CHAPTER II

THEORY AND LITERATURE REVIEW

2.1  Natural Rubber ‘V///
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Figure 2.1 Isoprene unit and freshmatural rubber latex [2]

The linear structuze pioposed by Pickles provided the possibility of structural
isomer with both cis- and 7rgms- répeating units. In fact, the natural rubber molecule
is not a pure cis-1,"4 polyiseprene. !%esides, it contains very small amounts of
functional groups in«fubber ghain tern_;eg as abnormal groups, such as aldehyde
groups [3], ester or lagtong group-[4] ;nd epoxides [5,6]. Structural studies using
BC-NMR spectroscopy disgloged that the ‘fubber\molecule contains about two to
three trans isoprene units [7]. Reoemly, detmlcd structure characterization of natural
rubber was investigated by PC-NMR an&}H -NMR spectroscopies [8, 9]. From the
relative intensity of the 51gnaf and the degrm of polymerization of highly purified
natural rubber, the number of #rans {soprene existing at the initiating terminal of the
rubber molecule is: est _&t_e_d_tg_b_e_tm_Acgo:dmgly,_the structure of natural rubber

is assumed to be as shown in Figure 2.8

CH; H
(n +(2) AN © 13
CH/ \CHz
Isoprene
CHj H CH; H CH3 H
A
~~CH, CH,1CH, CH, ,,CHz CHyw

Figure 2.2 Presumed structure of natural rubber [10].



2.1.2 Composition of Natural Rubber

The chemical composition of fresh Hevea latex is complex when compared
to synthetic latex. This is because fresh Hevea latex is a cycloplasm. It has been

known for a long time that fresh Hevea latex contains, in addition to rubber
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Physical properties of natural rubber may slightly be due to the non-rubber
constituents present and to degree of crystallinity. When the natural rubber is held
below 10°C, crystallization occurs, resulting in the change of density from 0.92 to
about 0.95. The average molecular weight can range from 200,000-500,000. Some

average physical properties of natural rubber are shown in Table 2.2.



Table 2.2 Some physical properties of natural rubber. [11]

Properties Value

Density 0.92

Refractive index (20°C 1.52
Coefficient of cubical expansior 0.00062/°C

= 3.7 cal./c.c.
Heat of combiisiion N 10,700 cal/g.

0.00032 cal./sec./cm?/°C

\ 2.37

Power facto 0.15-0.2

10" ohms/c.c.

1,000 volts/mm?”

2.2  Vulcanization [12] '}

Useful rubbeg artlcles such as tired and mechaucal goods, cannot be made

without vul im iﬁ very strong, does not
maintain 16@1121 YI) ﬂﬁmky Vulcanization can

a process which incréase the retractile force and reduces the amount of
Bl Ll

el freinahd aded/dembral f e fighlton force. Thus,

vulcamzatlon increases elasticity while it decreases plasticity. It is generally

accomplished by the formation of a crosslinked molecular network.
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ulcamzatlon is a process of chemically producing network junctures by the
insertion of crosslinks between polymer chains. The crosslink may be a group of
sulfur atom in a short chain, a single sulfur atcm, carbon-to-carbon bond, a
polyvalent organic radical, an inorganic cluster, or a polyvalent metal ion. The
process is usually carried out by heating the rubber (mixed with vulcanizing agents)

in a mold under pressure.



Accelerated-sulfur vulcanization is the most widely used method. For many
applications, it is the only rapid crosslinking technique which can, in a practical
manner, give the delayed action required for processing, shaping and forming before
formation of the intractable vulcanized network. It is used to vulcanize natural
rubber, synthetic isoprene rubber, styrene-butadiene rubber, nitrile rubber, butyl
rubber, chlorobutyl rubber, bromobu /rubber and ethylene-propylene-diene
monomer rubber. {;,.,

Typically a rggltipe for the vulcanized system fc___)-r one of the above elastomer

contains 2-10 phr of zinc oxide, 1-4 phr of fatty acid (e.g. stearic acid), 0.5-4 phr of
sulfur, and 0,5-2 phr of accelerator. The fatty acid wiln zin¢ oxide forms a salt which
can form complexs with accelerators and reaction products formed between

accelerators and snlfur. Acceleratorsare classified,andyillustrated-inTable 2.3

Frequently, mixtures of accelerators are used. Typically, a benzothiazole type
is used with smaller amounts of a dithiocarbamate (thiuram) or an amine type. An
effect of using a mixture of two different types of accelerator can be obtained.

Mixing accelerators of the same type gives intermediate or average results.



Table 2.3 Accelerators for sulfur vulcanization [12].

Compound Abbreviation Structure
Benzothiazoles "
@: “c—sH
MBT s

2-Mercaptobenzothiazole

2-2 _Dithiobisbenzothi

Benzothiazolesulfenami, ‘
N-Cyclohexylbeq/

sulfenamide

N-t-Butylbenzothi
sulfenamide

2

Dithiocarbamates m

Tetramethylthiurany monosulfide

AULINGY

Tetramethvlthluram disulfide ¢

ARIRSAI NN INY

Amines

Diphenylguanidine

Di-o-tolylguanidine

ZDEC

DPG

DOTG




11

23 Tests for Mechanical Properties [12]

The stress-stain test in tension, including ultimate tensile and elongation, is
probably still the most widely used test in the rubber industry. Among the purposes
for such tests are: to ensure that all compounding ingredients have been added in

proper proportions, to determine raf ure and optimum cure for experimental
\& ses and to obtain an over-all quality

polymers and compounds, fo%.l
check on the compounds-m onjtel ﬁknsﬂe tests are run now than a

previous year, for two_prineipal re 2 eter have been given a large

share of the tests for
properties desired in 2 thar st
strength is seldom required. in se fioe-at i ..f"&f‘iOes not guarantee the level of
any other property. ' yield modulus at specified
elongation, ultimate ength in well standardized
tests and with short tes from outdated. As shown in
al area (F/A for either tensile or
t original length (AL/L) in tensile

ing surfaces in shear tests.

on pét square meter (N/m?). Strain

is usually expressed ¢‘;n percent. Slnce it is the ratio of two lengths, it is

dimensionle ,ﬂeﬂ V(?wﬂlﬁ mthat the specimen has
imes its ongl

been stretche nal length

’QW’W@\‘iﬂ‘ﬁmﬁJ‘lﬂ’]WH’laﬂ
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elongation is used to preseﬂﬁ.ﬂ?ﬁjm?, stiffness. This quantity is called the
1. for example, means the st o5 equired to produce a 300

N

Hooke’ s law and the 1 oung’s modulus. In practice, the term of

% elongation. In odulus is said to obey

modulus is oﬁ used t6 jsent the ratio 6f'stress to strain even in situations where

it may carry tu h gn%;io tﬁ‘xw %A a-lfs]:;d in 2.5 a. Young’ s

modulus (E) isqéiven by: 'Y,

AN FIB NG,

Tensile stress is calculated as a ratio of observed force to the cross-sectional
area of the outstretched specimen. Elongation for straight and dumbbell specimens is

given by

Elongation, percent = (L-Lo / L) X 100 ... 2)
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24 Graft Copolymerization [14-16]

The idea of graft or block copolymerization probably first arose as means of
modification naturally occurring polymers, such as cellulose (cotton), rubber, or
wool. Graft copolymerization, by analogy to the botanical term, refers to the growth
of a branch of different chemical corpyosmon on the backbone of the linear
macromolecule. The important of this W ymer structures is due basically to
the fact that polymer chims of dlffezgnt che’fnfea_i structure, which are normally
incompatible and form separate phase, are chemieally bonded to each other.

/ free yadical reactions has been the most wildly
o-f_'graftj copolymers, as it provides the simplest
ide ety of polymers and monomers. It has not

of Blo¢ ,g:opolymers as will become obvious from

an examination of the method used. ' ”f 4

4 ;J' - £ J:".l.

—— — i
Photopolymerization et s ;f_;!

—
—

F 5 g " .I’
Irradiation haf been most w1dely used to proylde active sites for graft

copolymerization. les 1S done with ultraviolet or wsﬁle“ gadlatlon with or without
added photosensitizer, : q)r with ionizing radiation, partlcularly the latter. Free radical

reactions are 1nv01ved 1n all cases.

Photochemieall.or photo! initiations® occur/.when |radicals are produced by
ultraviolet and visible light irradiation of a reaction system.gln general, light

absorption results in'radical production by either of two pathways:

8 Some compound in the system undergoes excitation by energy

absorption and subsequence decomposition into radicals.

2. Some compound undergoes excitation and excited species interacts
with a second compound (by either energy transfer or redox
reaction) to form radicals derived from the latter and/ or formed

compound(s).
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Table 2.4 Purposes of ultraviolet light [17].

Types olfl‘ guli:ravmlet Purpose
UVA (315-400 nm) | Backlight. Used for low energy UV polymerization
reactions, also for fluorescent inspection purposes.
UVB (280-315 nm) Used with for polymerization and accelerated
li oi . Is the light responsible for sun
UVC (200-280 nm) |t or rapid sufl e of UV inks and lacquers,
) for sterilization and germicidal applications.
VUV (100-200 nm) .Car e used in a vacuum and
is inc ) ial importance.

Scheme 2.1 Photopolymerization process [14].

ﬂ‘lJEJ’mEH’ﬁWEJ'mﬁ

YTRIRING @fé"ﬁd‘ﬁﬁ"‘l@ gﬁ%l"j 4

order for a photopolymerization process to react to UV li a chemical called a
photoinitiator must be present in the reaction. Light emitted from a suitable source
causes the photoinitiator to fragment into reactive species that able to convert the
absorbed light energy into another useful form and initiate a rapid polymerization
process with monomers and oligomers in the systems to form a crosslinked, durable
polymer. That’s why the photopolymerization reaction essentially consists of the light

sensitive compound.
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Photosensitizer is an additive present to facilitate the initiation step. It may
absorb and then transfer energy to another molecule that forms a primary reactive
species, usually free radicals. And may be defined that photosensitizer is the
compound that having a positive influence on the photopolymerization reaction rate,

may therefore be regarded as a photo

upon, giving an appropriate hgh@v#ﬁfacmrs including

1. Smtable n csef wavelength sensitive for the

-catalyst. Efficient photosensitizer depends

There are m of 1 nsitizer used in photopolymerization
reaction such as dimethox , 1-phenyl-1, 2-propanedione-2-
(O-ethoxycarbonyl oxime), dmm

well known phmtckentlsxzer for the UV

VA
A ﬁlymenzatlon reaction is

benzophenone and its derivatives. Benz acts by hydrogen abstraction
and is photo-reduced-_a) benzopinace

sy g

R + nM

Scheme 2.2 Benzophenone dissociation by UV light [18].

Benzophenone undergoes a photo-induced excitation predominantly at 340 nm to

form a singlet excited state which is an isomer of the ground state [19].
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Endothelial cells pxr;&duce SOme St ces with antithrombotic action. However, two
5,

important aspects|of-biomaierial-5iening ieici 1o _their in vitro cytotoxicity and
blood compatibility avior. Artifi contact with blood trigger a

number of biologic . of protein and cells. It is

generally beli ;ﬁ ﬂm i etermines all adverse
events thatmﬂﬁ e'o ificial” mat ﬁﬂ ﬂeial devices: thrombus
formatio a result of platelet adhesion, plateletactivation, initiation of coagulation
and ﬁiﬁo

p

mlof i cénkplani syl /] el ibocyte adbesion

and activation [20, 21].

2.5.1 Human Plasma

Human blood is a highly complex substance. Its major components are red
blood cells, which carry oxygen from the lungs to the body; white blood cells, which

have major roles in disease prevention and immunity; and platelets, which are key
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elements in the blood clotting process. These blood eiements are suspended in blood
plasma, a yellowish liquid that comprises about 55% of human blood. When the
blood was spin in a centrifuge, the red cells go to the bottom of the container, and the

white cells and platelets to the middle, leaving the yellowish plasma at the top.

The plasma is the river in which the blood cells travel. It carries not only the
blood cells but also nutrients (sugars, amino.acids, fats, salts, minerals, etc.), waste
products (CO,, lactic acid; urea, etc.), Jantibodies, clotting proteins (called clotting
factors), chemical messengers Such as hormones, and proteins that help maintain the

body’s fluid balance.

Platelets

- Red Cells Plasma
Tl :
. Platelets
Ldd . White Cells

L Red Cells

White|CEfs

Figure 2.7 Pictorial representation of human blood [22].

Many specific functions of blood are carried out by proteins found in plasma.
Human plasma contains a number of proteins such as albumin (Alb),
immunoglubulins (Ig), complement factors, fibrinogen (Fg), Fibronectin (FN),
coagulation factors (activators and down regulators), and lipoprotein (LP). These
proteins all have various biological role: Alb is considered a biological passivator;

immunoglobulin G (IgG) activates the complement system and, for example, binds
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lymphocytes; the complement factors (including C3) are a part of immune defense
ending in the lysis of cells with the membrane attack complex rupturing the cell
types and bacteria have receptors for FN, op-macroglobulin (M) is a down
regulator of the coagulation cascade that ends in the formation of blood clot in which
factors like high molecular weight kininogen (HMWK), factor XII (F XII), factor
VII (F VII) and prekallikrein (PK) arel" wem anti thrombin III (ATh III) is
another potent down regulator of coagul it binds thrombin, LP can act as

transport protein of such agents as cholésterol {22»}-

2.5.2 Mechanis

When artificial rials _&n&éct’éa living organism, severe biological
responses are induced. larl;;.: thrq;{'qbus is formed when blood encounters a
Fl,gure 2, ﬁ’jIhe mechanism of coagulation is very
complicated, but for si pllC,ﬂZY ‘can “be Mlﬁed into three processes: (1) the

coagulation system, (2) the plgtql‘et systei-ﬂgand.@) the complemental system. The

foreign surface as sho

coagulation system &an be further classxﬁed 1nto_u&o_l£gcesses One is started by
Factor VII when the‘{issue is damaged extrinsically (i.e. bdltmde the body). The other

is induced by Factor—)hl (Hageman Factor) which is activated via an inflammation

originating within the body:(i.e. intrinsic pathway).

It is well known that platelets also contribute to thrombus formation. A
foreign, substrate~induces, adhesion cand activafion,of platelets-with the adsorbed
protein layer serving as a controlling factor of the plateletresponse.~The adhesion of
platelets to a biomaterial surface is foliowed by the platelet release reaction taking

place in the adhering platelets and then platelet aggregation on the surface.

The complement system can also be classified into two processes: (1) the
classical pathway and (2) the alternative pathway. The classical pathway is started
from the interaction between the immunocomplex contained within immunoglobulin
G (IgG) or immunoglobulin M (IgM) and Clq in the C1 complex. The alternative
pathway is started with C3a work for adhesion of leukocyte and activation of C5.
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Table 2.5 Coagulation Factors [23].

Coagulation Factors
Factor Name Plasma half-life (h)
I 72-96
I 60
III -
v =
\Y% 15
VII 5
VIII 10
IX 25
X 40
XI 45-65
XII 60
XIII 150
156

N ¢ o Y
A B SRR 4 B) o N
thromblis formation on a foreign surface results in an interaction between platelets
and intrinsic pathway. Initiation of the intrinsic coagulatibn cascade may be induced
by thromboplastins liberated from platelets or by Factor XII activation caused by
platelets stimulated by released adenosine diphosphate (ADP). Thrombin formation
caused by activation of the intrinsic pathway induces the production of a fibrin

monolayer on a biomaterial surface and the promotion of platelet adhesion and

aggregation.
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Figure 2.9 Schematic representation of fibrin formation in blood coagulation process

[23].
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2.6  Development of Blood-Compatible Polymer Surface

Biocompatibility is defined as the ability of a material to interface with a
natural substance without provoking a biological response. In the human body the
typical response to contact with a synthetic material is the deposition of proteins and
cells from body fluids on the surf; material. The human body tolerates
plastics such as PVC, polyca.rhgnate, e and the like for a short period of

time, but the materials &congder@paﬂble for long-term usage.

Biopolymers a:/ 1

components to create i

tic. and l;i}mnpolymer structures are key
blished bulk materials. The application

functionalization including; X 4
.;l’.' f id'.J..l \
;J, -';H:s- » M
e Low-pre lasma-assisf modification
e Immobiliza onﬂﬁ%&ﬁv@m
e Polymer templates/ "lissuf @ng
. Plasm; treatments Y f

Coating‘of functional layers

" wﬂuemmmm BIi ) Toreascd by polymer

coating. Surface design aimed atreduced adhesion and preserved functions of
sl 1 3 i b b gy e
number 'of adhering platelets and significantly decreased simulation was achieved by
coating technique using hydrophilic monomer. Examples of hydrophilic monomer
are poly(methoxy-capped poly (ethylene glycol) methacrylate), poly(ethylene oxide)
(PEO), poly(dimethyl acrylamide). Among the hydrophilic polymer, PEO and its
derivatives are the most well known for this purpose [24, 25].

Nagaoka and Mori proposed the use of hydrated surface dynamic to improve
blood compatibility by grafting poly(ethylene oxide) onto poly(vinyl chloride). They
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demonstrated the excluded volume effect and the dynamic motion of the water
soluble PEO chains on the surface suppressed protein adsorption and platelet
adhesion. The movement of hydrated PEO chains induced the microflow of water,
and the surface adsorption is inhibited. The effect of surface mobility of PEO chain
and chain length are shown in Figure 2.10. For an irreversible adhesion, protein
should be in contact with a foreign su.rf'aﬂe ore than certain of time. PEO shows
high mobility and hydratlon in water. Rﬂﬁfmoving hydrated PEO chains on a
surface will effectively prevent stagnafion of fhep pioteins on the surface, probably

tened. The mobility of the hydrated PEO chains

because the contact time 1
increases with their chai i up 10 about 100, hence the long PEO chains are
supposed to suppres i

PEO surfaces in w.

of ﬁrgteins more effectively than shorter chains.
pid&y ainoving hydrated PEO chains and a large
prot;em 'ﬁxo‘fecules which approach the surface. The

&l

between approachlng surfaces _PEO shoj&s‘_af ‘large excluded volume in water and
thus is very effectlve for sterrwewﬂsmn as«shdwn in Figure 2.10 [25].

Excluded
volume .

ASy
hydrated —>
polymer
chainl

a. Chain mobility b. Excluded volume

Figure 2.10 Chain mobility and excluded volume of PEO [24].
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Recently, many research publications have reported the use of the grafting of
hydrophilic monomer to modify and to improve the blood compatibility of the
polymer surface for biomedical applications.

In 1997 Kuroda and coworkers prepared the surface grafting of o-

propylsulfate-poly (ethylene oxide f 03) on polyurethane surface and used p-
azidophenyl as a photmmtmtg‘r\. ¢ heterodifunctional PEO derivative

with sulfonate group at m and a enyl group at the other. The
chemical structure of PEO-S ‘PEO-80; yuthesis. of p-azidophenyl derivatize o-
propylsulfate sodium_salt-pely i eQ O;M 1000) and the grafting

procedure are shown in

Figure 2.11 ﬁnﬂsﬂo(a %{Pﬂmﬂlﬁew ﬁquate sodium salt-poly

(ethylene oxidg) and photo-mduced grafting techmque using a p -azidophenyl group

IRTRMNIU U TINYIRY

The s&'face of polyurethanes (PUs) after modification showed anti-Factor Xa
activity in the presence of antithrombin III factor (ATIII). The percentage of the
platelet coverage of modified PUs was significantly decreased when compared with
the unmodified PUs. They suggested that the decrease of platelet may be interpreted
as 2 points. Firstly, the high hydrophilicity and high mobility of PEO graft chains
may prevent adsorption of proteins. Secondly, negatively charged sulfonate groups
may induce an electrical repulsion between the surface and platelet, which has

negative surface charge derived from the sialic acid of cellular membrane
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glycoproteins. From these results, they concluded that the grafting of PEO-SO;
enhanced the antithrombogenicity of PUs surfaces [26].

In 1998, Nho and coworkers reported the blood compatibility of poly
ethylene (PE) film grafted with poly(ethylene glycol) methacrylate (PEGMA).
Different molecular weight of PEGMA 3 173, 261-283 and 387-468) was grafted
onto PE film by a pre-irradiation graﬁm }aﬂ s. The extent of grafting was found
to be dependent on the stomge cond1t13n 0 @ated PE film, the pre-irradiated

dose, reaction time and.jemperat e, molecular weight of PEGMA and the type of
solvent. The grafting yi

idly\ decreased with storage time for irradiated PE
film stored at room ten Or other hand, the storage condition at -130°C,
ly -con&ant up to 20 days after irradiation. The
grafting yield was also ,wnh 1$:reasmg of PEGMA molecular weight. This
may be due to the ct d‘f the‘long polyether chain. As the ether chain
increased in length, th
shielded by the coil of

accessible to radical attack. The water .cgz'fkts;qt__‘angle of grafted PE film decreased

an mcreasaﬂj“probablhty that the vinyl group became
e @EQ.group;::m vinyl group may therefore be less

with the increasing_}if the grafting yieléi. The protein adsgigtion and platelet adhesion

were signiﬁcantl}}-.:accreased with the increasing of:rglrafting yield due to the
hydrophilicity of the grafting layer [27]. |

T

In 2000, surface mpdiﬁcation ofiemeraldine(EM) film by grafting of poly
(ethylene glycol) rr’leth'acryiate (PEGMA)" (MW ~2,000) was reported by Kang and
coworkers The graftmg yield.of PEGMA. onfo EM film (PEGMA-g-EM) was
mcreased as thel UV graft copolymerization tinte aid lalso PEGMA concentration
increased. The contact angle decreased with the increasing grafting time. The surface
morphology has been studied by AFM technique. After graft copolymerization the
surface of EM became rougher. The protein adsorption and platelet adhesion were
effectively reduced for the modified surface and increased with the increasing of
grafting yield. The effectiveness in reducing protein adsorption and platelet adhesion
was further enhanced through protonation of EM and PEGMA-modified EM films
[28].
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In 2002, Kang and coworkers studied the reduction of protein adsorption of
poly(tetrafluoroethylene) (PTFE) film modified by plasma-induced graft
polymerization of poly (ethylene glycol) methacrylate (PEGMA) (My, ~ 1,000) The
process involved Argon plasma-induced graft polymerization of PEGMA onto the
H, plasma-pretreated PTFE surface (pp-PEGMA-g-PTFE).

Figure 2.12 Schematic r
polymerization of PEGMA on@g

The graft tration of the pp-PEGMA-g-PT FE increased with increasing
RF power and glﬂ discharge ti e A asma. The PEGMA graft
concentration was detegmged from the iné.e}lsity peak XPS-derived [C-O]/[C] ratio.
The graft cﬁ%ﬂn’? ﬁ%?m‘t}ﬂ f‘PTMA-g—PTFE surface
prepared at REjpower =15 Watt, pressure = a, gas flow rate = 20 sccm and 60

Y WL b wied 1101 e

the pp-PEGMA-g-PTFE films could exhibit non-fouling surface characteristics [29].

In 2003, Nho and coworkers reported the improvement of blood
compatibility of cellulose film for hemodialysis, by grafting with acrylic acid (AAc),
2-hydroxyethyl methacrylate (HEMA) and three kinds of poly (ethylene glycol)
methacrylate (PEGMA). The structure of grafted cellulose film is shown in Scheme
2.3. As illustrated in Scheme 2.4, CNBr was selected as the activation reagent

because it can activate hydroxyl groups that are abundant on cellulose surface after
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grafting. The activated surface was then subjected to amination followed by heparin

immobilization via ionic bonding.

Scheme 2.3 Jhe

Lt oo bRie :

AUEINEMINGNT

Scheme 2. 4 Schematic diagram showing grafting and hepanwmoblhzatlon

q’lF af@g anﬂ ﬂﬂmﬂ ﬁnﬂ;l@-ijtechnique, and

electron spectroscopy. The carbonyl stretching (>C=0) peaks at 1730 cm’ increased

with increasing grafting yields. The CN and C=0O stretching after heparinization
appeared at 2260 cm™ and 1730 cm™, respectively. The grafting yield was increased
with an increasing reaction time and monomer molecular weight. The grafting yield
was also affected by grafting temperature because the reactive sites on the cellulose
substrate can be easily generated by the hydroperoxide dissociation at high
temperature. The blood compatibility of modified cellulose was greatly improved.



27

As investigated by ESCA, the nitrogen peak from the peptide bond (O=C-N-) was
used as an indicator of surface protein adsorption. The amount of protein adsorbed
on modified surface was significantly decreased. The thrombus formation on grafted
and heparinized-cellulose film surfaces was reduced. The considerable reduction of

platelet adhesion on heparinized-cellulose film surfaces was also observed [30].

In the late '70s, Professor Denn(}jlh man identified the phospholipids
phosphorylcholine as an essential part Jof thefﬁmcmbrane of red blood cells. He
found that PC is a key fgggpfer the registance-of the cell membrane against protein

adsorption. Surface prgaiﬂ'a/

and is triggered by

tion happens in a very short time (a few minutes)

o

-physical phenomena found in the surface
composition of materia oW, a{;férge number of phospholipids have been
identified in the h

configuration, i.e. the

F AR AR

of phosp jbplds are believed to be based on this

e *,

7 e \

The biocompatible pro

polarity configuration.

Figure 2.13 Structure of cell membrane [23].
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The polymer that constitutes the phosphorylcholine coating is not soluble in
water, but it assumes a hydration state when it is wet, with free water molecules that
are not superficially bonded. Usually water molecules indeed tie to the hydrophobic
part of a polymer by the van der Waals forces through a hydrophobic interaction
mechanism. This water molecules' bonding mechanism generates then the
phenomenon of protein adsorption, but %a protein molecule is adsorbed on a

)ecules the superficially adsorbed
protein looses its solvation water in thﬂ partifi contact inducing a phenomenon of

conformational change ﬁh tophobic part of protein is exposed towards the
material surface. .

material surface there is an exchange of

cule on the surface of a material is similar to the

—

en the .prcﬁems do not need to release their solvation

If the state of a wate
one of an aqueous soluti

th the su!face"-and therefore hydrophobic interaction and

e .-'.-"i,i‘ -t"

su mSSC 1
I:?J A -l'!llF -

molecules during cont

conformational change

7 M

phosphorylcholine coating allow arreversﬂﬂ”e s‘ui'face contact of protein molecules,
is and &jours a higher grade of
hemocompatibility of ﬁjeated materials.

The coating of material surfaces with phospho'f’}‘rlcholine is an approach to
modify the surfaces qsin such a sway ~that they.,become, biocompatible. Further
researches lead, to the development-of a synthetic phosphorylcholine molecule which
can be used to provide a uniform and continuous eovering of various surfaces [29].

In 2000, JIshihara dnd |coworkets reported | the | photo-induced graft
polymerization of acrylamide (AAm), N-vinyl pyrollidone (VPy), monomethacryloyl
poly(ethylene glycol), 2-methacryloxyethyl phosphorylcholine (MPC) onto
polyethylene (PE) film using 0.1 % W/V benzophenone as a photosensitizer. As
analyzed by water contact angle measurement, it was found that the hydrophilicity
linearly increased with an increasing in the photo-irradiation time. Surface analysis
by ATR/FT-IR technique observed the new absorption after grafted with MPC, at
969 cm™ which corresponded to the phosphate group. The XPS spectra of carbonyl
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group of modified PE films confirmed the success of grafting. The grafting of the
water-soluble polymer was effective for reducing the protein adsorption; however,
the effects depended upon the chemical structure of the grafted polymer. The platelet
adhesion was suppressed on the PMPC-g-PE membrane and PVPy-g-PE membrane
even when the contact time of PRP was 3 h. On PMPEG-g-PE membrane, the
platelet was hardly observed after the 3 ﬁ.f?pyway the PAAm-g-PE membrane was

not effective for platelet resistance [32]. I- /

In 2002, Ishiha d cgm*orkef{ ﬁgldied the application of MPC for the
hemocompatible separation ﬂiejéhrane _ifeiﬁllose acetate (CA) membrane was
blended with MPC and N—-hm};‘? methagtylg:_ copolymer (PMB30) in order to
prepare hemocompa}.lble filtration system. CA and_CA/éMB% blended membranes
with an asymmetn”c/aqd porous structure were preparecbbgf phase inversion process.

The structure of PMBdO and ultrafiltration apparatus wear, are shown in Figure 2.14.

= W

SHAIANIU AR

CH:~ C
=0 o !: =0 .
| ] .
OCHCHOPOCH.CHN(CH)s OCHCHCHCH: 1 Nitrogen gas reservior 5. Membrane
S 2. Pressurized line 6. Magnetic stirver
3. Stirred ultrafiltration cell 7. Permeate vessel
MPC unk BMA wnit 4. Magnetic stirrer bar 8. Balance

Figure 2.14 Structure of PMBA30 and schematic illustration of the ultrafiltration

experimental apparatus.
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The mechanical properties and solute permeability of the CA/PMB30 blended
membrane could be controlled by preparation conditions such as the composition of
the solvents and the solvent evaporatioh time. The CA/PMB30 blended membrane
showed both good water and solute permeability. The molecular weight of the solute
passing through the membrane was changed by the addition of PMB30. The
CA/PMB30 blended membrane beﬂ\ ﬁlem blood compatibility due to the
MPC unit in the PMB30 at

Recently, the ng 108 oryléhul-mr,.;_ymer onto silicone film was
reported by Lin and c mer Wa\SSBstmlly grafted onto silicone

film surfaces (PMPC-g in Scheme 2.6.

ﬁ"ﬁ"ﬁf’ BN T Ay

Graft copolymenzatlon was confirmed by XPS and ATR<FTIR. The XPS
PR N I ACAAT b ) ) g son
film. The ATR-FTIR spectra of PMPC-g-silicone showed the peaks of -POCH, at
1240 cm™ and 1080 cm™, >C==0 at 1730 cm™ and [-N*(CHz)3] at 970 cm™. The
hydrophilicity of PMPC-g-silicone was greatly enhanced and the grafted film’s
hydrophilicity increased with increasing MPC concentration. The platelet adhesion
was absent on the grafted film even when the grafted film was immersed in PRP for
180 min. This result demonstrated that the antithrombogenicity of PMPC-g-silicone
film was greatly improved [34].
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The blood compatibility of natural rubber has been reported since 1989.
Razzak and coworkers studied the radiation-induced grafting of N, N-dimethyl
acrylamide (DMAA) and N, N-dimethylaminoethylacrylate (DMAEA) onto natural
rubber tube. The grafting proceeded effectively in the presence of carbon
tetrachloride (CCly) as a solvent. The grafting yield increased as a function of

irradiation time and grafting .\. ure' as well as monomer concentration. The

clotting was still observed. wher

Later in 1992, Rasakeéind cofvorkers rer e blood compatibility of NR-
g-DMAA assessed by ilitee ds, i > jivo once through test and ex
St ing occurred as a function of
, t, the clotting decreased as
a function of grafting”yigld. /T j her : provided the better blood

compatibility. The schematig 'Iqi test and ex vivo loops test are

Tetion wb“

TN

=7

Visual svaivation

Sytinge 1

Figure 2.15 A device for ex vivo once through method and the experimental

sequence.
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u.,recoMstrumentation.
b

. coworkers in 2001. They
studied the surface m&dlﬁcatloﬂ atex ﬁln@ with poly(ethylene glycol)
methacrylate (PEGMA)by argon plasma followed by UV-induced graft

crormeiefib g bR 7] 7
preumﬁa\mﬁaj“ ata LR

atomic force microscopy (AFM) and XPS. The grafting yield depended on the

grafting time and concentration of PEGMA. In general, higher monomer
concentration and longer grafting time led to a higher grafting yield. The NR surface
with a high density of grafted PEGMA was very effective in reducing protein
adsorption and platelet adhesion. A lower grafting yield of the high-MW PEGMA
was more effective than a high grafting yield of the low MW in reducing protein
adsorption and platelet adhesion [38].
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2.7
Surface characterization is a method used fo a alyzing chemical and

physical properties ¢ strfaces were analyzed in

order to confirm the ccess of graft copolymerization. The techniques that were

used are as followed.

ﬂ‘iJEJ'J‘VIEW]‘ﬁWEJ’]ﬂ‘ﬁ
SRR Ty

In attenuated total reflectance infrared spectroscopy (ATR-IR) a beam of

infrared light is totally reflected inside a specially cut infrared transparent material
which has a high index of reflection. The infrared beam from the spectrometer is
focused onto the beveled edge of an internal reflection element (IRE). The beam is
then reflected, generally numerous times, through the IRE crystal, and directed to a
detector. Figure 2.18 shows the typical geometry employed for ATR experiments.
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evanescent wave

ave decays exponentially from the

sitrarily described as the point where the

the ratio of the re cr and the prism, the angle of

-

incidence, and the frequ ency of radiation in the followu{é equation:

Zmp(smze-nsp ﬁ

QWW a\m‘ﬁm 1RIINYA Y

where 7\. wavelength of the radiation in the IRE, 6 = angle of incidence, ny, = ratio
of the refractive indices of the sample vs. IRE, and n, = refractive index of the IRE.
Practically, the sample is placed in close optical contact with one of the crystal. In
this study, ATR-IR was used for identifying functional groups on the surface of
modified rubber surface. Sampling depth of characterization is 1-1.5 pm.
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2.7.2 Contact Angle Measurement [16, 40]

Contact angle is considered as one of the most surface-sensitive techniques
and can provide information on outermost few angstroms of solids. The equipment
required is relatively simple and inexpensive. The basis of the contact angle
technique is the three-phase equilibrium lat the contact point at the solid/liquid/vapor
interface (Figure 2.19). f//

Figure 2.19 Contact an geﬁxﬂetry mdéhatlng the three-phase equilibrium [16].
et i

__1'

It can be seen from Fjgure'2 20 t.fgt_.\jdm values of 0 indicate that the liquid
spreads, or wets wg]}, while high values indicate pooLv,/eUmg If the angle O is less

than 90 the liquid i's"éa,ld to wet the solid. If it is greater‘tlflan 90, it is said to be non-

wetting. A zero contactf angle represents complete wettm.g.

Tangent

Figure 2.20 A liquid droplet in equilibrium with a horizontal surface surrounded by
a gas. The wetting angle (0) between the horizontal layer and the droplet interface
defines the wettability of the liquid. To the left: A non-wetting fluid with 0< €< 90.
To the right: A wetting fluid with 90< 8< 180 [40].
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The contact angle was associated to the surface energy of the solid and the
liquid surface tension by Young in 1850. The calculation is based on the energy
balance approach to the three-phase equilibrium. The cosine contact angle (cos0) is
directly related to the surface energy by Young’s equation, where T, 'ysl and ylv are

the surface tension of the solid r, solid-liquid, liquid-vapor interfaces,

respectively.

assumptions that pr m! s tact angle (0) regardless of how that

angle is measured.

way with the liquid other

ase equilibrium (i. eﬁwellmg)
Surface functional groups do not reorganize in response to

Al B HR R e Ay

The liquid must/not cause eLactlon or par&t}omng of material

q ) A BTS2 ) )
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In practice, some of these assumptions are generally not valid and the
observed contact angles depend on the way they are obtained. Generally, two contact
angle values are measured (see Figure 2.21). The advancing contact angle (OQ can
be measured as the solid/liquid contact area increases. The receding contact angle

(Br) can be measured as the solid/liquid contact area decreases.

Figure 2.21 Measurémefit of advancing/ ing ontact angles (0/0%) [16].
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