromatic isocyanates are more reactive thhat@l ones. The presence
of electron withdrawing substituents on the isocyanate moleculeases the partial
positive charge on the isocyanate carbon atom and moves the negatges fehiduer
away from the site of reaction. This makes the transfer oélderon from the donor
substance to the carbon easier, thus causing a faster reactitimee Gtmer hand, the

presence of electron-donating substituents on isocyanate compounds &aBslaoaes



reactions. Bulky groups in the ortho positions of aromatic isocyanatéd)dky and
branched groups in the aliphatic isocyanates retard the reactiamiskeof steric
hindrance. In the reactions of diisocyanates, the reactivity ose¢bend isocyanate
decreases significantly after the first has been reacteddiffbeence in the reactivities
is less if the two isocyanates belong to different aromeigs or are separated with an
aliphatic chain [3, 6]. Commonly used aromatic isocyanates are listed in Table 1.

Toluene diisocyanate (TDI) and 4pethylene diphenyl diisocyanate (MDI) are the
most widely used isocyanates in the manufacture of polyurethands.whizh is
colorless liquid, is almost always used as a mixture of 2,4 anddhyers, usually as a
80:20 mixture and obtained by phosgenation of aniline-formaldehyde-derive
polyamines. Boiling point of TDI is around 12D at 10mmHg and the vapor pressure
of it is 2,3x10° mmHg at 25C. MDI is solid, melting at 3T, has a tendency to
dimerize at room temperature. MDI has a lower vapor pressuren(tiblg at 25C)
than TDI. MDI is generally used in elastomer and rigid foam o Naphthalene-

1,5-diisocyanate (NDI) is commonly used in the production of high grade elastomers.

Aliphatic diisocyanates are used in the production of color stable polyurethanes,
although it is necessary to add antioxidants and UV-stabiliwerormulation to
maintain the physical properties by time. The least cospiyatic diisocyanate is 1,6-
hexamethylene diisocyanate (HDI), which is a colorless liquidlessl reactive than
both TDI and MDI. The use of HDI leads to urethane polymers with bettetarasasto
discoloration, hydrolysis and heat degredation than TDI. Hexamethgllsoeyanate
(HDI), tetramethylxylene diisocyanate (TMXDI) and isophoronsadiyanate (IPDI)

are used for aliphatic polyurethane synthesis. Tetramethylxylkdirscyanate
(TMXDI) and dicyclohexylmethane diisocyanate 1§MDI) are important in the
production of non-discoloring polyurethanes, used in industry for surface coating [3, 6].

The most widely used aliphatic diisocyanates are listed in Table 2.



Table 1 List of aromatic diisocyanates.

Name Structure
CHa
Toluene 2,4-diisocyanate (TDI) NCO
NCO
CH3
Toluene 2,6-diisocyanate (TDI) oCN NCO

4,4’-methylene diphenyl diisocyanate
(MDI)

OCNOCHzQ -

2,4’-methylene diphenyl diisocyanate

NCO

p-phenylene diisocyanate (PDI)

OCN@—NCO

Naphthalene-1,5-diisoyanate (NDI)

NCO




Table 2 List of aliphatic diisocyanates.

Name Structure

1,6-hexamethylene diisocyanate (HDI) NCO
NN T
OCN

NCO

m-tetramethylxylene diisocyanate HsC—— C—— CHa

(m-TMXDI)
CHs
C——NCO
HsC
NCO
Isophorone diisocyanate (IPDI)
H3C CHoNCO
HsC CH,

4,4’-dicyclohexylmethane diisocyanate OCN‘<:>7CH24<:>\NCO

(H12MDI)

1,4-cyclohexane diisocyanate (CHDI) | ocnN NCO

CH,NCO

Bis(isocyanatomethyl)cyclo-hexane
(HeXDI, DDI)

CH,NCO




1.1.4 Reactions of Isocyanates

Isocyanates have highly unsaturated -N=C=0 groups and react withelzattron

donor and electron acceptor functional groups due to cumulative double bbegs.
react vigorously with hydroxyl, amino, carboxyl groups and watesvatémperatures.
Isocyanates react more easily with primary hydroxyl grabps secondary hydroxyl
groups to form urethanes. They also react with amino groups to tdrstitsted urea
and in these reactions primary amino groups have higher reachaity decondary
ones. Reactions of isocyanates with carboxylic acids form anmkiages while fast
reactions with water form amines [3]. These reactions are kiagwrimary reactions

of isocyanates and given in Figure 5.

0

R—NCO + R——OH —» R——NH—C——O0——R' Urethane
o
R——NCO + R'—/—NH; —» R——NH—C——NH—R' Substituted urea

0

R—NCO + R—CQOOH —» R——NH—C——R' + CO, Amide

R——NCO + H,O —» R'——NH; + CO; Amine

Figure 5 The primary reactions of isocyanates.

Reactions of isocyanates with carboxylic acid and water prodaden dioxide gas
and this cause foaming. In elastomer synthesis, foaming is undesirabtherefore all
the reactants and the systems used in polyurethane synthesis need ditede

throughly.



Isocyanates can go further reactions with urethanes, ureaesaar with themselves
forming allophanates, substituted biureates, acryl ureas and isodgamaspectively.

These are known as secondary reactions and are shown in Figure 6 [3].

ﬁ 0
R——NCO + ----- NH—C——O0----- —» -----N——C——0----- Allophanate
Urethane |
c|::o
R——NH
0] (0]
R—NCO + =----- NH—C——NH---- —» -----N——C——NH---- Substituted
Biureates
Urea |
c|;:o
R——NH
(0] O]
| |
R—NCO +  ----- NH—C----- — - N—2C----- Acryl Urea
Amide |
c|::o
R——NH
R
/N\
3 R——NCO — O:T (|3:O Isocyanurate
R——N N—R
\ /
ﬁ
0]

Figure 6 The secondary reactions of isocyanates.



These secondary reactions of isocyanate lead to crosslinking, hendesulting
polyurethane becomes insoluble and infusible. Thus the temperature aburirg

polyurethane synthesis is critical to control secondary reactions andrdivgsli

At ordinary temperatures up to ®D isocyanates reacts with hydroxyl groups to
produce urethanes, but at higher temperatures up t&€18€condary reactions to give
allophanates, substituted biureates, isocyanurates takes placggaificant rates. If
linear polyurethane is desired, then the application of the loveespedrature is
required. If high crosslinking and branching through secondary readtionseded
higher temperatures (50-1%0) should be applied. At about I8D phenolic
polyurethanes start to decompose and around°Q2@liphatic polyurethanes
decompose [2, 7]. Decomposition yields free isocyanates, alcohesmiaes, olefins

and carbondioxide.

Polyisocyanates are also very reactive substances. Asul, the reaction between
polyisocyanates and polyhydroxyl compounds is complicated by presentastéire.
The presence of water first causes formation of unstable carksia, which then
disintegrates into amine and carbon dioxide. The formation of gas gheetd foam
production. Further reaction between amine and isocyanate leads ftorfation of

urea and substituted biureate groups as shown in Figure 6.

1.1.5 Polyols

The most widely used polyhydroxy compounds (polyols) in polyurethamtbesis are
hydroxyl-terminated polyether or polyester glycols with molacuteights in the range
of 400-5000. Polyether polyols are addition products derived from cyhkcseand are
easily designed when the polarity of backbone is important. Thelgiglhemolecular
weight polymers that range from viscous liquids to waxy solidsgri#ipg on structure
and molecular weight. The most commercial polyether polyols asedban less

expensive ethylene or propylene oxide or on combination of the twgurBtilanes



prepared with polyether polyols can be hydrophilic or hydrophobic or teaciter at

all levels and in general they are hydrolytically more stalgmpared to polyester
polyols. Therefore polyethers are used in the design and the develowient
biocompatible and hemocompatible devices in which biodegradation is dexir@d
property. The most commonly used polyols are polyethylene glycol @ggdrppylene
glycol. Their structures are given in Figure 7 [7, 8].

HO—GCHZ—CHZ—Oa— CH,—CH,—OH  Polyethylene glycol (PEG)
X

CH3 CH3

HO%CH —CHy,— O% CH—CH,—OH  Polypropylene glycol (PPG)
X

Figure 7 Chemical structures of polyethylene glycol and polypropylerelgly

Polyester polyols are based on saturated aliphatic or aromabtioxghc acids and
diols or mixtures of diols. For elastomers, linear polyester polgbmolecular weight
2000 are prefered. Branched polyester polyols, formulated from highetiofuaic
glycols, are used for foam and coating applications. Polyested Ipadyurethanes
undergo rapichydrolysis when implanted in the human body, so they are most widely
used in tissue engineering applications in the preperation of biodegradat#rials.

[7, 8]. Polyester polyol structure is shown in Figure 8.

ﬁ

[ \
HO—{~R——0——C——R—OH
\ Jx

Figure 8 Chemical structure of polyester polyol.
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1.1.6 Polyurethane Elastomers

Polyurethane elastomers cover a very wide range of polyurefldassified according
to the method of manufacture. The main types are, beside nall@dlurethane
elastomers, cast polyurethane elastomers and thermoplastic pfudyeeslastomers.
Other types are the relatively high density elastomeric $oamd the elastomeric

spandex fibres [7, 9].

In some cases the elastomeric properties derive from the ickasgl of rubbery
polymer chains with low Tg values and in conventional elastomerdlyginysical
crosslinks are important. These arise from the two phase natanesbfpolyurethane
elastomers, which consist of block copolymer molecules consististpelaric, or soft
block of aliphatic ester units or of aliphatic ether units; and mgi@, or hard blocks
containing a high urethane content, such as those formed by reacfi@ of MDI

with an active diol [7, 9].

The development of necessary cross-linking in elastomers gisndie on the reaction
of some isocyanate groups with atmospheric moisture to form weapggrwhich react
with other isocyanate groups to form biuret crosslinks. In order &irotite required
amount of crosslinking, formulations with at least one component having timame

two reactive end groups are necessary [3, 7, 9].

1.1.7 Segmented Structure of Polyurethane Elastomers

Polyurethane elastomers are block polymers composed of flexiptsl g'soft
segments’ and rigid urethane ‘*hard segments’. The soft segrdm30 nm) are most
often comprised of polyester or polyether macroglycols and thedegrents (~150
nm) are formed from the chain extension of diisocyanate linkagéslavit molecular
weight diols. The hard and soft segments are combined end-to-end thouaibnt

urethane bonds, therefore polyurethanes are classified as multiblockmoers. The

11



differences in polarity between the hard and soft segmenterrghdse regions
incompatible and the result is that they do not mix on a molecat, [producing a
microphase separated structure. The hard segment domains arellygesera-
crystalline and provide stiffness, reinforcement to the polyurethdre séft segment
domains are responsible for elastic behavior and are usually amompitbua Tg
below room temperature [7, 10]. The chemical and physical segregditsegments in

polyurethane structure is shown in Figure 9.

A= (B-B), ~-A---C--]—A-—(B-B), ~—A--

/ T \\ chain extender

isocyanate rigid block polyol flexible mono or poly isocyanate
block rigid block

"7\} s Hard segments
\

Soft segments

Figure 9 Chemical and physical segregation of segments in polyurethastarstr

There are large numbers of chemical and structural factordwhay important roles
in microphase separation or phase mixing. Important factorenthagnce morphology
of polyurethanes include [11]:
1. Chemical structure, number average molecular weight and malesalght
distribution of soft segments.
2. Chemical structure and symmetry of the diisocyanate compound.

3. Chemical structure of the chain extender.

12



Average chain length and length distribution of hard segments.
Hard/soft segment ratio in the copolymer.

Crystallizability of hard and soft segments.

N o g A

Extent of competitive hydrogen bonding between hard—hard and hard—soft

segments.

o

Inherent solubility between hard and soft segments.

9. Method/polymerization procedure used during the synthesis (can besiemn
or two-step prepolymer formation methods).

10.The nature of the interfacial region between the soft segmatnixnand hard

segment domains.

In general longer block lengths lead to higher degrees okepegegation and more
perfect hard segment domains. Higher hard segment content meswlore hard
segments mixed into soft phase. Polyester soft segments ally nsm@e compatible
with urethane hard segments, then with polyether soft segmentsddéi® the fact
that the strength and degree of hard segment-soft segmengbgdrinding is greater

for the ester carbonyl group than the ether oxygen.

Polyurethanes based on aromatic reactants show generdlly please segregation
than those synthesized from aliphatic ones. Phase segregationyurepiwnes is
strongly affected by temperature. Raising the temperaturgolyaner system induces
phase mixing. Subsequent cooling causes phase segregation, leadingotiyitizd
morphology.

1.1.8 Polyurethane Production Processes

Polyurethanes can be prepared by two processes: prepolymer mathahexshot
method. In prepolymer method, a linear polyhydroxy compound reacts widssexc
isocyanate to form an intermediate polymer called "prepolynidré. prepolymer is

viscous liquid or low-melting solid. It is then converted into finaghhimolecular
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weight polymer by further reaction with a small molecular weight diol@mdie chain
extender. The process is two steps. In the first step, a prepolyithean isocyanate

end group of moderate molecular weight is prepared. In the second lstep, t
prepolymer is reacted with active hydrogen containing groups ipdlyener chain to

give allophanate branch points. If the polymer chain contains uoe@grit will form
biureate branch points. When both urea and urethane groups are presene biurea
branch points are predominant. Thus, a great variety of structuties polymer chain

are exist depending on the nature, the molecular weight and the propdrtmls and

diisocyanates [3].

The 'one-shot' method, is simplest method by simultaneous reaction dail, poly
isocyanate and chain extender. The mixture when it is stilldigutaken in to molds
for casting. In order to obtain rubber elasticity, the reactdmisld be chosen with
proper functionality and proper amounts to produce cross-linked netwoidtusé.
Relatively simple linear polymers may be obtained by using congsowith two
active groups; diisocyanates and diols. In each polymerizatiotioleasecondary
reactions can take place to a certain extent. Polyurethan@sidition to urethane
groups, contain urea, ester and ether groups with aromatic ringse ghaups affect

the properties of the resultant polymer [3].

1.1.9 Structure — Mechanical Property Relation of Polyurethanes

Mechanical properties of polyurethane elastomers are dinegdtied to the extent of
hard and soft segment domain segregations. Depending on the clgim ¢é these
diols or glycols the properties of the polyurethanes changeolPgives the high
flexibility to the backbone of network chains. On the other hand, &g and chain
extender components give rigidity to the chain. Since the functionafitghe

macroglycol, or the isocyanate can be changed, a wide wafidiranched or cross-
linked polymers can be formed. Generally, elastomers are sigg#tidsom long chain,
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high molecular weight polyols. Physical and mechanical propestigmlyurethanes
can be explained in terms of their morphological structures [3, 12].

Soft segment chemical composition, molecular weight, degree stph&ing affect
elongation, modulus and tensile strength. Increasing the soft segmiecular weight
at fixed hard segment length, creates polyurethanes with lon&letstrength, lower
modulus, higher elongation and causes a decrease in Tg due to adkteedsacy of
the soft segment to crystallize and increased tendency for tdesbgment to be
isolated in the soft segment matrix. Increasing hard segmergntaatt constant soft
segment content with constant molecular weight, results increasmystallinity,
increase in hard segment crystalline melting temperaturegase in tensile strength
and modulus, decrease in ultimate elongation and enhanced mixing of timei@ast
and dispersed phase leading increase in Tg. The structure-propédyidoeof
polyurethanes are mostly determined by diisocyanate symmaattyhydrogen bond
strength [12].

1.1.10Applications of Polyurethanes

Polyurethanes have very wide diversity in industrial applicationgawade range of
polyurethane types from flexible and rigid polyurethane foamtagtamers and fibers.
As rigid polyurethane foams, applications can be given as; thdmsalation of
buildings, refrigerators, deep freeze equipment, pipelines and stardge packaging,
furniture, house appliances, etc. The flexible foam applications in mdase;
household furniture, automotive seating, textile laminates. Serdi-aigil low density
structural foam applications are; steering wheels, headrestsother automotive
interior trim components, furniture elements, sports goods such ansksurf boards.
Industrial applications of polyurethane elastomers are; shoe seleslevbody panels,
rollers and gear wheels, conveyors, sealants for the constructiorawdachotive
industries. Although polyurethanes are used in a very wide area, the ones obtained from

aromatic diisocyanates undergo slow oxidation in the preseraie arid light, causing
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discoloration. Aliphatic diisocyanates have growing application in tbplastic
polyurethanes [2, 3].

1.2 Biomaterials

Devices made of synthetic or natural materials have been useddicainarea and
introduced into human body since the early 1950s at an increasingSyethetic
polymers are the most widely used ones since they have signitiontribution to the
effectiveness of health care. They are used in a varietgpdénts or other supporting
materials (e.g. vascular grafts, artificial hearts, intndsrclenses, joints, mammary
prostheses, sutures); in utilization of extracorporeal therapearid other supporting
devices (e.g. hemodialysis, hemoperfusion, blood oxygenation, intravenous lines
needle catheters, blood-bags), in controlled release systemsrémgdermal drug
delivery patches, microspheres, microcapsules for targeted diugrgdedevices for
different routes of administration), and clinical diagnostic asg¢aysnly as carriers
and supporting materials) [13]. When any material is implanted into the bodydoinuse
contact with the body fluids, it should be compatible with the biologioalronment,
so that it should be ‘biomaterial’.

Biomaterial is defined as; any substance (other than a drug) or combination of
substances, synthetic or natural in origin that is used in contdciiwng tissue and
biological fluids for prosthetic, diagnostic, therapeutic applications, storage of
blood and its components, without adversely affecting the biological ttergs of the
entire living organism [14]. The biocompatibility of a materiathaissue include both
local biological compatibility which is seen over various timeiquokr following
implantation and systemic compatibility which implies no propogatézttefo tissue

remote from the site implantation [15].

It is important to stress that the biocompatibility requirementsiomaterial has to
fulfill depend strictly on the specific host environment. In the cdskevices for blood
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contacting applications, such as vascular grafts, artificiatthelves, total artificial
heart, haemodialysis equipment, stents, etc., biocompatibility is rétated reciprocal
interactions between the materials and complex body fluid suchoasl.bDn the
otherhand compatibility of a contact lens mostly depend on the hosibnsataking

place between the material and cornea cells or proteins exist in the tear.

1.2.1 Polyurethanes as Biomaterials

The polyurethanes are among the best choices for biomedical appkchécause of
their desired mechanical properties due to their segmented palyomeriacter, their
availability in wide range of physical properties and theiregot blood and tissue
compatibility. These materials played an important role in theldpment of many
medical devices ranging from catheters to total artifibedrts. Table 3 gives some

current biomedical applications of polyurethanes [8].

Table 3 Current biomedical application areas of polyurethanes.

Blood bags, closures, fittings Leaflet heart valves
Blood oxygenation tubing Mechanical heart valve coatings
Breast prostheses Orthopedic splints, bone adhesives

Cardiac assist pump bladders, tubing, coatings Percutaneous shunts

Catheters Reconstructive surgery materials
Dental cavity liners Skin dressing and tapes
Endotracheal tubes Surgical drapes

Heart pacemaker connectors, coatings Suture materials
Hemodialysis tubing, membranes, connectors Synthetic bile ducts

Lead insulators, fixation devices Vascular grafts and patches

17



Due to exhibiting high flexure endurance, high strength, and inherent non-
thrombogenic characteristics, segmented polyurethane elastorages,ahmaximum
impact in medical prostheses and appear to have promising applicatiothe
cardiovascular area, where chronic, non-thrombogenic interfacitig bdeod is the

main importance.

The first biomedical grade polyether polyurethane was syntliesiyeBoretos and
Pierce [16]. It was reported that the material composed of hash segments and
polyether soft segments sustained high modulus of elasticity, biotibitifya
resistance to flex-fatigue and excellent stability over langlantation periods. In
1970s and 1980s, polyurethanes recognized as the blood contacting maferials
cardiovascular devices and their long term applications wereptett Nylias
synthesized a blood compatible polyurethane-co-polydimethyl siloxatheised this

copolymer in heart assist balloon pumps [17].

The research and discussions on blood compatible materials had comtyadisults.
Lelah et. al. reported that materials having higher surfacesegfhent concentration
are more thromboresistant [18], while in contrast Haretoml reported that platelet
consumption decreased as flercentage of surface carbon atoms forming hydrocarbon
bonds increased [19]. Research on the artificial heart, carried d@rmedics, Inc.,
U.S.A., has focused on the segmented polyurethane elastomers. Vapeasofy
artificial hearts; fibrillated total artificial heart, bgid total artificial heart, and total
replacement artificial hearts were studied since the y&#at960s. The research was
carried to reduce the size of artificial heart. In the y#al998 two types of artificial
hearts; undulation pump total artificial heart and flow transformadatile artificial
heart were designed and to prevent ring thrombus, a jellfish pdigmetmembrane
valve was developed [20]. Polyurethane blood veins have still not found actous®a

because of the unsolved lack of long—term resistance to degradation.
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An intense research is still going on the development of newrdeaigd production
methods of different kinds of catheters as well as improvemenhesf surface
compatibilities through different modification techniques. There atudies on
polyurethane vascular catheters coated with antithrombin (ATdf)ptex [21] or
grafted with zwitterionic sulfobetaine monomer [22] for the targdtthrombogenicity

or therapeutic purposes. Stent designs and stent coatings arei@isd 8y researchers

for the same reason. Polyurethaneurea films were synthesizedsoular stents by
different methods. Solvent evaporation, plasma application are commoaty us
techniques. It was reported that good adhesion of polyurethane filmiseostent
surfaces were achieved by using a combination of plasma and edadlisncyanate
treatment [23]. Different surface alterations methods (hepariamiaium and
polyurethane coatings as well as mechanical polishing, passiaaiibelectropolishing
techniques) were applied to nitinol stents by Tepe and Schmehl [24]. They repdrted tha
sandblasting, electropolishing and aluminium covering decreased iactivadt the
coagulation cascade after 120 min of blood contact and the lowest thrombogeni

potential was found in the polyurethane-coated stent group.

A double-layered NiTi-S stent which consists of inner polyuretHaper and outer
uncovered nitinol wire tube was developed by Verschuur et al. [25]. THeS\stent
provides symptomatic relief of malignant dysphagia. Low-profildved self-
expanding stent made of polyurethane was designed to circumvenésizetions of
percutaneous heart valves and modified for the treatment of abdamuhahoracic

aortic aneurysms served as delivery device [26].

Application of polyurethanes as wound dressing materials or porousldsdtir tissue
engineering in the forms biodegradable or injectable structurads léo new
developments. Biodegradable polyurethane synthesis is also gained mopartahe
last decades especially for scaffold design. Biodegradation pespand biological

mechanisms were reported for in vivo applications [27, 28]. Polyurethane
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frequently used as wound dressing materials because of their gomt peoperties
and high oxygen permeabilities. The electrospun nanofibrous PU membvanes
prepared by Khil et.al as possible candidates for wound dressinpsirifzediate
adherence to wet wound surface, fast epithelization and well ipegardermis
formation was reported when these membranes were applied [30]tf@tteoé bovine
collagen dressing TissueFasti@nd polyurethane film dressing OpSitavere
compared on burn wounds and it was reported that both dressings did reoingus
significant risk of infection but the collagen membrane attachextttiirto the wound
surface functions as a collagen substrate to promote epidermeade=generation,
and it may therefore be more effective in promoting wound healinggblurethane
film dressing. To clarify the efficiency of polyurethane wound siress, they were
compared with a hydrogel wound dressing and it was given that Psindjesvere
better in the wound healing time, amount of exudates, and frequency ssindre
changes [31].

Polyurethanes also used as coverage for silicone gel breaahtmprlhe first use was
in 1970’s and some contradictory results were reported [32, 33]. lalsageported
that these prosthesis represented a great advance in avoiding rcepstikcture after
studying over a thousand polyurethane-covered implants [34]. Smahan@Xarone
et al. [36] described the histological aspects of polyurethaneasbyeeast implants
and they reported that polyurethane surface was effective ngeedipsules in the
implants and polyurethane cause a body reaction most probably bydidggead
producing some undesired side effects. Researchers mostly wonke emhancement

of bio-stability of polyurethanes for in vivo long term applications [37 - 39].

There is intense research in the production of biodegradable and biobésorba
polyurethanes for in tissue engineering applications. Lineg(gxier-ether urethane)s
with different hydrophilic characters were synthesized fronydine diisocyanate and

block copolymers of polgcaprolactone)-poly(ethyleneoxide)-paygaprolactone)
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macrodiols, for tissue engineering applications [40]. Polycaprolagtolyerethane
composite scaffolds for vascular tissue engineering were syzgtelsy Williamson
et.al [41]. These scaffolds were produced by electrospinning of edtiyure onto the
back of the wet spinned polycaprolactone fibres. Marcos-Fernanddzsghtlzesized
and characterized a series of biodegradable non-toxic poly(urethea)s-lrased on
polycaprolactone diols of different molecular weights and two diffeamino acid
chain extenders, namely ethyl ester of L-lysine or L-ornithingchv are good
candidates for the biodegradability of scaffolds [42]. In the recestsybiodegradable
lysine based polyurethanes have an important platform as bomatseior bone tissue
engineering implants. Muh et. al synthesized lysine-urethandtherglate monomer
from addition of hydroxyethylmethacrylate to lysinediisocyarjd®. They observed
good adhesion of osteoblasts on polymerized cement. Bonzani et dlesyet a
polyurethane-based injectable, in situ curable polymer to determipetential uses as
bone cements [44]. Films of the polymers were prepared by regetimgerythritol-
based DL-lactic acid/ethyl lysine diisocyanate and pentagofthased glycolic acid
prepolymers where -tricalcium phosphate was incorporated to improve mechanical
properties. These injectable polymers showed appropriate bondinggtstrand
mechanical support to be used as bone cements and provided a favoraitle in
environment for initial cell adhesion, maintained cell viability, andmabrrates of
proliferation of human osteoblasts. Investigation of the viability etdstomeric
polyurethanes for total-joint arthroplasty devices was carmwidby Schwartz and
Bahadur [45]. Elastomeric polyurethane Pelleth¥ne&vhich is currently used in non-
orthopedic biomedical applications, was tested for wear and and fteparted that its
wear rate was much lower than that of ultra high moleculaghwvepolyethylene
(UHMWPE), likely due to its ability to conform to the countedand thus reduce the

contact pressure.

In different applications, antibacterial PU is obtained by eitbating the polyurethane

with silver [46, 47] or by silver particle impregnation [48]. Usisiyer ion loaded
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zeolites as antibacterial agents offer an advantage over thenotigrds since silver
ions are more effective than metallic silver atoms. For thipgaa, different types of
zeolite micro particles were synthesized and sgs added by ion-exchange process.
These antibacterial zeolite particles were incorporated ibtiepolymer which was
prepared from its main components of toluene diisocyanate and polyprepyle
ethylene glycol in medical purity. Microbiological testvealed that the composites,
either prepared by adding Agontaining zeolite Beta or zeolite A in PU matrix, had

antibacterial property [49].

Polyurethanes and polyurethane composites can be used in mamntifieeas of the
body to support or heal the desired region. Properties of the nmtstiah as
durability, elasticity, elastomer-like character, fatigwssistance, compliance, and
acceptance or tolerance in the body during healing are assbevith the chemical

composition and the production and modification techniques of polyurethanes.

1.3 Surface Modification of Biomaterials

There are various chemical (oxidation), physical (patterning), odiicdl
(heparinization), electromagnetic radiation (plasma glow digehdechniques used to
modify surfaces of materials to create more biocompatible andodwmnpatible
devices. Therefore, it is more economical to modify the métenidth satisfying

mechanical properties rather than the development of new materials.

The human body's acceptance of synthetic polymers is highly comafek most
polymers have a tendency to form surface thrombus. The thrombaregisththe
elastomeric polyurethanes is subject to many complex faatorsas polymer surface
composition, device configuration, and blood flow characteristics. Pdhames have
shown as materials with high blood compatibility in numerous devicesstiiutheir

blood compatibility needs to be examined, controlled and improved. The gaphcit
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polyurethanes to undergo modifications increases their suitalbditybiomedical

applications [8, 50].

1.3.1 Plasma Surface Modification

Surface modification of vascular and cardiac implants as welthees medical devices
by use of glow discharge plasma application is a concept studibe iast decades.
The process has many consequent steps and depends on various facidirsyitiok
geometrical shape of the reaction chamber, type and powerctiadkedischarge, type
and flow rate of gas used, properties of substrate, etc. Ggrradibfrequency energy
is applied at low pressures for the surface modifications. Timerged plasma
contains free electrons, radicals, excited atoms and neutratlgsart Constant
bombardment of the substrate surface with these active palktiatésto breaking some
bonds of the surface molecules, and react with them by formindaeds. Therefore,
a chemical change on the surface about 30 A occurs while the butkuse of the
substrate stays intact. Depending on the type the gas used, itdsepossible to
change hydrophilicity of the surface or create a coat havinglebehy different than
the bulk structure. Most generally used gases are oxygen, nitrogen, ar various

monomeric substances [8].

1.4 Blood Compatibility

Blood compatibility is a special case of biocompatibility, and cem@nds many
interlinked aspects as thrombogenicity, complement activation, letdsoegtivation
and changes in plasma proteins [51]. Blood compatibility (hemoconlpgtibs

defined as the ability of an artificial substrate not tovaté the intrinsic blood

coagulation system or not to attract or alter platelets or leucocytes [8].
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1.4.1 Biomaterial - Blood Interaction

Thrombus formation is major and unresolved problem associated with bloodtoanta
devices such as catheters, grafts, and artificial hear®d[8When these devices come
in contact with blood the first event which takes place in tlst few seconds is the
adsorption of blood proteins at the solid-liquid interface. Compositioheo&tisorbed
protein layer usually changes with a complex process as a furdtiexposure time
[52]. In this process; the adsorbed proteins can change their tatiacyure, and the
proteins with stronger adsorption activity subsequently can replatte the first
adsorbed proteins [53]. Depending on the composition and the conformatibis of
residing protein layer, the interaction of platelets, the activation ofgntrcoagulation,
the adhesion and aggregation of platelets and the activation of compksienh can
take place [52]. More specifically, the adsorbed fibrinogen anelrr gglatelet adhesion-
stimulating proteins support irreversible platelet adhesion anidlation, which
promotes the formation of white thrombus. In addition to platelet adhesigelf-
amplifying cascade of molecular reactions between mutuallyaticg blood
coagulation factors is triggered at the material surfacd tre surface of the adhered
platelets. Final steps in the coagulation cascade include tiom@ thrombin, which
converts fibrinogen into insoluble fibrin, from which a fibrin network a&membi is
produced [53, 54].

1.4.2 Blood Coagulation Cascade in Material Interaction

Thrombosis is the major and the most frequent complication reflateardiovascular
applications. Under the physiological conditions blood contacts the eridothéhat
represents a natural nonthrombogenic surface. When a lesion is mroudke
vascular endothelium a thrombogenic reaction is triggered: blood compaoemsin
contact with the negatively charged sub-endothelium and, as a conseqlatatets
are stimulated to adhere to the lesion area to form the smtcalhite plug’. At the

same time, the ‘tissue factor’ expressed on damaged endothdlsabicéhe site of
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vascular injury, triggers the coagulation cascade via thansidmpathway’, that finally
leads to formation of a clot of mesh-organized fibrin [55].

Blood contact with a foreign surface can induce a thrombogenic aeaasi well by

organizing platelet adhesion and triggering the coagulation cadtadegh the
‘intrinsic pathway’ (Figure 10).

ARTIFICIAL SURFACE

/ N\

PLATELETS ADHESION INTRINSIC PATHWAY
ACTIVATION

| |

PLATELETS ACTIVATION =THROMBIN FORMATION

release of
activation
factors
PLATELETS
AGGREGATION

FIBRIN FORMATION

THROMBUS
FORMATION

Figure 10 Events occurring after blood-material contact.

If stimulated by contact with a biomaterial, or to be moreexyrby contact with the
protein layer adsorbed on the biomaterial itself, plateldtsadinere to the surface and

become gradually activated. Upon activation, platelets change thegie,s spread
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around surface, release the content of their granules (ADP, pldtator 4,
thrombospondin, serotonin, fibrinogen, and other), and contribute to the generation of
thromboxane Aand to the formation of small amounts of thrombin, that constitutes an
important agonist for platelet aggregation. Activated plateletshazs bind one another
trough fibrinogen bridging creating highly organized thrombi that camv gin the
surface, or can detach and originate thromboembolic particles accaodisigface

adhesiveness [56].

Following platelet activation, in parallel with platelet adhesion activation, the
coagulation cascade is initiated through the intrinsic pathwigur@ 11). The intrinsic
pathway, initiated by blood-material contact activation, is trigddry activation of
factors FXIl (Hageman Factor), FXI, Prekallikrein and High &toilar Weight
Kininogen (HMWK). At least 12 factors are involved in the coagofaprocess; most
of them are serine protease, pro-enzymes usually circulatiptasma in an inactive
form, that following surface contact or after proteolytic cleauagether enzymes, can
explicit their enzymatic action. Activation of clotting factdesd to the formation of
fibrin by activation of thrombin on fibrinogen molecules. The final prodofct
coagulation cascade is stable, insoluble fibrin polymer, produced [m@oursor
fibrinogen by the activation of thrombin. The result is achieved thrdugls¢quential

activation of a series of coagulation factors present in plasma [55].

Platelets activation/aggregation and coagulation are highly ameected processes.
Platelet phospholipidic membrane represents, in fact, an essantizént where the
formation of active complexes takes place during coagulation e @ssembly of the
prothrombinase complex, which converts prothrombin to thrombin). On the atleer si
the generation of thrombin itself activates platelets, which taéadyze the production
of more thrombin [51]. Moreover, thrombin leads to the formation of fibrinickv

stabilizes the platelet thrombus.
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A schematic representation of the sequential steps involved in thelatan cascade,
inclusive of intrinsic, extrinsic and common pathways is depicted in Figure 11 [51].

It worth to stress blood contacting artificial materials ¢aad to not only to the
formation of localized thrombi which can cause occlusion, malfunctioninghe
device or other complication. If the surface of the biomateridr@anbogenic but non-
adherent, in fact, thrombi can rapidly shed from the surface wheyehave formed,
particularly in conditions of high flow rates [51], thus causing highemiglly
dangerous emboli [56].
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Figure 11 Schematic representation of the coagulation cascade.
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1.4.3 Protein Adsorption

When a biomaterial is inserted into cardiovascular system,irdteefent that takes
place is the adsorption of plasma proteins. With in seconds of bloodahattact
the surface is covered by a layer of proteins, whose composition, relative cathaentr
conformation and orientation guide the subsequent host response and plaple ke
determining the fate of the material. A series of biologicattiens, such as platelets
adhesion/activation, triggering of coagulation and complement systatngtion of
leukocytes, etc., are strongly dependent upon protein adsorption. Thugarfople,
adsorption of the contact phase proteins may be responsible for tetiactiof the
intrinsic coagulation system, while adsorbed plasma proteins (filimddpronectin,

vitronectin) plays an important role on platelet activation [55, 57].

Protein absorption onto biomaterial surface from multi component swusadynamic
multi-step process, that can be divided into different phases, asactesinin Figure
12. The process includes proteins transport (by diffusion, convection\otyjfaom

the bulk of the solution towards the surface, their first reversaolgorption and
competition among different species through exchange phenomena. Wehsing
residence time, modifications of the three dimensional structurtheofadsorbed
proteins may take place. When adsorbed proteins experience conformatioggscima
their structure (time dependent molecular spreading and unfoldiem)ftnctionality
may be altered. According to their structural conformation amnentation on the

surface, in the fact, proteins can expose functional groups and badlagto/e regions

to the surrounding environment, promoting subsequent biological reactians (e.

platelets or cell adhesion and activation, initiation of the coagulat@stade,
activation of complement, inflammation, etc.) [58]. The stagesaiépr adsorption on
biomaterial surface is summarized in Table 4 and schenggiegentation is given in

Figure 12.
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Table 4 The phases of protein adsorption on biomaterial surface.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
TRANSPORT | ADSORPTION EXCHANGE DENATURATION CONTINUOUS
ADSORPTION
Transport of Reversible Modification in Adsorbed proteins Formation of
soluble protein binding of the composition | undergo progressive  multiple protein
molecules molecules to thg of the adsorbed conformational layers.
towards the surfaces. layer, until a changes in their
surface. pseudo-steady | three-dimensional
state is reached. structure.
The process of| The proteins The most rapid With increasing The adsorbed

protein layer forms

interact with the| and concentrated residence time the
a kind of coat on the

transport is ruled
by diffusion
constants and | intermolecular | partially replaced

surface via species may be| protein may unfold
and spread on the surface of

surface. The biomaterial.

adhesion gets

concentration of|  interactions | with proteins with

the different (hydrophobic, | higher MW and
electrostatic, greater surface | strengthened and the

species.
charge-transfer) affinity. original functionality
of the proteins can
be altered.
Transport

g . o Adsorption
. . Exchange
. —. ) , Denaturation
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Figure 12 Different phases of protein adsorption on biomaterial surface.
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Biological fluids represent highly complex examples of real icaitponent solutions.
Blood plasma, in particular, contains hundreds of molecular speciesaadhan 150
proteins, in a wide range of molecular weights, charge, struatdeconcentrations.
Some simplifications are often required, in order to understand somé&ohfaic

concenpts of the protein-biomaterial interaction.

As suggested by Andrade and Hlady, about a dozen proteins (‘the bige’jwe
considered to dominate plasma protein adsorption, including albumin (HAS),
immunoglubulins (IgG, IgA, IgM), C3 complement component, fibrinogen (Fng),
haptoglobin, al-antitrypsin, a2-macroglobulin, as well as low and high density
lipoproteins. Among these, albumin, fibrinogen and to a less extent filrgnace
assumed to have prominent role in leading blood-material interactions [59].

Human Serum Albumin (HSA) (66 kDa) is the most abundant plasma protein (35-50
mg/mL). It is a globular protein composed of three structuraityilar globular
domains, each of which contains two sub domains and has a net negatye. char
Owing to its high concentration in plasma and to its relatigshall size, HAS is
usually the dominating protein at the initial stage of adsorption. EVEAS is not
involved in coagulation or platelet adhesion processes, once adsorigedfien
referred as a passivating agent, able to reduce the thrombogemtglaif the surface
[60].

Fibrinogen (Fng) is a 340 kDa glycoprotein. Its structure is made up of two syrane
molecules, each formed by three polypeptide chaiss(88,5 kDa), B (56 kDa),g
(47kDa). In physiological conditions Fng is present in human plasma avith
concentration about 2.0-4.5 mg/mL. It plays a certain role in thrombopgetesses
as it is converted in fibrin during coagulation and mediates thesaahef platelets to

the surfaces on which is adsorped [61, 62].
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1.4.4 Platelet Biology

Platelets are anuclear, disc-shaped cells, aboutr@-#h diameter in testing conditions.
Their physiological concentration in human blood ranges from 150-40@ell&/mL.
Platelets are produced by megakaryocytes in the bone marromnien life time is
about 5-6 days. In the resting time, platelet shape is discoid and lszhtbyl
cytoskeleton. Platelets membrane plays an important role ingqtlgieysiology. The
external surface coat contains the receptors (e.g. glyeapsoGPIb and GPIIb/llla)
that, by binding specific proteins, mediate the process of adhesitovatiac and

aggregation [63].

The main physiological function of platelets is to arrest blood fhjured vessels by
formation of a temporary haemostatic plug, but platelet thromlaatiwvity can be

initiated by interaction of platelets with an artificial 0% as proven by frequent
complications associated with cardiovascular devices. The procpkgalét thrombus

formation, both due to vessel injury or contact with a foreign surtacebe described
as consisting three events: the first is the initial adhesighatélets to the surface, the
second is platelet spreading on the surface and the third candisesaggregation of

the platelets to form a three-dimensional thrombus [55].

1.4.5 Platelet Adhesion, Activation and Aggregation

Platelets are extremely sensitive cells that becomeateti by contact with any
thrombogenic surface such as injured blood vessels implants and biaisaidtelets
possess specific adhesion receptors that allow them to bind acesuPiatelet adhesion
to biomaterial surfaces may be mentioned by interaction of Gfliptor with vVWF
protein and GPIIb/llla receptor with Fng. GPIIb/llla is the doamt platelet receptor
with 40,000-80,000 molecules per platelet, and represents the recepfoadora
proteins which support cell attachment, including Fng, Fn, Vn and vVWF. rigjrafi

platelet receptors to such adhesive proteins requires that mEtiegtors are activated
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by conformational changes, or proteins adsorped on the surfacenateirdeed and
expose specific binding sites (Figure 13) [55, 63].

Due to its concentration in plasma and its greater adsorptiowitateespect to other
adhesive proteins, fibrinogen plays a key role in the processatdlgis adhesion to
biomaterials [61, 62]. Also its conformation and orientation upon adsorption on
biomaterial affects the platelet binging sites [62, 64].

Platelet ’
-

o

" BIOMATERIA

AL

Qs

@ = GPIlb/llla receptor @@g® -rng

A = GPIb receptor A =VvWF

Figure 13 Platelet adhesion on biomaterial surface by bindingatélei membrane
receptors to the relative adhesive protein: GPIIb/llla-Fng &@®lb-vWF. Fng
molecule acts as bridge between activated GPIIb/llla recepfoasljacent platelets
inducing aggregation.

The adhesion to the surface follows generation of biochemical sjgiat rapidly
initiates platelet activation, change of shape and degranulation. #aliveauses

platelets to gradually spread on the surface, changing frossicdd resting discoid
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shape to a ‘spiny sphere’ shape. This process involves the conti@ctipioskeleton
molecules and the polymerization of actin filaments, and impliesetbrganization of
plasma membrane, that will assume important procoagulant prop&heshange of
shape is accompanied by platelets secretion. The formation df amaunts of
thrombin takes place. Activated platelets expose glycoprotein coegpléRlib/llla
that work as receptors for fibrinogen. Fibrinogen acts as a bridgengirdijacent
platelets together and allowing the formation of thrombus-like agtgegFormation
of temporary white plug, adhered platelets and circulatingelptaimicro-particles

contribute to the amplification of the coagulation cascade (Figure 13) [55, 61, 64].

1.4.6 Surface Properties of Materials Affecting Blood Compatibility

The severity of the host response to the implantation a cardiovadeulae is strictly
related to the surface properties of the biomaterial empl@agethe surface is the first

part that communicates with the surrounding environment.

The main responsible bodies for the initiation of biomaterial-indtivesnbotic events
are platelet and coagulation factors circulating in plasmaniceSi platelet
adhesion/activation and coagulation activity are mediated by theirplaesr that
rapidly adsorbed onto a surface following the blood contact, itcspaed that protein
adsorption plays a certain role in guiding the biological response of a bicahateri

The adsorption phenomena that take place at the blood-material iatdefpend both
on the properties of the protein solution and on the physico-chemicakctdrastics of

the surface. Size, structure, concentration, charge, stabilityraiottling rate are the
main properties of proteins that affect their surface acti@tythe other side, material
physico-chemical surface characteristics such as wetyabiltemical composition,
charge, topography and heterogeneity are believed to highly no8uadhesion,

composition and conformation of the adsorbed protein layer. All these riyespe
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contribute to some extent of the definition of the behavior of protdirise interface
and, finally, to the fate of a blood-contacting implant.

During the past three decades many attempts have been carriéal correlate the
biological performance of materials with their surface charestics. Due to the
complexity of the blood-material system, absolute criteriaptedict materials
biological response from their surface properties can not be fixetkif® adsorption
onto various kinds of materials and in particular on polymers withrdiffesurface
characteristics (wettability, surface energy, charge, @dtgmetc.) has been examined,
in order to try to answer the question: ‘how do proteins interact with materiates®fa
[61, 65, 66].

The surface energetic properties of a biomaterial seem telotinant characteristic
driving protein adsorption. As a general rule, hydrophobic surfaeassaally reported

to induce higher and more rapid adsorption and conformational changes on plasma
proteins with respect to hydrophilic surfaces [66, 67]. This behavidedscated by
thermodynamic laws. In fact, in an aqueous environment, a proteds te adopt a
conformation with its polar groups turned externally, facing watesironment, and

non- polar groups internally. As a protein comes in contact wittdeopiiobic surface,

it will dehydrate and release surface-bound water originatingt @ntropy gain. The
protein will thus adsorb on the substrate with the hydrophobic region®doaa the
material-protein interface and the hydrophilic regions locatedh@ protein-water

interface as shown in Figure 14 [65].

On contrary, in the case of a hydrophilic surface, water desorptionthe solid is not
energetically favorable, therefore, the proteins remain surroubgddeir solvation
shell, and adsorption occurs through a strong bound hydration layerforagprotein
adsorption to hydrophilic surface is generally weak and reversibte does not

originate changes in protein conformation [65, 66].
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In contrast, in the case of contact with an hydrophobic surfaceareangement of
protein structure takes place, causing a tight mainly irrdslerdbinding. As a
consequence, denaturation may cause proteins to lose their originaldaibbagivity.

This is the reason why surfaces that present low waterhiléjtare often considered

to have a low procoagulant activity [65, 66].

m -hydrophabic region

Figure 14 Schematic representation of protein adsorption to ayghabic surface b)
hydrophilic surface. The distribution of polar functional groups and watgecules
surrounding surface-protein complexes is shown [65].

Surface wettability may also modulate platelet-binding epitog@ession in Fng
through molecule unfolding, thus affecting platelet inclination to adhesind
aggregation [62]. High hydrophilic materials have been reportedndoce low
conformational changes on Fng and consequently, a low degreeedéislatdhesion.
Besides hydrophobic interaction, the adsorption of molecules from aosotot the
surface of a material is ruled by intermolecular inteoastj such as ionic bonding, and
charge transfer interactions (dipole-dipole, induced dipole-dipole, induqeaedi
induced dipole). The types of intermolecular forces governing tlegactton with
proteins are determined by the surface chemical compositionnoétarial, by the

charge properties of both the surface and the molecules, pH andtrenigtis of the
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solution, etc. Moreover, the presence of the surface heterogeneiitingesn the
presence of domains with different characteristics, can lead ifteredtiated

preferential adsorption and influence the protein orientation on the surface [61, 62].

Material properties and features on a microscopic scale rmayafect adsorption. The
surface topography and roughness contribute to influence protein adsorption, by
increasing the surface area exposed to plasma and makingilabés for protein
attachment and exchange. Surface topography may also address prbéeingpand

promote specific stimuli for cells [68].

1.4.7 Surface Modifications for Blood Compatibility

In surface modifications for blood compatibility, the basic appraaehe summarized
in three categories:
the control of the surface properties of a polymer;
the use of an antithrombogenic substance in combination with a polymer;
the utilization of assimilation and repairing properties olivtissue such as
pseudoendothelialization.
Altering of the surface properties can be achieved in differeysvguch as creating
minimum interfacial free energy, optimum hydrophilic/ hydrophdiztance, optimum
critical surface tension, a negatively charged surface, a hydeyge, a micro-phase-
separated structure, and so on [69].

New surface modification techniques include immobilization of smedifological
molecules mostly heparin and albumin on the materials surface [f®Ju3e of these
antithrombogenic substances in combination with a polymer or as caativances
blood compatibility. Most commonly used antithrombogenic substancehepwarin
(inhibits the activation of blood clotting factors), urokinase (aatwdibrinolysis), and

prostacyclin (suppresses the aggregation of platelets) [69].
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1.5Heparin

Heparin, often-used as anticoagulant, is classified as an aniogidy rsulfated
mucopolysaccharide or glycosaminoglycan. It is biosynthesized aned stormast
cells of various mammalian tissues, particularly liver, lung andasa. Commercial

heparin is chiefly isolated from beef lung or pork intestinal mucosa [71].

It does not have a uniform molecular structure and composed of ahgruatits of
sulfated d-glucosamine and d-glucuronic acid (Figure 15). The esdesifilfuric acid
component gives acidic property to unfractionated heparin. The strecigoelegative
charges on the unfractionated heparin molecule attract and bind toombsdive

charges on clotting factors and are an important step in their inactivation.
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Figure 15 Chemical structure of a single unit of heparin molecule.

Heparin can catalytically increase the antithrombin 111 (IN] activity which inhibit
thrombin or some other coagulating proteases and inhibit the formatithe fibrin
network [72]. Unfortunately, the large dose of heparin needednficoagulation can

lead to uncontrolled bleeding that can be dangerous and fatal.
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1.5.1 Biological Activity of Heparin and Its Molecular Weight Ranges

Heparin has been used for years as an anticoagulant. It bindgittoroanbin Il
(AT 1), a naturally occurring plasma protease inhibitor, acegieg significantly the
rate at which AT-III inhibits coagulation proteases (factor Xa and thmombi

The activity of heparin as an anticoagulant has been shown teldted to the
molecular weight; because heparin apparently binds to AT-Ill inlastoichiometry.
Heparin is a mixture of polyanion chains in a wide range of maeowkights.
Therefore, heparins are classified according to their maeoukight ranges; the
unfractionated heparin (UFH) and low molecular weight heparin (LMVittlecular
weight of unfractionated heparin ranges from as low as 6,000 tolag$i§0,000 Da.

The commercial heparin (a product of Sigma H3393) have most chathe nange
17,000-19,000 Da. LMWHSs have a mean molecular weight of 4,000 to 5,000 Da, with
a molecular weight distribution of 1,000 to 10,000 Da and showing different

anticoagulant activities compared with unfractionated heparin [73].

1.5.2 Limitations of Unfractionated Heparin

Unfractionated heparin (UFH) has some pharmacokinetic, biophysicalbialudjic

limitations. The pharmacokinetic limitations of UFH are the testilits nonspecific
binding to proteins and cells. Because UFH is highly negatively etdargbinds to a
variety of plasma proteins (including histidine-rich glycoproteingtronectin,

lipoproteins, fibronectin, and fibrinogen) as well as to proteins sethey platelets
(platelet factor 4, PF4, and high-molecular-weight von Willebraadtof) and
endothelial cells (high-molecular- weight von Willebrand factofhis causes
variability in plasma levels of heparin-binding proteins in patientd aasults in
thromboembolic disease and unpredictable anticoagulant response. Bliohiigitons

of UFH apart from the well-known complication of bleeding, whiclsasxmon to all

anticoagulants, UFH can produce thrombocytopenia and osteoporosis [72-74].
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1.5.3 Low Molecular Weight Heparins

Low molecular weight heparins (LMWHS) are flagments of unioaeted heparin
(UFH) and are produced by chemical or enzymatic depolymerizdtidaVHs have
been introduced in clinical practice in the last years with goddhrombotic results
and with a lower rate of bleeding complications compared to UFH{. [M™MWH
fragments are approximately one third of the size of UFH. Likél, LMWHS are
heterogeneous with respect to molecular size and anticoagutanty. LMWHs have
a mean molecular weight of 4,000 to 5,000 Da, with a molecular weighbdi®n of
1,000 to 10,000 Da [73].

1.5.4 Differences of Anticoagulant Effects of LMWH and UFH

Like UFH, LMWHs produce their major anticoagulant effect by ivating
antithrombin. Their interaction with antithrombin is mediated by uaique
pentasaccharide sequence found on fewer than one third of LMWH ulesle&
minimum chain length of 18 saccharides (including the pentasacclsaugence) is
required for ternary complex formation of heparin, antithrombin, arairthin. Only,
the 25 % to 50 % of LMWH species that are above this critlzaihcdlength are able to
inactivate thrombin. In contrast, all LMWH chains that contain thgh-aiffinity
pentasaccharide, catalyze the inactivation of Factor Xa. Conseguenthmercial
LMWHSs have ratios of anti-Factor Xa to anti—Factor lla in thegeaof 4:1 to 2:1,
depending on their molecular size distribution. In contrast to LMWifithally all UFH
molecules contain at least 18 saccharide units. Therefore,HaBHn anti—-Factor Xa
to anti—Factor lla ratio of 1:1 [73]. The anticoagulant effect BHUand LMWH are

also shown in Figure 16 and Figure 17, respectively [76].
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Figure 16 Anticoagulant effect of unfractioned heparin.
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Figure 17 Anticoagulant effect of low molecular weight heparin.
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Depolymerization of UFH into lower-molecular weight fragmemsuits in five main

changes in its properties; all are caused by reduced binding WHLNd proteins or

cells. These properties include [72, 74]:

1. Reduced ability to catalyze the inactivation of thrombin becausertiaier

heparin fragments cannot bind to thrombin (they retain their alwlityactivate

factor Xa).

improvement in the predictability of their dose-response characteristics.

increase in plasma half-life.

4. Reduced binding to platelets.

5. Possibly reduced binding to osteoblasts, which results in lessatamt of

osteoclasts and an associated reduction in bone loss.

Low molecular weight heparins (below approximately 8000 Da) int@itlll but

Reduced nonspecific binding to plasma proteins, with a corresponding

Reduced binding to macrophages and endothelial cells, with an associated

have a higher ratio of anti-factor Xa to anti-AT-Ill activityan unfractionated heparin.

LMWH have lower effect on platelet aggregation compared to Ukle 5 gives the

summary of biological consequences of LMWH, which are important indbloo

coagulation [73].

Table 5 Biological consequences of reduced binding of LMWH to proteins and cells.

Binding target

Biologic effects

Clinical consequences

Thrombin Reduced anti-lla to anti-Xa ratio | Unknown

Proteins More predictable anticoagulant | Monitoring of anticoagulant
response effect unnecessary

Macrophages | Cleared through renal mechanismLonger plasma half-life.

Platelets Reduced incidence of heparin- | Reduced incidence of heparin

dependent antibody

induced thrombocytopenia

Osteoblasts

Reduced activation of osteoclast

sLower incidence of osteopenie

19°4
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1.5.5 Methods to Immobilize Heparin on Polyurethane

Heparin is a naturally occurring anticoagulant synthesizedsanceted primarily by

the mast cells in the boddnd inhibits thrombin or some other coagulating proteases
preventing fibrin network formation [69Heparinizable polyurethanes were obtained
by different methods as given in literature. Ito et al. symbdsan antithrombogenic
polyetherurethaneurea containing quaternary ammonium groups in thehaide and
then covalently bound heparin [7Dther spacers such as diamine diisocyanate [78]
and poly(amino-amine) [79] were introduced onto the urethane linkages amd the
heparinization was carried out of by dipping technique. Among thedsodsgtusing
functional group grafting by oxygen plasma glow discharge followedgiaft
polymerization was an effective method that increase the immobilizirsgfsiteeparin
[80]. Heparin-immobilized polyurethanes were also prepared by cougaagions of
NH, and COOH functional groups with heparin and with acrylic aedd
acryloylbenzothiazole [81, 82]. The blood compatibility of heparinizelgysethanes

of grafted functional groups showed lower activation of platelets aasinal proteins
which lead to reduced thrombus formation as compared to nonheparinize

polyurethanes.

However up to date none of these mentioned methods have been conspletelysful
to prevent platelet activation and coagulation. Thrombi formation occurshen
interface when a polymer based medical device come in conttctoileid in vivo.
Therefore, there is still and will be more intense reseanctiheé synthesis and
modifications of new materials with new techniques to be used iprtduction of

blood contacting implantable devices.
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1.6 The Aim of This Study

The aim of this study is to synthesize polyurethane (PU}filmmedical purity from
main components of diisocyanate (TDI) and polyol without using any otherdients
(solvent, catalyst, chain extender, etc) and to modify theirasesf by covalent
immobilization of different types of heparin to enhance their bloodpeditmilities.
Polyurethane films were prepared in various compositions witareift TDI / polyol
ratios and their chemical, thermal and mechanical properties eten@acterized by
solid state NMR, FTIR, GPC, DMA, mechanical tests and TGA.dgdtenum PU film
composition was selected and surface modification studies by nbual@obilization
of heparin were carried out with that PU composition. Two types phrire
unfractionated (UFH) and low molecular weight heparin (LMWH)remenmobilized
on PU to investigate their anticoagulant effect on the surfaead the first time that,
LMWH was immobilized on PU surface as an alternative antidaagto UFH. Also
the anticoagulant activities of the surfaces containing UFH owlEMwvere examined
and compared for the first time. The surface properties of tmeskfied PUs were
examined with goniometer, ESCA, ATR-FTIR and AFM. The effetdifferent types
of surface-immobilized heparins on blood protein adsorption and on platelsiadhe
were examined after incubating the samples with platelet poesmplgdPPP) and
platelet rich plasma (PRP). Protein adsorption kinetics werelyzata by
electrophoresis and the platelets adhered on the surfaces xaenenved by SEM at

different incubation times.
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CHAPTER 2

EXPERIMENTAL

2.1 Polyurethane Synthesis

2.1.1 Materials for Polyurethane Synthesis

Toluene diisocyanate (TDI) (Molecular weight: 174; Boiling point2p#-TDI at 1 bar:
12C°C; Boiling point of 2,6-TDI at 1 bar: 129-133; density at 25C: 1.22 g/cm;
degree of purity: 99.5%) was obtained from Dow Chemical Company XWSAa
mixture of 2,4 and 2,6 toluene diisocyanate in the ratio of 80:20. Polyol
(polyoxypropylene/polyoxyethylene triol) was obtained from Dow GhahCompany
(USA) (Trade name: voranol 3322 polyol; a triol containing 88% polypropyteide

and 12% polyethylene oxide with terminal secondary OH- groups,colaleweight
3400-3500; hydroxyl value 46-48 mg KOH/g; viscosity af@551 MPa.s; water
content 0.1% (w/w); flash point: 233.)

2.1.2 Method for Polyurethane Synthesis

Polyurethane prepolymers were synthesized from the condensataiomeof toluene
diisocyanate (TDI) and polypropylene ethylene glycol (polyolrimrlosed vacuum
system in medical purity without adding any other ingredients/€st| catalyst or
activator). In this process, 20 mL of polyol was put into the reachamber, heated at
about 80°C and evacuated for at least 1 h in order to avoid volatile ckeespacially
water. Afterwards, desired amount of TDI, which was kept undeygah atmosphere,
was added drop wise and the total solution was stirred for 6 h atud@RE vacuum.
The formed viscous prepolymer was poured into glass molds and pcedicuum
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oven where they were kept for ~10 days at 90°C - 110 °C for complatg {83-86].
After the formation of solid polymer films, they are dipped in Ibgilwater for few
minutes, the films were separated from glass molds and ringbddistilled water.
Various polyurethanes were prepared by using different amountsyail poid TDI to
examine the effects of components on the physical and chemicariepof the
product. The compositions of prepared PU films are given in Table 6.

Table 6 Compositions of polyurethane films.

Sample Code| Volume ratio: polyol/TDI Mol ratio: polyol/TDI
5PU 4.00 0.170
6PU 3.33 0.142
7PU 2.86 0.122
8PU 2.50 0.106
9PU 2.22 0.094
10PU 2.00 0.085

2.2 Polymer Characterization Methods

2.2.1 Solid State Nuclear Magnetic Resonance Spectroscopy (NMR)

The solid state NMR spectroscopy is a powerful technique in dbamcg the
detailed structure and molecular motion of the samples in the phagech they are
actually used. In solid state NMR, all interactions in the sgbg-spin, spin lattice,
chemical shift anisotropy) are maintained with a resulting birm@adening in the NMR

spectra. This line broadening is mostly reduced by cross paianzmagic angle
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spinning (CPMAS) experiment technique and by adjusting sample TatesCPMAS
is a special solid state NMR technique which is used to enhansdisty for low
natural abundance nucléfC) with high abundance nucléH) by polarization transfer

and spinning the sample at an angle of &4hich is known as magic angle [87].

The chemical characterization of polyurethane films was dondigly Power Solid
State 300 MHz NMR Spectrometer (Bruker, Superconducting FT.NREttB®meter
Avancé™, with 300 MHz Wide Board Magnet, Germany) runnitit¢ CPMAS
analysis at a spin rate of 8000 Hz with a scan number of 20,000. Intordeamine
the microphase segregation between hard and soft segments, theéespiasréowered

to 1000 Hz and NMR analysis was performed without changing othenptaes. In all
experiments amount of polyurethane samples were kept constant aasngbles were
placed in 50 pL reduced volume Zrétors. Reduced volume rotors were preferred to

avoid the spinning problems of non powder samples.

2.2.2 Fourier Transform Infrared Spectroscopy (FTIR)

The polymerization reactions of polyurethanes were followed brkifPeEImer
Spectrum BX-FTIR Spectrometer (ltaly). The viscous prepolyrselution was
smeared on KBr pellet and after certain periods. FTIR speera taken directly. The
PU samples were analyzed over 600-4000 camge with the resolution of 4 ¢mAll
spectra were averaged over 32 scans. For different compogfiétig films, the NH
and carbonyl regions of the FTIR spectra were characterizeéxamine the

microphase segregation between the hard segment domains and soft segment domains

2.2.3 Gel Permeation Chromatography (GPC)

The molecular weight determination of polyurethane prepolymer anchatecular
weight change during the curing process was studied by GemneBgon
Chromatography (Polymer Laboratories (UK), PL-GPC 220 with ThilEnon). The
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analyses were carried out till samples were soluble iR. THie Universal Calibration
method was used during the GPC analysis.

2.2.4 Dynamical Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) measurements wengedaout using a Perkin
Elmer Pyris Diamond DMA (USA). The samples were measured avemperature
range from -110°C to 140°C at a heating rate°@ Bin* under nitrogen atmosphere.
The oscillation frequencies of 1 Hz, 2 Hz, 4 Hz, 10 Hz and 20 He wsed and the
analyses were carried out with oscillatory tension mode. Thegstonadulus (B, loss
modulus (E) and tan delta values were recorded against temperaturdfeatrdi

frequencies. The Tg values were obtained from the peak maxima of tan delta curves

2.2.5 Mechanical Tests

Mechanical properties of PU films were studied by Lloyd LRXMKchanical Tester,
controlled by a computer running program (WindapR). PU films (thickhez0 + 0.05
mm, width: 10.0 + 0.05 mm, length 40.0 £ 0.05 mm) were attached to the sholder
(gauge length: 10 mm) of the instrument. A constant extensionfra® mm/min was
applied. The load deformation curve was printed for each specimen. hsite te
strength was obtained from equatios F/A, where is the tensile strength (MPa), F is
the maximum load applied (N) before rapture, and A is the iratieh (M) of the
specimen. The load deformation curve was converted to stress-a&irae where
stress is the load applied per unit area (F/A) and strain isldf@mation per unit
length. Slope of straight line (elastic region of the strassasturve) is accepted as the
Young’'s modulus of the specimen [84]. For each type of sample, st fea
experiments were achieved and the average values of Young's mothrigsde

strength, and percent elongation at break were calculated.
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2.2.6 Thermogravimetric Analysis (TGA)

Thermal stability and thermal decomposition investigations of s fivere achieved
by thermogravimetric analysis using a Perkin Elmer PyrigGA instrument (USA)

under N atmosphere.

2.3 Heparin Immobilization on Polyurethane
2.3.1 Materials for Heparin Immobilization on Polyurethane

Two types of heparin types, high molecular weight unfractionatgxhrime (UFH,
Sigma-Aldrich, USA, H3393, Mw~17000-19000 Da) and low molecular weight
heparin (LMWH, Sigma-Aldrich, USA, H3400, Mw~3000 Da) were covalently
immobilized on PU surfaces. Acrylic acid and N’-3-(dimethylamiogpy)-N'-
ethylcarbodiimidehydrochloride (EDC), N-hydroxysuccinimide (NHSgd in grafting

process were products of Sigma-Aldrich, USA.

Citrate Buffer (0.2 M, sodium citrate-citric acid buffer) waepared from two stock
solutions. First, 0.2 M sodium citrate solution was prepared by disgoh8.8 g
NasCsHs07.H,0 (MW = 294.12) in distilled water (total volume 1L). Second, 0.2 M
citric acid solution was prepared by dissolving 42.02¢85G;.H.0 (MW = 210.14)
distilled water (total volume 1L). These two solutions were thiaed the pH 5 was
adjusted with HCI.

2.3.2 Method for Heparin Immobilization on Polyurethane

PU films (8PU was chosen as optimum films and used for blood exgrets defining
as PU) were cut into circular discs (d=8 mm) and ultrasogicé#laned in isopropyl
alcohol for 10 min. The cleaned and dried films were treated law temperature
oxygen plasma (Advanced Plasma Systems Inc., USA) with theajpmh of 100W
RF power supplied by; Seren R300 13.56 MHz power generator for 10 nbém.tAdé

power turned off, the system was opened to atmospheric pressidirthe PU films
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were taken out. Immediately a drop of aqueous acrylic acid solution) (#8%added
on the surface and the samples were immersed into aqueous acd/kolution (30%)
for 10 min, then rinsed with distilled water and dried in air [88jeSe acrylic acid-
grafted PU films were immersed into 20 mL of pH 5 citrate drusblution containing
10 g/L EDC and let to react for 2 h &C4 In order to increase the stability of EDC
solution NHS (1% of EDC amount) was added. Afterwards, some fikene immersed
in to high molecular weight unfractionated heparin (UFH, Mw~18000 Blajisn and
some were immersed in to low molecular weight heparin (LMWHy~B000 Da)
solution which were prepared in citrate buffer (pH 5, containing §/25heparin
concentration). The immobilization reactions of the two different oubde weight
heparins were continued for 24 h &C4then films were taken out, washed with
distilled water and left to dry at room temperature in a da®cc Surface
modifications with plasma generally created peroxide activepy which go further
reactions with acrylic acid and then can linked to heparin with help of EDC as shown in

Figure 18.

heparin
0, plasma Grafting EDC Heparin NH
—_ O—0O ———5 NNCOOH 0 C=0 —» Ic:o
100W, 30Torr, 10min Acrylic PH 5, 2h, 4°C |
Acid EDC
PU PU PU PU PU

Figure 18 Heparin immobilization on PU films.
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2.4 Surface Characterization Methods
2.4.1 Attenuated Total Reflectance-FTIR Spectroscopy (ATR-FTIR)

Chemical structures of the surfaces were examined with AtexhJatal Reflectance-
FTIR (ATR-FTIR) using a Perkin Elmer Spectrum BX-FTIR cpemeter (Italy)
equipped with a ZnSe crystal at 45°. The samples were anayeeb00-4000 cih
range with the resolution of 4 émAll spectra were averaged over 32 scans.

2.4.2 Electron Spectroscopy for Chemical Analysis (ESCA)

Surface atomic compositions of PU films were analyzed by uSpers (Germany),
Electron Spectroscopy for Chemical Analysis (ESCA) systigqmipped with Mgla at
1253 eV and®84 W power at the anode.

2.4.3 Surface Hydrophilicity

Contact angle of a liquid drop is the angle formed by the linthefsurface and the
tangent of the drop at the point it touches to the surface. Contdetindgrates the
strength of noncovalent forces between the liquid and the fisstolayer of the
material. Small contact angles show high attractions betwgaid land the surface.
Surface hydrophilicities of the prepared films were studiedh wigionized triple
distilled water by a contact angle goniometry equipped with-pegformance image
processing system (KSV-CAM200, USA). Water contact angtes aach step of
surface modification was measured. For each sample at leasbrit@ct angle

measurements were carried out.

2.4.4 Surface Free Energy (SFE)

Surface free energy (SFE) is a property resulted froncthieenical structure and the
orientation of the molecules at the surface boundary of the niatéfaa solids, it can

be calculated from the contact angles of liquid drops with known cauitiension,
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formed on the solid surface. For any material, the molecualéisei bulk have no net
force acting on them, while the ones at the surface encounterimwuaed force. For
solids, this force is called as “surface free energy”’Eyend defined as the amount of

energy required to change the surface area of a material by one meter squar

The surface free energies of the heparin immobilized PU firase evaluated by
contact angle measurements with test liquids of: water, bromtwalape, formamide
and dimethyl sulfoxide. The test liquids formamide (HCQN&hd bromonapthalene
(C10H7Br), were product of Merck (Darmstadt, Germany). and dimethifbxdde
(C.HeOS) was product of Acros (NJ). In all the experiments deionizele wistilled
water was used. All the liquids were of reagent grade. A drodY%of the liquids
(water, formamide, bromo napthalene and dimethyl sulfoxide) was dxyjdadmotor
driving syringe on the smooth disc (diameter = 8 mm) samplesoat temperature.
For each material at least ten contact angles were mddsureach liquid by using a
Goniometer (KSV-CAM200, USA). The final average values wersgmed as the

resultant data.

The surface energy of heparin immobilized PU films and its conmer{polar and
dispersive) were calculated by means of the Owens, Wendt, RatleKaelble
(OWRK) and Wu Harmonic Mean methods. Additionally, the Lewis aid basic
contributions to the surface energy were calculated using thebasie method (AB
method). The AB method requires at least three liquid systemidaich two should
be polar and one non-polar. Water and formamide were used as poids land
bromonapthalene was employed as the non-polar one. The values of SHieteeted

by the programme used in the instrument.
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2.4.5 Atomic Force Microscopy (AFM)

The surface morphologies of control, UFH and LMWH immobilized PUsewe
investigated by Atomic Force Microscopy (AFM, Quesant, USA)an-contact mode,

using standard non-contact cantilever with silicone tips.

2.5 Blood Compatibility Tests

The blood compatibility tests include two main parts of experimenke first
experimental part was the investigation of blood cell adhesion on tefgainized PU

surfaces, and this part of the experiments was carried out at METU.

The second part of the experiments mainly focuses on the proteiptois studies on
heparinized PU surfaces. These experiments include; the detéioniof the proteins
types adsorbed on the surfaces, the investigation of the absorptiorsiokethese
proteins, their binding strength to surface, and studies about platesion and
aggregation. These parts of the experiments were carried duermo University,
Italy.

2.5.1 Biological Materials for Red Blood Cell Adhesion Studies

For red blood cell adhesion studies, fresh human whole blood was obteoned f
METU Health Center. The whole human blood was collected into sepéeaigus
Blood Collection Tubes (13x100 mm, 6.0 mL BD Vacutdingiass whole blood tube.
Additive: ACD Solution B of trisodium citrate, 13.2 g/L; citricid, 4.8 g/L; and
dextrose 14.7 g/L, 1.0 mL.) and used as fresh blood.

2.5.2 Methods for Red Blood Cell Adhesion Studies

The untreated PU (8PU) and different type of heparin immobilizegles (PU-UFH,
PU-LMWH) were prepeared in 1x1émieces and immersed venous blood collection

tubes having 6 mL fresh human blood. The samples were kept in vibnateg bath
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at 37°C for 15 min then rinsed with PBS buffer and the cells attachégek surfaces
were fixed with a fixation solution of glutaraldehyde for 30hmThen the samples
were left to dry in a dessicator at room temperature bes8&M (JEOL JSM-6400

Electron Microscope, Japan) investigation.

Fixation solution was prepared with the following composition [perr]jite
glutaraldehyde (30.0 g), NaPiO, (0.2 g), NaHPO, (1.9 g), NaCl (7.8 g), KCI (0.4 g).
All diluted to 1L with distilled water.

Phosphate buffer saline (PBS) solution of 0.1M was prepared by diss8igdNaCl,
2 g KCl, 14.4 g NgHPO, and 2.4 g KHPQO, in 800 mL distilled water. The pH 7.4 was

adjusted with HCI and the solution was diluted to 1L with distilled water.

2.5.3 Biological Materials for Protein Adsorption Studies

For protein adsorption and platelet adhesion tests, platelet-poor p(&F3, and
platelet-rich plasma (PRP) were used, respectively. PP&nedtfrom healthy drug-
free donors (S.Chiara Hospital Blood Bank, Trento Italy), was prepased
plasmapheresis through a continuous system with Hemonetic ceth®gpa Acid
citrate dextrose (8% w/v) was added to the human plasma to avoudatezg Platelet
concentrate was obtained from whole human blood by subsequent cetitnifigiaps
(3 min at 2250 g, 5 min at 4750 g, and 8 min at 410 g) at 21°C. The obtaiteldtpla
concentrate was mixed with PPP to obtain PRP, and platelet concentrationustsdadi
to a physiological value (200,000/uL ca.). PPP and PRP were obtametieated
according to conventional processes that do not modify plasma prepaniie that

don’t influence platelets vitality and activity.
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2.5.4 Protein Adsorption Studies

For protein adsorption tests, control PU and heparin immobilized PuU@ and
PU-LMWH) films were prepared as disk samples (diametenmmrBand surface area =
50 mnf) placed into 24-well tissue culture plate (TCP) wells. EmpEP Wwells were
analyzed as positive control. In order to have reproducibility andtatatirelevance, 3

samples for each type were examined for each experiment.

2.5.5 Protein Adsorption from Platelet Poor Human Plasma (PPP)

Protein adsorption tests were performed by incubating the Piples in fresh human
plasma (Platelet Poor Plasma, PPP) obtained from healthy darn®r€hiara Hospital
Blood Bank, Trento, Italy. Fresh human plasma (75 pL) was put on the esampl
surfaces. The samples were incubated &€ 3ihder static conditions for predetermined
experimental periods. Three exposure times were selecteth(3.5nmin and 25 min)

in order to evaluate the adsorption kinetics of plasma proteins. édtgr incubation
period, contacting PPP was removed from the surface and unbound proteens wer
gently washed with deionized water. The excess water on tha&csuof films was
gently removed by capillarity action of a tissue paper by togchd edge of each
sample. Therefore, it was maintained that only adsorbed proteinréagams adsorbed

on the sample surface.

The contacting PPP removed from the surface was prepared faroploresis

analysis as described in section 2.5.7.

The adhered protein layer was eluted from the surfaces bydubation with sodium
dodecyl sulfate (SDS) solution (0.1% w/v in water, 200 pL). Theéedl protein—SDS
solutions were also prepared for the electrophoresis analysissasbdd in section
2.5.7.
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2.5.6 Materials for Electrophoresis Analysis

The electrophoresis analyses were performed with Invitrogeatr&bdoresis Kit,
including the necessary chemicals and different types ofrefdwiresis gels and gels
staining kits.

For the materials of electrophoresis analysis, the chemia#BARE® LDS sample
buffer and NuPAGE reducing agent were directly used from the Invitrogen
Electrophoresis Kit.

The gel running buffer (NUPAGE® SDS running buffer); were prepared by adding
50 mL of NuPAGE MES running buffer to 950 mL of deionized water. This running
buffer was filled in to buffer chamber of electrophoresis equigmeth addition of
435 L of NUPAGE® Antioxidant.

Electrophoresis gels:Two different electrophoresis gels were used. NuPAGEs-
Acetate 3-8% porosity gradient gels were used for high maeaukight protein
determination and NuPAGEBis-Tris 4-12% porosity gradient gels were used for low

molecular weight protein determination.

Molecular weight standards: Himark™ Unstained High Molecular Weight Protein
Standart (LC5688, MW range 40-500 kDa, Invitrogen) was used and loaded on
NUPAGE® Tris-Acetate 3-8% porosity gradient gels for the determinatiomigh
molecular weight proteins in plasma. Protein Marker, Broad RaR@&0SsS, MW
range 2-212 kDa, Biolabs) was used as low molecular weight prst@mlart and

loaded on NUPAGE Bis-Tris 4-12% porosity gradient gels.

Gel stains: For gel staining, both CoomasSiBlue Staining (Invitrogen) and Silver
Staining (SilverQue&Y, Silver Staining Kit, Invitrogen) were used.
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Other solutions used in gel stainingThe fixative solution-l was prepared by mixing
50 mL methanol with 7 mL acetic acid and diluting to 100 mL with ltgstwater. The
fixative solution-1l was prepared by mixing 40 mL ethanol with L0 anetic acid and
diluting to 100 mL with distilled water. The washing solution-lhe B80% v/v ethanol
in water. Developer solution is prepared by mixing 10 mL of develsfoek, 1 mL of
developer enhancer (both obtained from SilverQifeSilver Staining Kit, Invitrogen)
and diluting to 100 mL with distilled water. Also stopper solution ieally used from
SilverQuest”, Silver Staining Kit, Invitrogen. CoomasSi8lue Staining (Invitrogen)
was used without dilution but Silver Staining (SilverQUéstSilver Staining Kit,
Invitrogen) solution was diluted to 0.01 % v/v with water.

2.5.7 Preparation of Samples for Electrophoresis Analysis

Preparation of contacting plasma for electrophoresis analysis:

5 uL of contacting plasma was diluted with 175 uL NuPageS buffer and 20 pL
NUPAGE® reducing agent, and then heated atCrGor 10 min. The prepared
contacting plasma samples were loaded in to NuPAGiEs-Acetate 3-8% porosity
gradient gels, with running conditions of 150V and 60 min. The gel was &rdd

stained with commasine blue staining as described in section 2.5.8.

Preparation of the adsorbed protein layer for electrophoresis analysis:

The proteins adsorbed on PU surfaces were eluted from the sufatds incubation
with sodium dodecyl sulfate (SDS) solution (0.1% w/v in water, 200 Tih¢ 19.5 pL
of the eluted protein-SDS solution were diluted with 7.5 pL NuPAGBS sample
buffer, and 3 pL NuPAGE Reducing Agent and heated at°@Ofor 10 min. The
prepared samples and molecular weight standards were loaded ofstH¢uFAGE
SDS running buffer was filled in to buffer chamber of electropdisrequipment with
addition of 435 L of NUPAGE® Antioxidant.
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Two different gels were used for the detection of high molecwksight proteins
(NUPAGE® Tris-Acetate 3-8% porosity gradient gels, running conditions: 150V, 60
min), and low molecular weight proteins (NuPAGBis-Tris 4-12% porosity gradient

gels, running conditions: 200V, 35 min).

The gels were fixed and stained with both Coom&Riiee Staining (Invitrogen) and
Silver Staining (SilverQue¥f, Silver Staining Kit, Invitrogen). The images of running
gels were digitalized by Gel Logic 200 Kodak 1D instrument (USA).

2.5.8 Gel Fixation and Staining Procedure after Electrophoresis Analysis

After each electrophoresis experiments each gel was remowedtifie cassette and
placed in 100 mL of fixative solution-1 for 15 min under single rotatim shaker.
Then the fixative solution was decanted and the gel was washesl tihtes with
distilled water for 15 min and then incubated in Coom&sRiee Staining for 2h. After
the staining is complete, staining solution was decanted and theagevashed in a
container with distilled water over night on a shaker. Also agigmper was placed in

to the container in order to absorb excess dye.

Silver Staining was performed after Cooma$d$éue Staining. The CoomasSi8lue
Stained gel was rinsed with water for 10 min and then fixed iog dsxative solution-

Il for 20 min. The gel was washed with washing solution-I for 10 min and withlelistil
water for 10 min. It was followed by incubation in silverqifsstaining solution
(0.01%v/v) for 15 min. Other steps were the incubation in developer solutio® (f
min) and the incubation in non-diluted stopper solution (10 mL for 10 min). Finally, the

silver stained gel was washed with distilled water (100 mL, 10 min).
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2.5.9 Concentration of Adsorbed Proteins

After each incubation time (5 min, 15 min or 25 min), adsorbed prtagers on the
surfaces were eluted by SDS solution as described above and thetiaiimres of the
adsorbed proteins were measured by NanoDrop 3.0.1 protein reader ins{{uSwnt
The measurements were repeated 5 times. The results of trmuretegrotein
concentrations (mg/mL SDS solution) were converted ‘adsorbed pratedunt per

surface area’.

2.5.10 Protein Binding Strength

After the incubation of untreated control PU, PU-UFH, PU-LMWH and TCP wethfr
PPP for 25min, the excess of plasma was removed from the saf@esamples were
washed with deionized water and dried by capillarity action ¢fsues paper as
described above. Then the samples were incubated in deionized tivae times
consecutively using 500L each time. Then all samples were washed sequentiatly wit
isopropanol/water solutions with increasing concentrations (10, 30, 50 and 70%a v/v).
each washing step, samples were dipped in 30@f elution solutions for 20 min
under static conditions at room temperature. The solutions weee{fdeied overnight
and were prepared for electrophoresis analysis as in section 2.5.7.

2.5.11Stability of Immobilized Heparin

Heparin immobilized PU samples were thoroughly washed with sodium dodecy sulfa
(SDS) solution (0.1% w/v in water, 200 pL) for 30 min. Heparin conceoiiin the
washing solutions were measured by NanoDrop 3.0.1 instrument. Hepduilitysta
tests were carried out for 5 replicates for each sample.€Budts were calculated and

given as amount of heparin released per surface area.
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2.5.12Morphologies of Adhered Platelets

The samples (PU, PU-UFH, PU-LMWH and TCP were incubated itelB{aRich
Plasma (PRP, at physiological concentration about 200.000 plate)efsfuarious
times (5, 15 and 25 min) under static conditions. The morphology of adherel@tplat
was characterized by SENfor the SEM investigations, the PRP incubated samples
were fixated with glutaraldehyde (2.5% GA in 0.1M sodium cacoeydaffer pH 7.2)
for 30 min, and rinsed 3 times with sodium cacodylate buffer (0.1M7 2 Then,
they were dehydrated with graded ethanol series (Gff 30%, 50%, 70%, 90%, and
2 times with pure ethanol) for 10 min each and then dried in air.sahmples were
mounted onto stubs, using carbon adhesive, and sputtered with gold (20 Arheca).
SEM analyses were carried out with ESEM-FEG XL30 (Fei Complolland) at 5
kV, spot 4, magnification 250-10000x.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Polyurethane Synthesis

Polyurethane films were synthesized by condensation reactiopolypropylene
ethylene glycol (polyol) and toluen diisocyanate components without addngther

ingredient in to the reaction medium.

Presence of excess TDI ensures the complete reaction of podating isocyanate
ended chains. The excess isocyanate present in these systarsgs additional
crosslinking reactions resulting in the formation of allophanate andtlguoups. This
provides the desired elastomeric and mechanical properties. Poneetormation
and cross-linking reactions of urethanes and ureas with isocyamateshakvn
schematically in Figure 19. During the reactions great casegiven to remove excess
moisture from the medium so that two-component polyurethane forondatvould
take place without undesirable reactions.

Polyurethane becomes cross-linked because of allophanate linkagedbhes in the
presence of excess diisocyanate. These reactions lead a kinmtuwhudation of
aromatic groups and creates hard segment of polyurethanes (E@undile polyol

chains creates soft segments of polyurethanes.
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Figure 19 Polyurethane synthesis and formation of allophanate and biureinsact
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CH3

Figure 20 Allophanate linkages forming crosslinks in polyurethane.

The properties and performance of segmented polyurethanesoaigsttependent on
their phase separated micro phase morphologies, which consists ahslah&ard
segments distributed in a continuous soft segment matrix. Ineraéy believed that
one of the most important factors or driving forces for theranphase separation in
polyurethanes is the strong hydrogen bonding between the uretha@hasdgments
[89]. The thermal and mechanical properties of these polymers edepamedical
purity without addition of chain extenders, showed very strong depemdEndhe
amount of the diisocyanate.

The characterization techniques, thermal and mechanical propertibe girepared

polyurethanes, emphasize the influence of the amounts of hard asg@goknts and
presence of hydrogen bondings on the structure-property relations.
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3.2 Polyurethane Characterization Results

3.2.1 Solid State NMR Analysis Results

The®C CPMAS analysis was performed for chemical charactesizati PU films and
for examining micro phase separation of hard and soft segmeRts structure. The
repeating unit of PU is shown in Figure 21 and the carbons havingediffehemical
environments are labeled. Since polyol is a mixture of polyoxypropylé

polyoxyethylene, x and y labels indicate the presence of these repeatsg uni

C8
A
L
N—C—o—(—gH—gHz—o%X—(-sz—CHz—on
i E " /n
v o Y
C5 C6 Cc7

Figure 21 Carbon atoms labeled according to their chemical environment.

In the repeating unit of PU, the carbons belong to hard segmen@&laiC2, C3 and
C4; while the carbons belonging to soft segment are C5, C6, C7 Cieaiide C9.
Figure 22 shows th&€C CPMAS spectrum of 5PU membrane at 8000Hz spin rate. In
the ®*C CPMAS NMR spectrum the region between 10-20 ppm correspondstialipha
carbons of the soft segment @8d flexible CScarbon in PU repeat unit. The region
between 60-80 ppm can be characterized as C5, C6 and C7 carbons. €hibee ar
flexible and the soft segments of the PU structure. C4 peak isveddeetween 110 -
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120 ppm. C3 aromatic carbon is observed as two components C3D at 124 ppm and
C3U at 128 ppm indicating the downfield and the upfield resonance lises, a
respectively. C2 carbon is characterized between 140-130 ppm and taebOfyl is
observed around 150 ppm [90 - 92].
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Figure 22"3C CPMAS spectrum of 5PU sample.

For the other composition of PU film (8PU), same amount of sampieused to
obtain *C CPMAS NMR spectrum which is shown in Figure 23. For 8PU the
characterization the peaks correlates 5PU, indicating themmeof similar chemical

structure. For 8PU, the volume ratio of TDI / polyol was highantthat of 5PU. This
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caused an increase in the intensities of the C1, C2, C3 and C4, wlociy bo hard
segments. The carbon peak areas of 5PU and 8PU samples were tabulated at Table 7.

Table 7 Carbon peak areas of 5PU and 8PU samples.

Hard Segment Soft Segment

C1 C2 C3 C4 C5,C6,C7T C8,C9
5PU 0.33 0.55 0.25 0.38 2.18 1.00
8PU 0.52 0.78 0.42 0.35 1.75 1.00

TDI / polyol mol ratio for 5PU and 8PU was 5.88 and 9.43, respectivelyinthease
in TDI mol number about 1.6 times caused an increase in the peatf &£éaC2 and
C3 about 1.6, 1.4 and 1.7 times increase, respectively. Results show that C1, C2 and C3

almost directly reflect hard segment content of the polymers.

Solid state NMR spectroscopy was used to identify the microgegseation between
rigid and flexible segments of PU structure by using diffesamiple spin rates. Spin
rate was adjusted to 1000 Hz (low spin rate) and 8000 Hz (high spin Fat this
purpose, 8PU sample is rotated at low spin (1000 Hz) and at high spinH&pdec
CPMAS spectrum of 8PU membrane at 8000 Hz spin rate and at 1000Hatspis
shown in Figure 23 and Figure 24, respectively. These two experimengscarried

out for the same duration with the same scan number.
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Figure 23"*C CPMAS spectrum of 8PU sample at high spin rate.
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Figure 24*C CPMAS spectrum of 8PU sample at low spin rate.
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When we compare the spectra of 8PU at different spin ratggr@23 and Figure 24);
at low spin rate the hard segment carbons (C1, C2, C3, C4) betwedd@ pm
region couldn’t be observed. They are belong to the rigid segment Bfilstructure,
which is stericly restricted part for the segmental motionatslow spin rate enough
anisotropy to give a chemical shift of NMR signal could not beiobdta Region
between 10-20 ppm corresponds to soft and flexible segment carbons6(@57],8,
C9) therefore no steric hindrance is exists, and the correspondikg)weee observed
at low spin rates (Figure 24). By applying high spin rate (8000fd¢fzhe same sample
(8PU), segmental motions of the hard segment carbons (C1, C2, C3, Cd)beoul
obtained and the corresponding peaks between 110-140 ppm region were observed
(Figure 23).

3.2.2 Fourier Transform Infrared Spectroscopy Results

The progress and completion of polymerization reactions were monibgrdel IR
spectroscopy. For this purpose, viscous prepolymer solution was smeared onl&Br pal
and FTIR spectra were taken at certain time intervals. TH® Epectra of the
polyurethane prepolymer and the cured PU (8PU) samples are shoignra 2. The
bands at 3300 cthand 1726-1705 crth are the two typical stretching vibrations
observed for polyurethanes [93]. The polyurethanes prepared from tolissreyahnate
and polypropylene ethylene glycol exhibited these charactepgsea&s. The band at
3297cm' corresponds to NH stretching vibration in the presence of hydrogen bondin
Two stretching band 2968 ¢hand 2866 cm corresponds to C-H asymmetrical and
symmetrical stretching in -Giirespectively. Strong C=0 stretching bands is observed
at 1716 critin the FTIR spectrum of the cured polyurethane [94]. Additional pagks
1600 cm* and 1537 crt and 1535 ci are attributed to stretching vibrations of C=C
bond in aromatic ring and bending mode of NH bond, C-N stretching respgctivel
Very sharp peaks at 1075 ¢rand 1230 cr, represent urethane or C-O stretching and
C-O-C vibration.
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As the reactions proceed and the samples solidify with formatiamrosklinking, a
decrease in the adsorption peaks of isocyanate groups at 22#&&cuns. Almost no
free isocyanate is left on the®@ay. Presence of very reactive isocyanate groups in
higher amounts, leads to the secondary reactions even reactinglre@tlyaformed
urethane groups, as well as forming new urethane bonds. These rfedtigns cause

an increase in crosslinking leading to an increase in the ra@idification. Also for
cured PU no free isocyanate groups at 2270 evas observed since the reaction

between these groups and water is very fast and forms urea bonds.

Cured PU

Transmittance (%)

i Prepolymer

rr—rr—Trr—Trr—1 17T 1717 117 17 777717 71T 7
3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800

Wavenumber (cm”)

Figure 25 FTIR spectra of prepolymer and 8PU film.

PU contains proton donor group (N-H) and proton accepter group (C=0). Therefore
hydrogen bonding between hard segments can exist. Hydrogen bonsligsigtficant
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effect on the physical properties of PU. Hydrogen bonded NH peailtranad spectra
displays frequency shift, changes in intensity and bandwidth [95].

Table 8 provides a list of peak positions for (C=0) and (N-H) groupsrethane and

urea linkages based on the nature of their hydrogen bonding. While navgéydr
bonded (free) urethane carbonyl gives a sharp peak in the 1730—174@acge,
strongly hydrogen bonded and ordered carbonyl peak (C=0...H-N) is 11680e-1695

cm® range. Depending on the hydrogen bonding environment, other urethane C=0
peaks are also observed between 1740 and 168(95h

Table 8 Characteristic IR absorption frequencies for C=0 and bdroups in
segmented polyurethanes and polyureas.

Group Mode Frequency (Ch

N-H Free 3445-3450

N-H N-H ... N-H 3300-3340

N-H N-H ... O (ether) 3260-3290

C=0 (urethane) Free 1730-1740

C=0 (urethane) C=0...H-N 1703-1710

C=0 (urethane) C=0 ... H-N 1680-1695 (ordered)
C=0 (urea) Free 1690-1700

C=0 (urea) C=0 ... H-N 1660-1670 (disordered)
C=0 (urea) C=0 ... H-N 1630-1645 (ordered)
NH-C=0 Amide Il 1540-1560

There are two regions of FTIR spectra which get particularest in the investigation
of phase separation of segmented polyurethanes. The first airgarest is the N-H
stretching region, which is located between 3100 - 3500.c¢Fhis region is shown in
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Figure 26 for PU films prepared with different hard segmenosain the present
spectra, the N-H stretching without occurrence of hydrogen bonrslilogated at 3445
cm'. The peak at 3415 chcorresponds to vibrations of N-H group connected by
electrons in the aromatic ring. The disordered, hydrogen-bonded Mtipgy are
characterized by absorbance near 3300 cithe intensity around 3300 cnincreases
with hard segment content from 5PU to 10PU with exhibiting broademinipis

region.

3300

3445 3415
1

Absorbance (au)

L T T L T y T L T L T y T L 1
3500 3450 3400 3350 3300 3250 3200 3150 3100

Wavenumbers (cm'1)
Figure 26 FTIR spectra of PU films in the N-H stretching region.
The second region is the carbonyl stretching region, which iselbdamtween 1640 -
1780 cnt (Figure 27). The hydrogen-bonded and non-bonded urethane C=0 are found

at 1716 cnt and 1732 cm, respectively. Ordered hydrogen bonded C=0 peak in
urethane C=O stretching is observed at 1684 ciue to the excess of TDI in
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composition, urea groups are also presented in the PU structure and free ugea&=0
is observed at 1698 chwhile disordered urea C=0 is observed at 1670 chion-
bonded carbonyls may not be completely ‘free’, as the corresponding iiN-tie
urethane linkage may be bonded to another carbonyl, or to ether oxydges sft
segment. In Figure 27 it is seen that the intensity of anetlC=0O region around 1716
cm?! increases with increasing hard segment content up to 10PU, indiaatingrease

in hard—soft segment microphase separation with increasing hard segment [26it

Absorbance (au)

AN

y T y T y T y T y T y T y 1
1780 1760 1740 1720 1700 1680 1660 1640

Wavenumbers (cm'1)

Figure 27 FTIR spectra of PU films in the carbonyl stretching region.

3.2.3 Gel Permeation Chromatography Results

The average molecular weight of 8PU prepolymer and its molewdaght during
curing process were determined by gel permeation chromatograpty) (éd the

results are tabulated in Table 9. GPC traces showed that tlezulaol weight of
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prepolymers increased during the curing step. GPC analysiscevered out as long as
the prepolymers are soluble in THF. During the curing procedsbibty of 8PU

prepolymer in THF was decreased, also branching of polyurethanebseis/ed as an
increase in heterogenity index (HI). After 18h of curing, prepelybecomes insoluble

in THF. The molecular weight distribution plots were also given in Appendix A.

Table 9 Average molecular weights and HI values of 8PU prepolymer.

Sample Mn (g/mol) Mw (g/mol) HI

PU prepolymer (Oh cured) 8647 9238 1.0684
PU prepolymer (6h cured) 14756 18567 1.25827
PU prepolymer (12h cured) 26271 70393 2.67947
PU prepolymer (18h cured) 30131 83138 2.75917

3.2.4 Dynamical Mechanical Analysis Results

Polyurethane elastomers are block polymers whose chains are eshgiadternating
low glass-transition temperature (Tg) ‘soft segments’ argid riurethane ‘hard
segments’. The hard and soft segments are joined end-to-end thowadgne urethane
bonds and, therefore, polyurethanes are classified as multiblockycwsl The
differences in polarity between the hard and soft segmenterrghdse regions
incompatible and the result is that they do not mix on a moleaat, [producing a
microphase segregation. The hard segment rich domain is gerdraibcterized as
semi-crystalline and provides stiffness and reinforcement toptiymer. The soft
segment domains are responsible for elastic behavior and arey @nalphous with a

Tg below room temperature [97].
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Dynamic mechanical behaviors of the samples were studied tomdaterthe
relationship between dynamic properties (tan delta, storage modulasdEloss
modulus E") and structural properties of PU filnfhe moduli of polymers are
temperature dependent and the mechanical properties change angfyifaround Tg.
In dynamic mechanical studies, the storage modulus decreaseédy rapd loss
modulus, tan delta exhibit maxima at glass transition temper&toege modulus (E')
is an index of elastic behavior, it was found to decrease witlkedsitrg temperature
[83]. Figure 28 compares the elastic behaviors (storage modulad,tB) PU films as

a function of temperature at 1Hz.
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— 8PV
10PU
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Figure 28 Storage modulus versus temperature curves of PU films at 1Hz.

At temperatures below Tg, like all glassy materials, @thgositions of PU films have

almost the same value of modulus. At that glassy plateau regimasEfound to be
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around 4170 MPa for all PU samples. With an increase in temperature, modulus rapidly
drops in the region of Tg and reaches to a secondary plateau cedjiesh rubbery
plateau. Also storage modulus E' is a measure of materialessffand can be used to
provide information regarding polymer molecular weight, degree ofanulecrosslink
density [98]. The difference between the storage moduklsin the plateau regions
before and after the glass transition is related to the dedremsslink density. A
smaller E' is associated with greater crosslink density. With the incatipor of
higher amounts of TDI from 5PU to 10PU, the hard segment amount in the
composition increases, crosslinking increases and this leadsmoather decrease in

the slope of E' through the rubbery plateau region. Measurements &r PU films
indicated that 10PU demonstrated highest crosslink density (smai§stompared to
others. This also shows that with an increase in the TDI amountydbglink density
increases. Polyurethanes are commonly used in the production ofainddvices
ranging from catheters to total artificial hearts. This zé#i the importance of
dynamical mechanical properties at room temperature and body regmpe
Therefore, the storage modulus values of the prepared PU filnescaieulated at both
25°C and 37°C, and are given in Table 10.

Table 10 Storage modulus of PU fiim2&°C and 37°C

Sample E' (MPa) at 25°C  E'(MPa) at 37°C
5PU 8.55 8.07
7PU 12.27 11.80
8PU 17.61 16.33
9PU 33.70 30.06
10PU 57.40 54.21
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According to E' values @5°C and 37°C, the PU films gains stiffness, rigidity and
resistant to elongation and mechanical deformation with an increds®d segment
content. On the other hand, there is a small decreasevatuies (about 0.5 — 3.2 MPa)

as the temperature increase fr@g7C to 37°C.

The loss factors (loss modulus and tan delta) are very sensititlee tmolecular
motions. Loss modulus and tan delta exhibits a maxima at glas#itia temperature
(Tg) with the initiation of the micro-brownian motion of the polymerickan the
amorphous regions (soft segment) of the polyurethane elastomer [88].l08s
modulus (E") behavior of PU films with temperature (at 1HDiven in Figure 29 and

the change in tan delta is given in Figure 30.
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Figure 29 Loss modulus versus temperature curves of PU films at 1Hz.
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The relative heights of the tan delta, ratios of loss modulust@ESforage modulus
(E), are known to be an in indicator of capability of energy dissipawithin the
microstructures of the PU films [100]. Tan delta peak maxirna tfie corresponding
Tg of the samples. The data show that, the tan delta peak magnitdd€gaare

sensitive to the composition of the PU films.
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Figure 30 Tan delta versus temperature curve.

As seen in Figure 30, as the hard segment content of the polyurethacreased from
5PU to 9PU, the tan delta peak magnitude decreased and the capdbditergy

dissipation as heat within microstructures upon mechanical defomudcreased, also
the glass-transition temperature was shifted to slightly higamperatures. The
increasing hard segment content results in larger hard mystaltine domains that
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restrict the molecular motion of the soft segment therelgasing the glass-transition
temperature. For 10PU sample due to excess amount of TDI high arabunt
microphase separation between hard and soft segments was occurfedvahgke was
found to be quite lower compared to 8PU and 9PU samples. The heigkttahtdelta
peak is related to the amount of the soft segment present. Algoeshan delta
transition suggests more uniform crosslink density, where broadeddlta suggests
greater degree of heterogeneity in crosslinking [97]. As shawkigure 30, only one
major a relaxation (single Tg) is observed for all films indicatirgg single
homogeneous phase in all compositions. The Tg and the tan delta ohliesPU

samples are summarized in Table 11.

Table 11 Tan delta peak magnitude and Tg of PU samples at 1Hz.

Name Tg °C Tan delta
5PU -43.08 0.62
7PU -42.63 0.57
8PU -40.94 0.45
9PU -38.14 0.35
10PU -41.63 0.32

The dynamic mechanical analyses of all samples wereedaon at oscillatory tension
mode with different frequencies. It is known that the mechanica\i@fs of polymers
are depending on frequency. The effect of frequency on storage matalian delta
for sample 5PU are shown in Figure 31 (a) and (b), respectivelgahde observed
from Figure 31 (a) with an increase in frequency, the storagulus of the sample

was increased, this is known as strain hardening of the polymer.
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Above Tg there is an increase in free volume and allows spaceolecular motions
to occur easily. Significant damping occurs when the appliedreggidncy is equal to
the natural frequency of the main chain motion. At higher frequeticeze will be

unsufficient time for chain uncoiling to occur and the material will be veligtistiff.

Figure 31 (b) shows the tan delta curves obtained at differaim sates. Since the Tg
values were obtained from maximum tan delta peaks, it was obsiraethe glass
transition temperature shifts to higher values, with increaseguéncy. For 1Hz the
Tg was obtained as -43°C. As frequency increase to 2 Hz, 4 Hzz HbdH20 Hz Tg
was obtained as -42°C, -40°C, -38°C, -36°C, respectively. The glassidramsgion

and maxima of tan delta linearly shifted to higher temperaturtts am increase in

frequency.

For all the prepared samples, storage modulus, loss modulus and dgacudedts at all

frequencies were plotted, Tg values were tabulated and shown in Appendix B.
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Figure 31 DMA curves of 5PU sample at different frequenciesS{a)age modulus
versus temperature, (b) Tan delta versus temperature.
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Figure 32 shows the glass transition temperature shift with fnegu€or all samples it
was observed that glass transition temperature shift is almesr with frequency.

This is a shift in ‘apparent glass transition temperatureammng the glass transition
temperature that the material mechanically recognizein frequency. The Tg
values of all samples obtained from tan delta peak maximd &eqliencies were

given in Appendix B.

There is a linear relationship to high strain rate regime. &tgpolation of these
linear lines to the higher frequency regime can make it pessilestimate the
temperature dependence of the modulus at high frequencies.
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Figure 32 The Tg shifts at different frequencies.



3.2.5 Mechanical Test Results

In mechanical tests, samples are subjected to a progressiesdasing tensile force
until it fractures. The strain is directly proportional to theest and the specimen
returns to its original length upon the removal of stress. In tly®neload is not
enough to cause permanent shifting between the molecules. Beysralatttic limit
the applied stress produces plastic deformation, so the permatardien remains by
the removal of applied load. The tensile strength of a polyméefised as the force
required to break a sample by tensile force. In the lineatiel@gions, the ratio of
applied stress to the amount of elongation gives modulus of elastibé maximum

force which cause break of the sample is reported as tensile strengtte af@hgation

is compared to the original sample is reported as percent elongation [101].

Molecular weight, crosslinking, and other chemical structure tatéesile properties of
polymers. Tensile strength of the prepared PU samples aredrétathe inter- and
intramolecular forces that hold the polymer together undetcking stress. The
backbone of PU, consists of different covalent bonds and the urethane bdwed is t
common one besides ethers, esters, amides and aromatic linkagesdfd has a
cohesive energy that defines how much energy is required tdt sgaart physically.
This characteristic clearly has an effect on the stremd the polymer. Table 12

compares the cohesive energies of most of the important chemical bonds in PU [101].

Table 12 Molar cohesive energy of organic groups in polyurethanes.

Group Cohesive Energy Cohesive Energy
(kcal/mol) (kJ/mol)
—CH- (Methylene) 0.68 2.84
—O-— (Ether) 1.00 4.18
—COO- (Ester) 2.90 12.14
—CsHs— (Aromatic) 3.90 16.33
—CONH- (Amide) 8.50 35.59
—OCONH- (Urethane) 8.74 36.59
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Molecular weight typically influences tensile strength up ¢mne limiting value.
Intermolecular forces, hydrogen bonding, van der Waals forces, and dipohent
tend to hold molecules together under stress in a way similae twovalent bonding of
a polymer backbone. The increase in hard segment content increadasttteness,
and decreases the elongation. Crosslinking in PU elastomers caetrsile strength
and elasticity. The weight percent of hard segments contrifieess. In polyurethanes,
isocyanates and crosslinked domains are considered hard segmemsthy study,
different amounts of hard segment containing PU films were mrdp@&Amounts of
hard segment domains influenced the mechanical properties. Iltws1khat increase
in the proportion of hard segment in polyurethane elastomers givesateaahhigher
modulus [84]. In tensile test experiments modulus of elasticitynaté tensile strength
and elongation at break values were calculated and given in Figure 3885he

summary of all mechanical results of the films are given in Table 13.
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Figure 33 Elastic modulus of PU films.
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The elastic modulus values were found as 2.44 MPa, 2.64 MPa, 5.72 MPa, 7.86 MPa
8.07 MPa and 8.82 MPa for 5PU, 6PU, 7PU, 8PU, 9PU and 10PU, respectivelg (Figur
33). It was observed that elastic modulus was increased witincagase in hard
segment content as expected since the polymer structure bedoongers There are

similar results reported in literature [84-86].

Ultimate tensile strength (UTS) values are given in EEd4#. Increase in hard segment
content, increased the UTS values leading to harder polymericusésicFor 5PU
sample; UTS is found to 2.40 MPa. As the hard segment increas&dJ, 7PU, 8PU,

9PU and 10PU, UTS values changed from 2.54 MPa, 4.99 MPa, 4.29 MPa, 4.11 MPa
and 6.40 MPa, respectively. The increase in the UTS is due tmdrease in the
number of cross-links between the chains providing more resistante tapplied

force. Also it is mentioned in the literature that, the increa®CO/OH ratio increases

the intermolecular attractions of the hard segments and decreases etoj8atB5].

Ultimate Tensile Strength (MPa)
o~
1

T y T y T y T y T y T
5PU 6PU 7PU 8PU 9PU 10PU

Figure 34 Ultimate tensile strength of PU films.
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The elongation at break (EAB) values of PU films are shownigaré 35. The 5PU
sample showed the highest EAB value with about 303 %. Increassrdnsbgment
content cause a decrease in elongation at break values to about 1020BUo The

values of E, UTS and EAB for all the examined samples are given in Table 13.
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Figure 35 Percent elongation at break of PU films.

Table 13 Mechanical test results of all PU samples.

Sample UTS (MPa) E (MPa) EAB (%)

S5PU 2.40 +0.3 2.44 +0.3 302.75+14.3
6PU 254+1.0 2.64+0.8 237.71+£4.76
7PU 4.99 +0.2 5.72+ 0.6 237.49 + 7.68
8PU 4.29 +0.5 7.86+1.3 259.73+12.8
9PU 411+0.7 8.07 £ .0.8 191.00+ 5.4
10PU 6.40 +0.8 8.82+0.6 192.91 + 18.2
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3.2.6 Thermogravimetric Analysis Results

Polyurethanes synthesized in this study are aimed to be udedproduction of blood
contacting biomedical devices. Therefore their thermal and mecahastabilities at
room and body temperatures are important. TGA analyses werenpedfdor 5PU,
8PU and 10PU films to get a general idea about their degrad&ioperatures.
Because of their complex segmented structures and complicaietiisgs formed by
degradation, it is difficult to relate the basic degradation mesimarfrigure 36 shows
the TGA curves of 5PU, 8PU and 10PU films. All PU films decompb$emperatures
over 200°C. 10PU sample started to decompose at 225°C. 5PU and 8PU etarted t
decompose around 250°C. This may be due higher amount of microphasatsagreg
between the hard and soft segment domains in 10PU sample. At 300°©f 15%U
degrades while less than 10% of 8PU degrades. The TGA curvegsrakfivatives

of the samples were also given in Appendix C.
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Figure 36 TGA curves of 5PU, 8PU, 10PU samples.
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3.3 Surface Characterization Results
3.3.1 Surface Hydrophilicity Results

For the improvement of blood compatibility of PU films, surface modiion steps
were carried out by oxygen plasma treatment, acrylic acidirggadnd finally two
different types of heparin (UFH and LMWH) immobilization on to #d surfaces.
Surface hydrophilicities of the prepared PU films were studigd wontact angle
goniometry after each step of modification. The water contadeswiogm 8PU surfaces
decreased from 77 to ~62 after oxygen plasma treatment and amridiqgrafting
(Table 14). It is expected that formation of the hydroperoxideaoboxyl groups
generated by the oxidation of the PU surface increased syrtdaegty and caused a
decrease in water contact angle. After immobilization of hepsuiface hydrophilicity
increased more and contact angle values decreased dowhfty 82J-LMWH and to
39° for PU-UFH samples. PU-LMWH samples exhibited the lowestaobnangle

among all. Similar low contact angles were reported for unfractioned he@@}in [

Table 14 Water contact angle of PU and surface modified PU samples.

Sample Water contact angle
8PU 76.45+ 241
PU-plasma 62.16 = 1.83
PU-AA 62.92+1.17
PU-LMWH 31.80+1.74
PU-UFH 38.48 + 4.82
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The increase of surface hydrophilicity by heparin immobilizatian draimportance in

the surface-protein interaction since it creates biocompatible surfaces.

Another set of contact angle measurement was carried out with tbilee liquids
(bromonapthalene, formamide and dimethyl sulfoxide) in addition torwatarder to
obtain the surface free energy values of PU films. Table 15 sHwevequilibrium
contact angle values of the liquids used for both untreated PU (8flLhegparinized
(PU-LMWH and PU-UFH) samples.

Table 15 The equilibrium contact angle values of different liquids.

Sample Water Formamide | Dimethyl Bromonapthalene
sulfoxide

8PU 76.45+2.41| 40.91+ 3.27 34.38+1.99 22.92+2.06

PU-LMWH |31.80+1.74| 47.39+7.35| 44.78+2.23 18.89+5.55

PU-UFH 38.48 £+4.82| 40.35+3.54| 4238+4p6 19.317 +3.28

3.3.2 Surface Free Energy Results

The values of acidic basic components, polar dispersive componentstestthquids
used in the experiments were obtained from the literature argivarein Appendix D
[114, 115]. The surface free energy values of untreated PU (8PU)irhieparobilized
PU samples (PU-LMWH and PU-UFH) obtained from the Owens-WealdeR
Kaelble (OWRK) method, Wu Harmonic Mean method and Acid-base (A&hod
are tabulated in Table 16-18. The formulas used by the instrumehéefoalculation of

SFE were given in Appendix D.
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The OWRK method has been widely used for the calculation of thestofate energy

and its corresponding polar and dispersive components. Generally, the polar component

value is used as an estimation of the concentration of the polar grmoups polymer

surface [103]. The total OWRK surface free energy valugeeotamples were found
to be 39.08 mN/m for untreated PU, 56.04 mXdmPU-LMWH and 54.45 mN/nfor
PU-UFH (Table 16). An increase in total OWRK surface freergy were observed

after heparin immobilization. This is due to the increase of malarponent values by

introduction of additional polar groups ($@nd COQ of heparin molecules with the

surface modification processes. Heparin immobilization resulted higher value of
the polar component (31.30 mN/m for PU-LMWH and 27.17 mimPU-UFH)

compared to that calculated for untreated PU (4.79 mN/m).

Table 16 Surface free energy and its components calculated by OWRK method.

OWRK OWRK OWRK
Total SFE Dispersive component Polar component SFE
SFE

Sample % d ol

(mN/m) (mN/m) (mN/m)
8PU 39.08 34.29 4.79
PU-LMWH 56.04 24.74 31.30
PU-UFH 54.45 27.28 27.17

Wu harmonic mean approach divides the surface energy into two components,

dispersive and polar, and uses a harmonic mean equation to sum thsiwdisped

polar contributions. The total surface energy values obtained by the Wu harmonic mea

method are given in Table 17 and the results correlate very witbll the values

achieved by OWRK method. According to Wu harmonic mean approach, the total
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surface free energy values of the samples were found to be 41/t0 fmM\untreated
PU, 59.90 mN/nfor PU-LMWH and 58.34 mN/nfor PU-UFH. The PU-LMWH had
the highest total SFE and polar component value among all saniplesvalues
obtained by OWRK and Wu harmonic mean approaches for SFE, disperdipelar
components were quite close to each demostrating similar trendegarin modified

samples.

Table 17 Surface free energy and its components calculatedubaimonic Mean
method

WU Harmonic WU Harmonic WU Harmonic
Total SFE Dispersive component Polar component SFE
SFE
Sample 08 gl o’
(mN/m) (mN/m) (mN/m)

8PU 41.10 32.98 8.12
PU-LMWH 59.90 26.78 33.12
PU-UFH 58.34 28.66 29.68

The term “polar” is used to designate three classes of compooadsly: i) dipolar
compounds; ii) hydrogen bonding compounds and iii) compounds that interact as
Lewis acids and bases. The Van Oss—Chaudhury—Good theory distinguisheglthe

base (AB) interactions as a component of the surface free energy:

whereg™" is the surface energy corresponding to Lifshitz—Van der Wasated and

a/*® describes the contribution of the AB interaction to the surface tension:

1/2

A =2 ), (3.2)
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where@; and g represent the ion pair donor (Lewis base) and the ion pair accept

(Lewis acid) contributions, respectively [103].

Surface free energy and its components calculated by AB methogiven in Table
18. PU-LMWH sample exhibited the highest total surface freeggnalue of 52.41
mN/m among all samples by acid—base (AB) method. Moreover, faaalples the
acid component was found to be very small about 0.5aD\/m. An increase in acid-
base interaction from 5.04 to 10.18 mN/m was observed by heparin imratbiliz
The basic component of acid—base interaction had an increase aftarnnhep
immobilization. The untreated PU films presented lowest basiponent SFE values
(3.65 mN/m) while PU-LMWH and PU-UFH samples present the higalkes of the
basic component (7.98 mN/m and 7.52 mN/m).

Table 18 Surface free energy and its components calculated by AB method.

Acid Base | Acid Base Acid Base Acid Base Acid Base
Total SFE | Lifshitz—Van Acid-Base Square root of |  Square root of
der Waals intreaction acidic basic component
component component SFE SFE
SFE
Sample % & ¢ N &
(mN/m) (mN/m) (mN/m) (mN/m) (mN/m)
8PU 46.19 41.15 5.04 0.69 3.65
PU-LMWH 52.41 42.23 10.18 0.64 7.98
PU-UFH 50.13 41.86 8.27 0.55 7.52

The type of adsorbed proteins and their orientation are retatbe surface properties,
especially the surface free energy. Moreover, it has beentedpiiat the dispersive

and polar components of the surface free energy are of key importandbe
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interfacial interactions. It has been also reported that Levgigitais a key factor in
surface biocompatibility [104].

3.3.3 Attenuated Total Reflectance-FTIR Spectroscopy Results

The ATR-FTIR spectra of PU films after each surface medlifon step are shown in
Figure 37. No significant difference is observed in the specteamtiol polyurethane
(PU) and oxygen plasma treated polyurethane (PU-plasma) safplesimilarity in

the spectra before and after plasma treatment may be theakhkigh penetration of
infrared light so that it can not detect the plasma treated uppens. The effect of

plasma on the surface is only at a depth of few nanometers.

The ATR-FTIR spectra of PU-AA is also similar to that &f;Rhis may be due to the
carbonyl adsorption of carboxylic acid groups of PU-AA overlappinty wiat of the
urethane bond of PU. In the ATR spectra of heparin immobilized pohames the
intensity of the C=0 peak at 1713 ¢ndecreased and the small peak at 1690 cm
corresponding to the strong H-bonding disappeared. 1600-157 Ammatic region
(C=C) of PU changed and the peak was shifted to 1583 with the presence of
carboxylate group of heparin. The C-H stretching of polyurethdhgeaf 1373 crit
disappeared and heparin S@symmetrical stretching was observed at 1402'.cm
FTIR-ATR of both PU-LMWH and PU-UFH showed sharp shoulders around 1000-
1100 cnt, compared with other samples, which were due to the symmegichsiig

of S=0 and C-O-C in the saccharide group of heparin. Also, teasity of the CN
stretching peak (1200 ¢thdecreased and the absorbance at 1224 corresponding
to sulfonic acid groups of heparin, significantly broadened. For tinaspeaks similar
results were also reported in literature [77]. Since the cleaistat absorption peaks of
SO; and C-O-C exists in heparin overlaps with the host PU peak€@at1®20 crit
range, further studies of heparin immobilized PU surfaces wamréed out by using
ESCA.
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Figure 37 ATR-FTIR spectra of modified PU samples.

3.3.4 Electron Spectroscopy for Chemical Analysis Results

ESCA is a highly sensitive surface characterization techniguehich the chemical
structure near the outmost of the surface (0.5-8 nm) can be analytedhe
guantification of surface atomic composition. Surface atomic compasitf untreated

PU films and heparin immobilized PU films (PU-LMWH and PBH) were analyzed

by ESCA. In order to compare the pristine and heparin immobiRkzég] the core level
spectra of different atoms of PU, PU-LMWH and PU-UFH weoenbined and the
peaks corresponding to oxygen-1s core level (binding energy, 540-525ited)en-1s

core level (binding energy, 408-396 eV), carbon-1s core level (binding energy, 294-278
eV) and sulfur-2p core level (binding energy 174-162 &¥ presented in Figures 38 —

41, respectively.
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The oxygen-1s spectra (Figure 38) and nitrogen-1s spectra (RB@uref both PU-
LMWH and PU-UFH are slightly broadened due to increase of oxygdm#drogen

content of heparinized surfaces.

PU-LMWH

PU

f y T y T y T y T u T u T u T !
540 538 536 534 532 530 528 526
Binding Energy (eV)

Figure 38 ESCA Oxygen-1s core level spectra of PU, PU-LMWH, PU-UFH.
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Figure 39 ESCA Nitrogen-1s core level spectra of PU, PU-LMWH, PU-UFH.

94



The carbon-1s core level spectra of all films had a peak maxat @85 eV resulting
from hydrocarbon C-C backbone. After heparin immobilization, the Gpkstra of
PU-LMWH and PU-UFH became broadened as a result of overlappisigrals for

many carbon sources (Figure 40). The shouldering at 286.6 eV correspo@ed t
from both PU and heparin immobilized PU surfaces, finally peak broag at around
289 eV belongs to carboxyl groups of heparin [22].

T u T L T L T L T L T u T L T L 1
294 292 290 238 286 284 282 280 278

Binding Energy (eV)

Figure 40 ESCA Carbon-1s core level spectra of PU, PU-LMWH, PU-UFH.

Figure 41 shows sulfur-2p core level spectra and the sampkd-eMWH and PU-
UFH exhibited a peak at 168 eV which is based on the sulfonate gi®QN&)

resulting from immobilized heparin [105]. The chemical structurbegpfarin molecule
is also shown in Figure 41. These results indicate that both typbkspafin were

covalently bonded onto the surfaces of the PU-LMWH and PU-UFH samples.

95



PU-LMWH

PUWWMM

I y T y T y T y T y T y 1
174 172 170 168 166 164 162

Binding Energy (eV)

coor H,C—— 0805
H o H H o H
OH SR
— o o
- H .
H  0SOs NHSO3

Figure 41 ESCA Sulfur-2p core level spectra of PU, PU-LMWHK-UFH and
chemical structure of heparin.

The surface atomic compositions obtained from ESCA survey scamaspeeigiven in
Table 19 It can be seen thafter the surface modification by acrylic acid grafting and
heparin immobilization, the oxygen atomic content has slightly isekdrom 33%
(PU) to 33.7% for PU-UFH and 35.4 % for PU-LMWH. Nitrogen content dlas
increased from 2.5% (PU) to 2.8 % for PU-UFH and 3.1% for PU-LMWHiu&ul
which is an indicative atom for heparin immobilization, was found on baglartre

modified surfaces to be at the level of ~1.7%.
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Table 19 Surface atomic compositions of samples calculated fr@v\ E8rvey scan
spectra.

Atomic %
Sample C1ls O 1s N 1s S2p
PU 64.5 33.0 2.5 -
PU-LMWH 59.8 354 3.1 1.7
PU-UFH 61.8 33.7 2.8 1.8

3.3.5 Atomic Force Microscopy Results

Application of the surface modification techniques completely clsanige surface
properties and the surface topographies of the samples. The b#sidnfer

investigating the surface topography of the sample with higblugon, is to perform
atomic force microscopy (AFM).

Heparin layer morphology; uniformity of coating, the part of tleparin molecule
attached on the material surface and heparin molecule confompddiys an important
role in hemocompatibility of the material. The formation of a umifoheparin
immobilization on the biomaterial surface is very important tsr performance,
because the presence of incomplete heparin coating or crevicest pdatelet

adherence and aggregation on the surface [106].

Surface topography of untreated PU, heparin immobilized PU sar{&t¢UFH and
PU-LMWH) were observed by AFM (Figure 42). The untreated PUasarfvas very
smooth compared with heparin immobilized samples. UFH immobilizedRface
shows a dendrite-like morphology of high molecular weight heparin chaitis
uniform distribution of heparin layer. Similar surface topographies weported by

AFM for unfractioned heparin on silicon surfaces [107]. LMWH immabd PU
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showed less uniform heparin immobilization compared with PU-UFHtl@ednay be
an important factor affecting the blood cell adhesion evaluations.

These heparin immobilized samples were hard zoomed at snralle(l2.5 m x 12.5
m) in order to observe the detail of morphology of heparin layegu(€i 43).
Untreated PU and oxygen plasma treated PU samples had smootbss(fffgare 43 a
and b) while LMWH and UFH modified surfaces presented diffei@mgraphies. In
the hard zoomed patterns, it is more clear to observe PU-LMWiihg showed a
brush like morphology of short heparin chains (Figure 43 c) where PUdliBWed an
ordered structure with a preferential orientation of long heparimsh{&igure 43 d).
PU-UFH surface demonstrated helical conformation of the high aulale weight
heparin chains. In both cases heparin molecules demonstrated satfibless
organization. This difference in the morphology may influence thd levelatelet
adhesion and thrombus formation. Some extra AFM images are given in Appendix E.
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Figure 42 AFM images in non-contact mode for surfaces of (akh) (B&-d) PU-
LMWH, (e-f) PU-UFH. The scan size is 3h x 30 m.
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Figure 43 Hard zoomed AFM images (a) PU, (b) PU-oxygen plassatet, (c) PU-
LMWH, (d) PU-UFH. The scan size is 12.50 x 12.5 m.

3.4 Blood Cell Adhesion Studies

In blood cell adhesion studies on untreated PU and two different typeirhepa
immobilized polyurethane surfaces (PU-LMWH and PU-UFH) wereudint into
contact with fresh human blood at 37°C for 15 min then fixed with glid@nyde
solution as given in the Section 2.5.2. It is known that heparin prevents blood
coagulation and platelet adherence. Blood cell adhesion studies demeontted cell
adhesion was reduced and blood compatibility of the material was intpadfter
heparin immobilization (Figure 44). Also it is important to know that thrombi
formation was observed during these tests since the samplesreatssl with blood

collected in anticoagulant additive tubes (Section 2.5.1).
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Pristine samples demonstrated very high adherence of red bloetaalhg more than
50,000 cell/mrf (Figure 44-a and b) while the cell adherence decreased4®00
cell/mn? for PU-LMWH (Figure 44-c and d), and only a litle adhesie$,000
cell/mnf has occurred for PU-UFH (Figure 44-e and f). From these reguitsy be
concluded that heparin immobilization improved the anti-adhesion effétbad cells
on the surfaces compared to untreated PU. It is mentioned in thtuligethat, there is
no main factor, but several factors affect cell-materiataatgon on the surface. These
are the surface characteristics like; topography, wettgbsitlyface energy, surface
chemistry etc [58]. The water contact angles on PU surfaees found to be 76and
after surface modification, surface hydrophilicity increasedemamnd contact angle
decreased down to 3%r PU-UFH samples, and 32or PU-LMWH. This may also
play an important role on the adhesion of proteins and preventing aadllegsblood

cells on the surfaces of the modified samples.

In this study, UFH immobilized surface exhibited a more anti-adhe=fect on blood
cells than LMWH immobilized surface. This may be due to;ntfege uniform heparin
layer of the UFH immobilized surface compared with LMWH imnfinbd surface or
it may be due to the result of the different biological actisibeLMWH and UFH. For
heparins in order to produce an anticoagulant effect; formatioerodry complex of
heparin, anti-thrombin, and thrombin is necessary. Also it is known thamomm

chain length of 18 saccharides in heparin structure is requirethdéoformation of
heparin, anti-thrombin, and thrombin ternary complex. Only 25% to 50% &WVHM
species are above this critical chain length and able to formetimary complex. In
contrast to LMWH, all UFH molecules contain at least 18 samt#hamits and have
longer chain and able to form this tertiary complex [73]. Thég/ e the biological
activity point of the obtained results. In order to have more detaifedmation about
the blood compatibilities of heparinized surfaces, more detail¢sl wese performed
starting from the protein adsorption tests which are the fepsdiaking place in blood

coagulation cascade during the blood-material interaction.
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Figure 44 SEM images after blood contact (a) PU (250x), (bXH00x), (c) PU-
LMWH (250x), (d) PU-LMWH (1000x), (e) PU-UFH (250x), (f) PU-UFH (1000x)
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3.5Protein Adsorption Studies
3.5.1 Amount of Adsorbed Plasma Proteins on Surfaces

Human platelet poor blood plasma (PPP) was incubated on the surfé&igd 6\WH,

PU-UFH, control PU samples and on TCP for 5 min, 15 min, 25 min pefldas.
amounts of plasma proteins adsorbed on each surface during these amsubaie
measured by NanoDrop spectrophotometer and the values of the pnoteimts
adsorbed per unit area on each sample after incubation with hurRaih@Results are

shown in Figure 45.
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Figure 45 Adsorbed protein concentrations on the samples.

Different protein adsorption kinetics was highlighted for the varioatenals tested.
TCP demonstrated the highest initial adsorption (8 g4nnf) decreasing over time
(down to 6.32 g/mnt and 5.10 g/mnt for 15 and 25 min, respectively). PU showed
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an increase in total protein adsorption with a peak at 15 min (§/0dnt), while the

modified materials adsorbed initially quite low (0.4¢/mnf for PU-LMWH and 1.15
g/mnt for PU-UFH) protein amounts, increasing by time up to 1.g@nnt for PU-

LMWH and 1.96 g/mnt for PU-UFH after 15 min, and than reaching a plateau to 1.55
g/mnt for PU-LMWH and 1.68 g/mnf PU-UFH at 25 min.

As expected, control PU demonstrated lower plasma protein adsor@owith TCP
at all incubation times and, after 5 min, the amount of adsorbedrpvads more than
two times higher for TCP (8.44g/mnt) than for control PU (3.44g/mnf) samples.
Polyurethanes are in fact considered as good materials fowd-bbntacting
applications. But still depending on the composition of PU, preparation medinods
modification techniques, variation on protein adsorption can be observedifddieot
surface modification by heparin immobilization on protein adsorption exasnined
for all incubation times, since a lower amount of plasma proteass adsorbed on
heparinized surfaces (about 7 times less for PU-LMWH and Ztiess for HMWH)

with respect to the unmodified PU surfaces.

PU-LMWH demonstrated lower protein adsorption when compared with P40
the early stage of surface-plasma interaction (Figure 45¢. damount of protein
adsorbed from plasma after 5 min incubation was found to be @/énf and 1.15
g/mnt for PU-LMWH and PU-UFH surfaces, respectively. This diffeeemight be
due to the different biological activities of low molecular weightd unfractionated
forms of heparin, in fact, LMWH is reported to have lower bindmglasma proteins
in comparison with UFH in intravenous applications [73-75]. After 15 min2&nchin
incubation, the difference between the amount of adsorbed proteins on RAUH lavid
PU-UFH samples was no more significant. Nevertheless, fronrabgts of the
adsorbed protein concentrations, it is measured that slightly lameunt of plasma
protein adsorption occurred on the PU-LMWH surface for the examimmubation

times. But we must also take in to account that; the standardidevodthe measured
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protein concentration from the PU-UFH surface is high and weueethat this high
standard deviation value represents uncertainty of UFH behavior amy ibendue to

the ‘variable anticoagulant activity’ of UFH as mentioned in literatur8,[109].

3.5.2 Protein Adsorption Kinetics from Human Blood Plasma

After total protein fraction quantification, adsorbed proteins weatyaad in terms of
their molecular weight by means of 1D electrophoresis. The @itsokinetics of the
low molecular weight plasma proteins and the high molecular wepigktna proteins
were studied for 5 min, 15 min, 25 min incubation times. Two kinds digma
porosity gels were used to detect low (1.5-212 kDa) and high (30-500nk&egular
weight plasma proteins.

The electrophoresis profiles of adsorbed proteins are shown in Figjared4~igure 47,
respectively. These two gels were stained with both Comasseabld silver staining
in order to observe the protein bands more clearly. Contacting plaBRR) (
electrophoresis profiles are given in Appendix F.

In general, higher adsorption was confirmed on untreated PU and TiCRespect to

heparinized surfaces. Specially, PU-LMWH samples demonstriagetbwest protein

adsorption at 5 min incubation time among all samples.
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Figure 46 Electrophoresis profiles of low MW plasma proteinsQaiassie blue

staining, (b) Silver staining.
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Figure 47 Electrophoresis profiles of high MW plasma proteins (apaSsie blue

staining, (b) Silver staining.



The adsorption of contact phase proteins plays an important role rnsimt
coagulation system. Also, the protein absorption onto biomaterial susfadynamic
multi-step process and divided into different phases, as schematiggglire 12. The
shape, conformation and amount of adsorbed protein layer changesimgh t
Generally fibrinogen and fibronectin are classified as adhgda@ma proteins and
they play important roles in blood coagulatidfibrinogen is known to be a protein
with high surface activity. It plays an important role in thettaig system in both the
plasma phase (intrinsic) and the cellular phase (plateletegagon) in normal
hemostasis and has also been implicated in thrombosis on foreigresufdrinogen
adsorption is a well-known contributor to surface-induced thrombosisle®satentain

a receptor site specific for fibrinogen, which is active onlywplatelets are activated
(Figure 13). On the other hand, albumin is a major protein having areoriliogenic
potential. So it is important to determine, if the first adsorbeceprain biomaterial
surface is albumin. If sothe thrombus formation decreases. With this notion, the
discussion of the electrophoresis profiles will be done in terrhasfet plasma proteins;

albumin, fibrinogen and fibronectin.

The presence of albumin, is recognized by a band at 66 kDa as shéugure 48
[110]. Albumin is most abundant plasma protein and due to its high cortcentad

its relatively small size, it is the dominating protein at ithigal stage of adsorption.
Albumin is not involved in blood coagulation or platelet adhesion processes, onc
adsorbed it is often referred as a passivating agent, abledteca thrombogenic

potential of the surface.

70 ~ S ' “ L g
) = [

Albumin

Figure 48 SDS-PAGE gels demonstrating adsorption of human albumin.
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On our electrophoresis profiles albumin was observed by its pedulipfike band at
66.5 kDa ca, and were strongly existed in all the tested saifijpipse 46 and Figure
47). Albumin showed the strongest band among all other plasma proteins at
electrophoresis profiles and this is important since it formedaced thrombogenic
potential of the surface. For both PU-LMWH and PU-UFH, the amousaidsbrbed
albumin showed an increase from 5 to 15 min, and then a decrease from 15 to 25 min.

PU-LMWH presented a high selectivity with few protein bandsratriutes, while PU-
UFH showed a random adsorption. Some protein bands correspond to fibronectin and
apolipoproteins, are discussed below.

Fibronectin is a plasma protein known to mediate platelet adhesion to theesigdad
assume to play a prominent role leading blood-material interaatid it is recognized
at 220 kDa as shown in Figure 49 [64].

220 - v

Fihronectin

Figure 49 SDS-PAGE gels demonstrating adsorption of human fibronectin.

In our samples, some bands at 220 kDa ca. could be associated to fibromésti
(Figure 47). This fibronectin band is observed more clearly atr steéned gel Figure

47 (b) and also in Figure 50 which is the enlarged figure of the gamAt 5 min PPP
incubation, PU-LMWH demonstrated almost no fibronectin adsorption whiteJIPH

had fibronectin absorption band. At 15 min incubation, fibronectin band is slightly

observed on both heparinized samples. At 25 min incubation time, due toatigeean
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protein adsorption process, the fibrinogen selectivity of the suwrfaeee changed and
adsorbed fibronectin amount was decreased on heparinized samples.

U-LMWH
U-UFH
 Empty TCP

PU

| PU-UFH
! § Empty TCP
' Empty TCP

i PU
| PU-UFH

- PU-LMWH

Fibronectin

160 —»

5 min 15 min 25 min

Figure 50 The enlarged view of electrophoresis gel between 240 kDa — 160 kDa.

In literature; fibrinogen could be recognized from the bands leetvé®-50 kDa as
shown in Figure 51 [110].

- . L. .
Gl = A 5
— =an
e EEE -
- Fihrin.crgc'n I

Figure 51 SDS-PAGE gels demonstrating adsorption of human fibrinogen.

The fibrinogen bands of our samples could be more clearly observed igone 52.

Fibrinogen exhibited two subunit bands on the electrophoresis profilasate thdo-
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fibrinogen observed at 58 kDa amgfibrinogen observed at 53 kDa. When the
fibrinogen bands are compared at 5 min incubation time; PU-LMWHplgagsihowed

lower b-fibrinogen adsorption compared to control PU and PU-UFH samples. At 15

min incubation timeb-fibrinogen adsorption increased on PU-LMWH. At 25 min

incubation timep-fibrinogen adsorption on heparinized samples (PU-LMWH and PU-

UFH) seems to be lowered than that of 15 min incubation. The other swfunit

fibrinogen; g-fibrinogen (53 kDa ca) is observed on PU-UFH at 15 min and 25 min

incubation times, while PU-LMWH had rggfibrinogen adsorption at 15 min, but at 25

min this surface had a slight tendency to absgfibrinogen.

' Empty TCP
PU

'PU-LMWH
PU-UFH

Albumin
p— fibrinogen

y— fibrinogen

Apo-E
Apo-Al

15 min 25 min

Figure 52 The enlarged view of electrophoresis gel between 66 kDa — 27 kDa.

Also the other low MW protein bands observed approximately at 35 kD@%akba

on electrophoresis profile (Figure 52), are possibly apolipoprot&i®.[ The protein
bands at 35 kDa was defined as apolipoprotein E (Apo-E) and the proteimatbahd
kDa was defined as apolipoprotein A1 (Apo-Al). Apolipoprotein Al is known to be
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the major component of high density lipoprotein. These proteins wendycieare
abundant on control PU and TCP than on heparinized surfaces (Figure 46da-b a
Figure 52). Also the adsorption of apolipoprotein on the different surfa@ss
discussed in the literature in terms of surface hdyrophili¢itgse selective adsorption

of these apolipoproteins on control PU surface rather than heparinizedrRdes may

be due to the higher hydrophobic character of control PU.

3.5.3 Protein Binding Strength on Surfaces

For the samples which were incubated with plasma for 25 mintermative method
was used for the elution of adsorbed plasma proteins. Sequential witbhesater and
isopropanol solutions of increasing alcohol concentrations were useskel&gtive
removal of the adsorbed proteins on the basis of their binding gtreing to their
hydrophobic binding sites [111]. The electrophoresis of eluates is shiguwre B3 for

low molecular weight proteins and Figure 54 for high molecular weight proteins.

The electrophoresis profiles of eluates (Figure 53 and Figlirstowed that protein
binding on PU surfaces were not strong, since most of the proteiageveoved from
the surfaces within the first two water washes. As it couldidserved from Figure 53
that, albumin (66 kDa) was removed from PU-LMWH surface withitsednd second
water wash. The most of the adsorbed albumin on PU-UFH surfaceemased with
the first water wash leaving almost negligible amount forsgmond wash. Untreated
PU presented higher amount of albumin binding and albumin protein band (66 kDa)
also observed in the solution eluted by 10% v/v isopropanol. The first rvgaglhiih
water caused detachment of most of them, but still there wene semaining which
were strongly bonded to the surface and removed from the susfabe washing of
10% v/v isopropanol.

Also the similar removal trend was observed for the fibrinogen. As it deuttbserved

from in Figure 54, fibrinogen (58 kDa) was removed from PU surfactsthe first
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and second water washes, but it exhibited a band in the elution sabtti@®o v/v
isopropanol for untreated PU. It can be concluded that, these two préitinegen
and albumin which play a key role in blood coagulation cascade;, are strongly
bonded on pristine PU surface rather than heparinized PU surfacesndynbe due to
the effect of hydrophobic binding sides of PU surfaces, which maygdyr bind blood
plasma proteins. Weak protein binding to the heparinized surfaces aafatssl to
increased hydrophilicity of heparinized surfaces with respeathti@ated PU, and may

affect materials hemocompatibility.
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Figure 53 Electrophoresis profiles of binding strength of low MW plasma proteins.
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Figure 54 Electrophoresis profiles of binding strength of high MW plasma proteins.

3.5.4 Heparin Stability Results

To test stability of heparin immobilization on PU surfaces, hepad surfaces were
washed with sodium dodecyl sulfate (SDS) solution (0.1% w/v in water, 200 uL) for 30
min. SDS (G:H2sSOyNa) is used for disrupting non-covalent bonds on the surface. The
amount of heparin released into the SDS wash solutions (removed or degrade
fragments) was measured and the obtained results are tabulated in Table 20.

The highest heparin amount was obtained for PU-UFH samplesi&sogdmni. This
result can be explained as the release of heparin fragmep@&ritiehains are bonded
covalently at one terminus to the surface, the long and fresguallgaride chain may
partially degrade in the exposing medium [108, 109]. The released amduvit/\éifl
from the PU surface was found to be almost 3 times less codnpaite PU-UFH
surfaces and found as 0.112 pg/mm
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Table 20 The amount of heparin released from the surfaces by SDS washing.

Sample Amount of Heparin
( g/ mnT)

PU-LMWH 0.112 + 0.002

PU-UFH 0.412 + 0.004

3.5.5 Platelet Adhesion and Activation

The activation of intrinsic coagulation, the adhesion and aggregatiomtefgh, and
the activation of the complement system may take place, depemdiihg composition
and the conformation of the protein layer adsorbed on the surface. Wihetatelets
are adhered to the surface, the extent of morphology change mawgdre appropriate
indicator than the number of adhered platelets adhesion in judging bloedamnat
compatibility Platelet activation is marked by morphologicalngfes from rest discoid
shape to varying degrees of spreading [112]. The extent of plgpeésiding could be
categorized by platelet shapes into five morphological formsritdésy increasing
activation. These are discoid or round (R), dendritic (D) or gmdydopodial, spread
dendritic (SD) or intermediate pseudopodial, spreading (S), and pulyad (FS). The
spreading stages are shown in Figure 55 and defined in the legend.
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Figure 55 Stages of platelet spreading. Round (R) or discoid: no pselusippesint;
dendritic (D) or early pseudopodial: one or more pseudopodia with no evident
flattening; spread dendritic (SD) or intermediate pseudopodial: onemare
pseudopodia flattened, hyaloplasm not spread between pseudopodia; spregding (S
hyaloplasm spread between pseudopodia; and fully spread (FS): hyalopla
extensively spread, no distinct pseudopodia.

With this notion, the platelet morphology and platelet activation on [HV&Wd UFH
immobilized PU surfaces after PRP incubation (5min, 15min, 25 maerg studied by
SEM and results are given in Figure 56. The low magnification 8&Ades were used
to get information about the overview of platelet adhesion on the sasufieces
(Figure 57 and Figure 58). In order to determine the type odlptanorphologies on
samples, higher magnification SEM images were also used éF§4+61). Also the

SEM images of all surfaces without PRP incubation are given in Appendix G.

In general, the platelet numbers on the heparin immobilized P9 {Ro-LMWH and
PU-UFH) were lower with respect to the control materiald this could be clearly
seen in Figure 56 for all incubation times. These differences lsanb& clearly
observed from Figure 57 and Figure 58 which are the overall surfaws oif platelet
distributions on samples with 250x magnification after 25 min incubatmne. TCP
demonstrated the highest amount and homogenous spreading of plaiglets %7 a),

PU also showed high amount of platelets but with different platelet morphology&€Figur
57 b). It could be observed from the comparison of Figure 57 and Figuhat;8hie
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amount of platelets adhered on the heparinized surfaces (PU-LMWPUatiFH) are

much less, and the effect of heparin is clearly observed at 25 min incubated samples.

Since the platelet morphology plays an important role in blood compgtilwe have
to determine the platelet morphology differences on the surfactds higher
magnification SEM images. The platelets on TCP started to fepnead (S)
morphology at early stages of PRP incubation (Figure 59 a), ahdawiincreasing
incubation time (15 min, 25 min) platelet spreading was increaséu pgieudo
extension, and fully spread (FS) platelet morphologies were obs@figde 59 b).
Many of the platelets adhered on control PU surface get denaniticspread shapes
after 15 and 25 minutes (Figure 56 e, f), with the start of plapdhtelet aggregation
(clot). On the surface of the control PU, different platelet morpledogere observed
(Figure 60) than TCP. They kept their dendritic forms even af@maglation. At 25
min incubation time, the platelets on control PU were not spreadéd pseudo
extension as on TCP (Figure 59 b), they are in dendritic (D) (Brgure 60 a, b). The
control PU and TCP presented higher degree of platelet adhesicioraration of
thrombus-like aggregates compared with heparinized samples. Hepfaoh \&bs

clearly observed especially for 25 min incubated samples.

If heparinized PU surfaces were compared, there were lowedgtladhesion on the
PU-LMWH for all the experimental times, where plateletsravround with minimal
clustering at all testing time (Figure 56 g, h, i). This obg@wmais in agreement to
literature, where LWMH is characterized by reduced bindingdtelgts in intravenous
applications [72-74]. The round (R) platelet morphology on PU-LMWH coulchdre
clearly observed in Figure 61 a. In addition, PU-UFH showed a diffédiestics,
forming linearly aligned clusters with some pseudopodia extensi@b atin (Figure
56 k) followed by a decrease in adhered platelets at 25 min incaliate (Figure 56 |
and Figure 61 b).
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For PU-UFH samples, platelet adhesion kinetic was consistdntiveittrends observed
for protein adsorption. The increased degree of platelet adhedivati@an and
aggregation reported at 15 min can be in fact related to the amgiunt of pro-
adhesive proteins adsorbed to the surface at the same experitimaaiexs reported by
electrophoresis analysis (Figure 46). Type and conformation of tleebadsplasma
proteins on the heparinized surfaces influence the adhesion and actnfaplatelets

on the same sample surfaces.

As a result, high degree of decrease in the number of platgjgtegated on the
surfaces was observed for the samples modified with heparin idimatbn. Even
some platelets were observed in the early stages of incubation, they were raotgugrm
and therefore only few were observed on the PU-LMWH and PU-U#Hples
incubated for 25 min for PRP.
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Figure 56 SEM images of samples at different incubation times.
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Figure 57 SEM images (250x) at 25 min incubation time (a) TCP, (b) Control PU.
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Figure 58 SEM images (250x) at 25 min incubation time (a) PU-LMWH, (b) PU-UFH.
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Figure 59 SEM images of TCP (a) 5 min incubation time (5000x),18)min
incubation time (2500x).
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Figure 60 SEM images of control PU at 25 min incubation time (a) 1000x, (b) 2500x.
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Figure 61 SEM images (2500x) of heparinized samples at 25 min inouliate (a)
PU-LMWH, (b) PU-UFH.
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CHAPTER 4

CONCLUSIONS

Polyurethanes are the most widely used polymers in the desigoraduction of blood
contacting devices due to their segmental structure and inheoect ddmpatibilities.
This study focused on synthesis of polyurethanes in medical padtynadification of
polyurethane surface with different types of heparins to improvér thieod

compatibilities. The results obtained in the current study are summarikdbas:

The polyurethanes were synthesized in medical purity, from abd
polypropylene ethylene glycol by changing the ratio of tresaponents and
with no addition of chain extender and catalyst.

The PU films prepared with different TDI ratios, exhibited aorease in
microphase segregation with increase in hard segment content istthefure.
The solid state NMR spectroscopy allowed the solid state atkawation of
the hard segment carbons and the soft segment carbons by simydimnadj
different spin rates. The FTIR spectra of PU films dematedr a hydrogen
bonding of NH and C=0 groups.

The DMA demonstrated that; with an increase in hard segmenintotite PU
structure gained stiffness and exhibited an increase in Tg. dingoto E’
values a25°C and 37°C, the PU films gain stiffness, rigidity and resigtant
elongation and mechanical deformation with an increase in hard segment
content. Also the mechanical tension test results showed thaamititrease in
hard segment content, modulus and strain at break values were&ucvelile
elongation at break values were decreased. Very high amounts celganent

content lead to increase in the microphase segregation in strattigfecaused
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a decrease in degradation temperature of the structure as observed in TGA.
For best of our knowledge, it was the first time that LMWH \asobilized

on PU surface as an alternative anticoagulant to UFH. Alsocthieidirst time

that anticoagulant activities of LMWH and UFH immobilized PUaces were
examined and compared. The water contact angles on PU suriaeefouwnd

to be 76. Surface hydrophilicity increased and contact angle valuasaksxd

to 39 for PU-UFH samples, and 32for PU-LMWH. After surface
modification polar and basic components of the surface free emenggased.
This plays an important role in protein adsorption and platelet aagyagon

the surfaces.

The sulfur-2p core level spectra of the samples of PU-LMWH RiddJFH
exhibited a peak at 168 eV which shows the presence of sulfonate groups
(-SOsNa) resulting from heparin. Also carbon structure of the surfaas
changed with heparin immobilization. ESCA results indicate kib#t types of
heparin were covalently bonded onto the surfaces of the modified PU samples.
PU-UFH showed more uniform heparin immobilization compared with PU-
LMWH and this is an important factor affecting the blood cell attre
evaluations. LMWH chains showed a brush like morphology where the high
molecular weight heparin demonstrated helical conformation of the long
heparin chains.

Pristine control samples demonstrated very high adherence blaed cells
while the cell adherence decreased for PU-LMWH and onlytla &thesion

has occurred for PU-UFH, most probably due to the uniform heparin coating.

In the early stages of blood plasma-material interaction, therelices between

the two types of heparin modified surfaces were clearly obdeAfter 5 min
incubation, LMWH modified surfaces demonstrated about three timess les
blood protein adsorption than that of UFH modified surfaces. Total amount of

adhered protein became similar as the incubation time was extended.
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Albumin showed the strongest band among all other plasma proteins at
electrophoresis profiles and this is important since it reducedntiogenicity

of the surface. For both PU-LMWH and PU-UFH, the amount of adsorbed
albumin showed an increase from 5 to 15 min, and a subsequent decrease from
15 to 25 min incubation time.

Fibrinogen and fibronectin are plasma proteins known to mediate patele
adhesion to the surfaces and play a prominent role leading bloodaiater
interaction. Fibrinogen exhibited two subunit bankdibrinogen and g
fibrinogen. At 5 min incubation time; PU-LMWH showed lowestibrinogen
adsorption compared to control PU and PU-UFH. gfierinogen is observed

on PU-UFH at 15 min and 25 min incubation times, while PU-LMWH had no
gfibrinogen (53 kDa ca) adsorption at 15 min, but at 25 min this sutfad a
slight tendency to absorb thgdibrinogen. At 5 min PPP incubation PU-LMWH
didn’t adsorbed fibronectin while PU-UFH had shown a fibronectin absorption
band. At 15 min incubation time fibronectin band is slightly observed on both
heparinized samples. At 25 min incubation time due to the change innprotei
adsorption process, the fibrinogen selectivity of the surfacehasged and
adsorbed fibronectin amount was decreased.

Since fibrinogen and fibronectin are platelet adhesive proteins,atisarption

on heparinized surfaces affected the platelet adhesion. At 15nubation

time PU-UFH demonstrated higher fibrinogen adsorption compared to PU-
LMWH which caused an increase in platelet adhesion on PU-UFldcsurit

25 min incubation time, due to the low fibronectin adsorption on PU-LMWH,
platelet adhesion was decreased.

The non-thrombogenic effect of polyurethane surface modificationejpyarin
immobilization is clearly observed. The untreated PU and TCP riessa
higher degree of platelet adhesion compared with heparin immobsiaradles

and the formation of thrombus-like aggregates. When the morphologies of

platelets were examined, UFH modified surfaces had strungrslwsith some
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pseudopodia extension while LMWH modified surfaces showed round shapes
with little clustering.

As a result, it can be concluded that, LMWH and UFH immobiliz&dsBrfaces
demonstrated promising results for the improvement of blood contactiiged

(such as catheters, stents, artificial heart) but in order te hadefinite answer
about non-thrombogenicity of these surfaces, more detailed immunmeatizy
experiments are needed to investigate the presence and qga#atifiof platelet
pro-adhesive proteins.
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APPENDIX A

GPC DISTRIBUTION PLOTS

(&) (b)

(c)

Figure 62 GPC molecular weight distribution plots of 8PU prepolyi@e6 h cured,
(b) 12 h cured, (c) 18 h cured.
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APPENDIX B

DMA CURVES OF PU FILMS

A.1 Storage Modulus Graphs of PU Films at DifferenFrequencies

Figure 63 Storage modulus versus temperature curve of 5PU sample.
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Figure 64 Storage modulus versus temperature curve of 7PU sample

Figure 65 Storage modulus versus temperature curve of 8PU sample.
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Figure 66 Storage modulus versus temperature curve of 9PU sample.

Figure 67 Storage modulus versus temperature curve of 10PU sample.
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A.2 Loss Modulus Graphs of PU Films at Different Fequencies

Figure 68 Lossnodulus versus temperature curve of 5PU sample.

Figure 69 Loss modulus versus temperature curve of 7PU sample.
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Figure 70 Loss modulus versus temperature curve of 8PU sample.

Figure 71 Loss modulus versus temperature curve of 9PU sample.
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Figure 72 Loss modulus versus temperature curve of 10PU sample.

A.3 Tan Delta Graphs of PU Films at Different Freqeencies

Figure 73 Tan delta versus temperature curve of 5PU sample.

148



Figure 74 Tan delta versus temperature curve of 7PU sample

Figure 75 Tan delta versus temperature curve of 8PU sample.
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Figure 76 Tan delta versus temperature curve of 9PU sample.

Figure 77 Tan delta versus temperature curve of 10PU sample.
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Table 21 Tg values of all PU samples at different frequencies.

Samples
Frequency 5PU 7PU 8PU 9PU 10PU
1Hz -43.08°C| -42.63°C -40.94°C| -38.14°( -41.63°C
2Hz -41.58°C| -40.74°C -38.73°C| -36.48°C -39.31°C
4Hz -39.96°C| -38.73°C -36.9°C -34.5°C -37.17°C
10Hz -37.49°C| -35.48°C -33.27°C -32.64°C -34.25°C
20Hz -35.65°C| -33.27°C -31.19°C -29.63°C -32.04°C
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APPENDIX C

TGA CURVES AND FIRST DERIVATIVES OF PU FILMS

Figure 78 TGA curve of 5PU sample.
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Figure 79 TGA curve of 8PU sample.

Figure 80 TGA curve of 10PU sample.
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APPENDIX D

SURFACE FREE ENERGY CALCULATIONS

D.1 Surface Free Energy Formulas

Contact angle, is a quantitative measure of the wetting slid by a liquid. It is
defined geometrically as the angle formed by a liquid at thee thhese boundary
where a liquid, gas and solid intersect is shown in Figure 81. srfithire vector A
showsgsl, which is the interfacial tension between solid and liquid, vectindvsgy,
which is the interfacial tension between liquid and vapor and vectshd/sgsy,

which is the interfacial tension between solid and vapor.

Figure 81 SFE vectors at equilibrium and contact angle.

If water drops are used, contact angle values give information #itidrophilicity

and hydrophobicity of the solid surface.
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Surface Free Energy (SFE) has potgf)(and dispersivegs®) components which give
information about the polar or apolar character of the surface. Jimamation givethe
total SFE ') as shown:

In addition these polar constituents also have acidic and basic compahéaritgive
more detailed information about the character of the surfackeréit approaches are
used for determining the energy of solid substrates.

Zisman ApproachZisman plot, is build where the surface tension of the test ligsiids
plotted on the X-axis, and the cosine of the corresponding contactaamtiie Y-axis.
The extrapolation of the cosvs curve to cos = 1 (corresponding to the zero contact
angle, or the complete wetting limit) gives the value of the criticéhsearenergy of the
material tested. A series of homologous nonpolar liquids of diffetifgee tensions a

graph of cosvs is produced (Figure 82) [113].

Figure 82 Determination of the critical surface energy of solids.
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Geometric Mean (OWRK) Approach: This approach divides the surface energy into
two components, dispersive and polar, and uses a geometric mean appamanbine
their contributions. The resulting equation when combined with Young's equati
yields (Fowkes approach) [113-115]:

LA+ c0S) = 2[( P D)2+ (10 O 2] e (D.2)
This equation was rearranged as by Owens and Wendt to yield:
L1+ c0S) 1 (Y2 = (YL DYDY+ (DY, (D.3)

where is the contact angle, is liquid surface tension and is the solid surface
tension, or free energy. The addition of d and p in the superscrigts toe the
dispersive and polar components of each.

The form of the equation is of the type y = mx + b. The gragh't/( \%)"? versus
(1/2) | (1+ cos ) / ()2 is plotted. The slope is {)*? and the y-intercept is £)*2
The total free surface energy is merely the sum of its two component fbiSe< [ 5].

Harmonic Mean (Wu) Approach: This method utilizes a similar approach but uses a
harmonic mean equation to sum the dispersive and polar contributions. tGorgkss
against two liquids with known values dfand P are measured. The values for each

experiment are put into the following equation;
(A+cos) =40 I/ 0+ J+ P PP+ P (D.4)

where refers to surface tension (surface free energy), the sulsstapd s refer to
liquid and solid, and the superscripts d and p refer to dispersive anctpaiponents.
The two equations with two unknowns and are solved fband & .Total surface
energy and surface energy components derived using the harmaauc egeation
[113-115].
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Acid-Base Approach: Contact angles against at least three liquids with known values
of d, + and - are measured. The values for each experiment are put into the

following equation:

0.5(1+cos) 1= (& MY a (g Y2 (& D), (D.5)
where refers to surface tension (surface free energy), the sulsstapd s refer to
liquid and solid, and the superscripts d, + and - refers to dispersideard base
components. The three equations with three unknowns and is solvey fgrand s.
The total surface free energy of the solid is then given by [113-115]:

o= &+ B owhere S =20 A, (D.6)

Total surface energy, its dispersive and polar components, aasabke acid and base

adhesion parameters are obtained.
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D.2 Acidic, Basic Components of Test Liquids

Table 22 Surface tension parameters (acidic and basic components) of test liquids

Total SFE | Lifshitz—vVan Acid-Base Acidic Basic
der Waals | intreaction component | component
component SFE SFE

SFE

LIQUId a g-LW g-AB g_+ g-

(mJ/nf) (mJ/nf) (mJ/nf) (mJ/nf) (mJ/nf)
Water 72.8 21.8 51 25.5 25.5
Formamide 58.00 39 19 2.28 39.6
Bromonaphtalene 44.4 44.4 0.00 0.00 0.00
Dimethyl 44 36 8 0.5 32
sulfoxide

The data is obtained from literature [114-115].

D.3 Dispersive, Polar Components Test Liquids

Table 23 Surface tension parameters (dispersive and polar components) qiitst i

Total SFE Dispersive Polar
component component
SFE SFE
Liquid o} d gP
(mJ/nf) (mJ/nf) (mJ/nf)

Water 72.80 21.8 51
Formamide 58.2 39.5 18.7
Bromonaphtalene 44.4 44.0 0
Dimethyl 44 36 8
sulfoxide

The data is obtained from literature [114-115].
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D.4 Manual SFE Calculations using OWRK Geometric Men
Approach:

PU sample

Slope =(N? =2.2258 , L =4.95
Y-intercept = (2= 6.2638, = 39.235

(1/2) | (1+cos ) / (2
. y = 2.2258x + 6.2638
R®=0.9534

10 -

O T T T 1
0 0.5 1 1.5 2 ( Ip)l/Z/( |d)1/2

Figure 83 Fits of contact angle data of 8PU sample using OWRK approach.
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PU-LMWH sample

Slope =(P)Y? =5.584 , P =31.18
Y-intercept = ()Y?=5.1057, < = 26.067

(1/2) | (1+ cos ) / (%2

y = 5.584x + 5.1057

16 - 5
R?=0.8918

14
12

0 0.5 1 15 2 (Y

Figure 84 Fits of contact angle data of PU-LMWH sample using OWRK approach.
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PU-UFH sample

Slope =(H)Y? =2.2258 , L =4.95
Y-intercept = (2= 6.2638, = 39.235

(1/2) | (1+cos ) / ( &2

16 - y =5.2171x + 5.379

2 _
1 R? = 0.924

12
10 -

O T T T 1
0 0.5 1 1.5 2 (P

Figure 85 Fits of contact angle data of PU-UFH sample using OWRK approach.
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Table 24 Surface free energy and its components calculated byKONwthod

manually.

OWRK OWRK OWRK

Total SFE Dispersive component Polar component SFE
SFE

Sample % gl ol

(mN/m) (mN/m) (mN/m)
8PU 44.19 39.24 4.95
PU-LMWH 57.25 26.07 31.18
PU-UFH 55.51 28.29 27.22

D.5 Manual SFE Calculations using Acid-Base Approdt

Table 25 Surface free energy and its components calculated by AB methodlynanua

Acid Base | Acid Base Acid Base Acid Base Acid Base
Total SFE | Lifshitz—Van Acid-Base Square root of |  Square root of
der Waals intreaction acidic basic component
component component SFE SFE
SFE
Sample o LW AB + gs-
(mN/m) (mN/m) (mN/m) (mN/m) (mN/m)
8PU 45.33 40.96 4.37 1.82 2.62
PU-LMWH 51.05 42.04 9.01 0.64 7.04
PU-UFH 47.91 41.92 5.99 0.41 7.32
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APPENDIX E

AFM IMAGES OF OXYGEN PLASMA TREATED PU

Figure 86 AFM images of oxygen plasma treated PU surfanenrcontact mode (a)
2D image (b) 3D image. The scan size 8x 30 m.
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APPENDIX F

ELECTROPHORESIS PROFILE OF CONTACTING PLASMA
(PPP)

Figure 87 Electrophoresis profile of contacting plasma (PPP).
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APPENDIX G

SEM OF SURFACES WITHOUT PRP INCUBATION

Figure 88 SEM of surfaces without incubation with PRP (a) PUPBLMWH, (c)
PU-UFH.
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