CHAPTER II

THEORY AND LITERATURE REVIEW

2.1 Development of Phosphorylcholine-épn}aining Monomer
/7

A biomembrane is a hybrid that gonsists 6f two chemical units, phospholipids

and proteins. There is-no*€6valent bonding between these, thus, the surface of a

biomembrane is het:;'ge//n;(s and anarmc New biomaterials were proposed
whose activity was based upon the mmuckmg of a simple component present on the
extracellular surfaces ofithe 's,phohpld.bllayer that forms the matrix of the cell

membranes of blood . ¢

namels “the  phosphorylcholine group of
phosphatidylcholine and s omyelm Phpsghorylcholme an electrically neutral,
zwitterionic headgroup, is one of . the pbbsphohpld headgroups present on the
external surface of blood cells,” and it is’ metg*' in coagulation assays. The blood
compatibility of a pplymer smihcé coatedfmth-phosphohplds was confirmed by

several researchers [1-2]. For example, the interagtéms between polyamide

microcapsules coate%r"/g/jth the phospholipid-bilayer membrane and platelets were
investigated [2]. It was found that platelet adhesion onto the microcapsules was
significantly suppressed’ by the _phospholipid coating.. The mobility of the
phospholipid layer leoated on the surface affected (the plateletadhesion. When the
phospholipids were in a liquid crystalline state, platelet adhesionawas smaller than

that observed when'the\phospholipids on the surface'were in a gel state [3].

New concepts for making blood-compatible polymer materials that utilize the
characteristics of natural phospholipid molecules in plasma have been proposed [4].
It was thought that if a polymer surface possesses a phospholipid-like structure, a
significant amount of natural phospholipids in plasma could be adsorbed onto the
surface through self-assembly [4]. Based on this idea, a methacrylate monomer with
a phospholipid polar group, 2-methacryloyloxyethyl phosphorylcholine (MPC) was
designed and synthesized [5-6] (Scheme 2.1). The excellent blood compatibility of



the MPC-containing materials is proven to originate from the capability to induce

self-assembly of natural phospholipids.
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grafting.

In 2001, Hasegawa’s group prepared polymer blends composed of
polysulfone and 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer
(PS/MPC  polymer) to obtain protein-adsorption-resistant membrane for
hemodialysis. The content of the MPC polymer in the blends was 7 and 15 wt%. The

asymmetric porous membrane was obtained by dry/wet membrane processing



method. The mechanical strength of the PSf/MPC polymer membrane did not
change compared with that of the PSf membrane. On the other hand, the
permeability of solute having molecular weight below 2.0 x 10* through the PSf
membrane increased with the addition of the MPC polymer, which is considered to
be an effect of the hydrophilic character of the MPC polymer. The amount of protein
adsorbed on the PSf membrane from plésry was reduced by the addition of the
MPC polymer. Platelet adhesion was also 'effgcﬁfjply suppressed on the PSf/MPC
polymer membrane. Based on these results, the MRC polymer could serve as a

doubly functional polymefic addifive, that is, to generate a protein-adsorption-

resistant characteristic :f/’i{»@ier the }Tembrane hydrophilic [7]. In the same year,
. ‘

Konno and coworkers#prepar thc polj_{(JL-lactic acid) manoparticles immobilized
with 2-methacryloylo%( i;"b;phox;d::holine (MPC) polymer, which has
excellent blood compatibility by & s.olve% e’:"vaporation technique using the water-
soluble amphiphilic MPC po a5 all
diameter and C-potential of the olit;é.ined;:i'nﬁg.oparticles strongly depended on the
concentration of the MPC polyﬁeiFuﬂhé@ various hydrophobic fluorescence
probes could permeate through-the MPC ;fd}ﬁner layer and adsorb on the PLA

surface. The amount of bovin 1 -on the nanoparticles was

ner as an emulsifier and a surface modifier. The

significantly smallé’rj —compared with that on the —conventional polystyrene

nanoparticles [8]. i -

In 20025 new segmented polyurethanes (SPUs) grafted with phospholipid
analogous vinylmonomer, 2-methacryloyloxyethyl phosphorylcholine (MPC) on
surface” were! synthigsized by-Keorerhatsi ‘afid coworkérs? They found that fewer
platelets adhered to the MPC-grafted surfaces [9]. In the same year, Uchiyama and
coworkers prepared a novel polymer alloy membrane with both biocompatibility
and permeability for fabrication of an implantable artificial pancreas. The polymer
alloy was composed of a segmented polyurethane (SPU) and phospholipid polymer
with 2-methacryloyloxyethyi phosphorylcholine (MPC) units. The MPC polymer
was poly(MPC-co-2-ethylhexyl methacrylate) (PMEH), which can be dissolved in
the same solvent for SPU. The SPU/PMEH alloy membrane was prepared by a
solvent evaporation method. They found that the SPU/PMEH alioy membrane had



excellent mechanical properties. The glucose and insulin could permeate through the
SPU/PMEH alloy membrane. The reduction of the number of fibroblasts that
adhered to the surface of the SPU/PMEH alloy membrane was observed. That is, it
has a good biocompatible surface compared with the original SPU. It was suggested
that excellent functions, such as good insulin permeability, and reduction of
fibroblast adhesion were promoted by ﬂ}p MEH which dispersed both on the

surface and inside the membrane [10]. " /:.::J

— - -
In 2003, Yamas_;al_(_i_ _and coworkers studied the effects of the surface

properties of phosphoj?fﬁners 1aving various bridging units between the

phosphorylcholine and kKbone on'their blood eompatibility. The copolymers

between 2-methacryloylexyet! phosphorylchohne (MPC), 2-methacryloyloxy
line (MEO25C), and 6-methacryloyloxyethoxyhexyl

1 n-butyl methacrylate (BMA) were prepared. It was

ethoxyethyl phosphorylc
phosphorylcholine (MHPC)

found that the surface densi of adsorb:dyp‘rotems and adherent platelets on the
poly(MPC-co-BMA) was mllar to thaf;enﬂpoly(BMA) On the other hand,
poly(MEO2PC-co-BMA) and po‘[ﬁMHPC_BMA) effectively reduced biofouling

l....._

compared with poly(MPC-co-BMA) They clarified th’pt the copolymer surfaces

having long bndgm_g j.mlts which could easily form a dsphorylcholme enriched
surface when the blooq was 1n contact with the surche, showed excellent blood
compatibility withoutuprehydration [11]. Furthermore, ;1 the same year, Zhu and
coworkers synthesized 2-methacryloyloxyethyl| phosphorylcheline (MPCE) using
phosphorous tri¢hloride, ethylene glycol, 2-hydroxyethyl methacrylate (HEMA) and
triethylamine (Scheme2.2), and.then used in the-preparation-of-€)-butyrylchitosan-
bonded MPCE (MPCE-BCS) 'by“Michael addition"of MPCE to amino groups of O-
butyrylchitosan. The blood-compatibility of MPCE-BCS was evaluated by means of
blood clotting and platelet adhesion assays. The blood-clotting assay indicated that
O-butyrylchitosan was haemo-compatible. Both the blood-clotting assay and
platelet adhesion assay confirmed that MPCE-BCS had excellent

antithrombogenicity [12].



PCl; + HOCH,CH,0OH

2.2 Living Polymerizati

4 -l‘.JFJ_
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Synthetic polym lor;g;chaln’ipp_lecules possessmg uniform repeat units

(mers). The chains are not all d;fe sare lerrgth_"i‘ hese giant molecules are of interest
because of their physical prope;nes in comst,tu low molecular weight molecules,
which are of 1nterqsf due to their chemical properties. e Epsmbly the most useful

physical property of"pf;lymers is their low density versus ﬁréngth.
I

vy

When synthetic polymers were first introduced, they were made by free
radical initiation of singlé vinyl monomers, ot by chemical ‘condensation of small
difunctional mélecules. The range of their properties was understandably merger.
Random, copelymers next-refered-the picture,greatlysexpanding the gange of useful
physical: properties ‘such' as ‘toughness, hardness, elasticity, ‘compressibility, and
strength. However, polymer chemists realized that their materials could not compare
with the properties of natural polymers, such as wool, silk, cotton, rubber, tendons,
and spider webbing. The natural polymers are generally condensation polymers
made by addition of monomer units one at a time to the ends of growing polymer
chains. Polymerization of all chains stops at identical molecular weights. For some
time polymer chemists have realized that to approach nature’s degree of

sophistication, new synthetic techniques would be needed.



Conventional chain-growth polymerizations, for example, free radical
synthesis, consist of four elementary steps: initiation, propagation, chain transfer,
and termination. As early as 1936, Ziegler proposed that anionic polymerization of
styrene and butadiene consecutive addition of monomer to an alkyl lithium initiator
occured without chain transfer or termination. During transferless polymerization,
the number of polymer molecules remains contant. Since there is no termination,
active anionic chain ends remain after of théflﬁonp’mer has been polymerized. When
fresh monomer is added, polymerization resumes: The name “living polymerization™
was coined for the methed by Szwarc [13]. Because the chain ends remain active
until killed. (The term has T mg 10 do with living in the biological sense.) Before

lg;?é[“llﬂ hz%d_de'scz}jibed the properties associated with living

Szwarc’s classic wor

polymerization of ethy ide iriit_iatea, with alkoxides. Flory noted that since all

of the chain ends grow at the same gate,.@émolecular weight is determined by the

i & ]
amount of initiator used versus monomer (Eq.1)
| ; A ff

Degree of po}iln}@rii_;tion ilI{Kﬁx}pmer]/ [initiator] €))

e g
—

Another property of polyriers prodﬁééii-a'by living })olymerization is the very
1 ISpe sfty (D) has a Poisson

narrow molecular " ',i 1

i — :
distribution, D = M /M = 1 + (1/dp); M y, is the average molecular weight
determined by light s;z;ttering, M , is the average molégular weight determined by

osmometry, and dp isithe/degiee Of polymerization (the fiumber of monomer units

per chain). Thel values of M and M , can also be determined by gel permeation
chromatography, (GPC). /A, living, polymerizatiomcan be (distinguished from free
radical polymerization® or " from" a* condensation “polymerization' by plotting the
molecular weight of the polymer versus conversion. In a living polymerization, the
molecular weight is directly proportional to conversion (Figure 2.1, line A). In a free
radical or other nonliving polymerization, high molecular weight polymer is formed
in the initial stages (line B), and in a condensation polymerization, high molecular

weight polymer is formed only as the conversion approaches 100% (line C).
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Figure 2.1 Molecular wéight/Conyel
methods: (A) living p rizatl

condensation polymerization

e A 1 . g .
Living polymerization techniques g@éﬂe synthetic chemist two particularly

powerful tools for polymer ch,aifr;desigljtﬁj,th&synthesis of block copolymers by

sequential addition Qémonomers and the synthesis ofﬁl;élional-ended polymers by
selective terminatior;H{j living ends with appropriate reagﬁ’né The main architectural
features available starti:‘ng with these two basic themes are listed in Figure 2.2 along
with applications for the" various polymer types. Although living polymerization of
only a few monomers is nearly perfect, a large number of other systems fit theory
close enough to be useful for synthesis of the wide.variety of different polymer chain
structures In general,\the well-behaved  living system's need only an initiator and
monomer, as occurs in the anionic polymerization of styrene, dienes, and ethylene
oxide. For an increasing number of monomers, more complex processes are needed
to retard chain transfer and termination. These systems use initiators, catalysts, and
sometimes chain-end stabilizers. The initiator begins chain growth and in all systems
are attached (or part of it, at least) to the nongrowing chain end. The catalyst is
necessary for initiation and propagation but is not consumed. The chain-end

stabilizer usually decreases the polymerization rate. When the catalyst is a Lewis
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acid (electron-pair acceptor), the stabilizer will likely be a Lewis base (electron-pair
donor), and vice versa. In all systems, the initiation step must be faster than or the
same rate as chain propagation to obtain molecular weight control. If the initiation
rate is slower than the propagation rate, the first chains formed will be longer than
formed the last chains. If an initiator with a structure similar to that of the growing
chain is chosen, the initiation rate is assured of being comparable to the propagation
rate. A number of living systems operate Byéffcr if excess monomer is present. A
possible explanation is that the livirlg end is-stabilized by complexation with
monomer [15]. Large counterions tend to be more effective than small counterions in

living polymerization sys(}y‘éven wheSn the ionic center is only indirectly involved.

i 4
F -t
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Figure 2.2 Architectu?l/ fo‘ims “of pol}m’érs avaiable by living polymerization
J .
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In this research, free radical process for living polymerization is selected and
described. The concept of using stable free radicals, such as nitroxides, to reversibly
react with the growing polymer radical chain end can be traced back to the
pioneering work of Mozd and coworkers [16]. After further refinement by Georges
[17], the basic blueprint for all subsequent work in the area of “living” free radical
polymerization was developed. Subsequ’?ntly, the groups of Sawamoto [18],
Matyjaszewski [19], and Percec [20] and'zo,;hfp [21-22] have replaced the stable
nitroxide free radical w1t}-1 transition rrs_lJetal spéa:s-‘t? obtain a variety of copper-,
nickel-, or ruthenium-mediated “1},ving]’ free radical systems. These systems were

called atom transfer ra?ﬁwﬁza"on (ATRP). This mechanism is an efficient

method for carbon-car - formation in organic synthesis. In some of these

i = 3 @

reactions, a transition- c stracts as a carrier of the halogen atom in a
p—

reversible redox process (Sche ef2.§). ijti:ally, the transition-metal species, M,",

abstracts halogen atom X f; e 0?'gmﬁ5jhalide, RX, to form the oxidized species,
e i

M™'X, and the carbon-

participates in an inter- or intramolecular radigal addition to alkene, Y, with the

nigred radical K'j,_!n the subsequent step, the radical R®

formation of the intermediate radical species, R¥2. The reaction between M™'X and

RY" results in a ta:gé product, RYX, and regenerate&t}é -reduced transition-metal
species, M;", which i'di{_ther promotes a new redox process;.““"llhe fast reaction between
RY® and M{™'X app&ently suppresses biomolecular “termination between alkyl
radicals and efficiently |infroduces a_halogen functional group X into the final

product in good to excellentryields.

X
R X R
R-X Mtn \§< Mln .
Y
1 o N
¥ b M,"'X
R. ——FF— > R R n_——» R .
= =S e
¥ Y Y
Y Y Y

Scheme 2.3 The mechanism of ATRP [19].
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The ATRP system relies on one equilibrium reaction in addition to the
classical free-radical polymerization scheme (Scheme 2.4). In this equilibrium, a
dormant species, RX, reacts with the activator, M,", to form a radical R® and
deactivating species, M""'X. The activation and deactivation rate parameters are ko
and Keact, respectively. Since deactivation of growing radicals is reversible, control
over the molecular weight distribution anfi in the case of copolymers, over chemical

composition can be obtained if the ulhbn,u/ ets several requirements [23-24].
p €q

_‘_-

1. The equlllbnunreongtant, kaci'/’cdem, must be low in order to maintain a low

. — 5 - % - .
stationary concentratlow s. A high value would result in a high stationary

result, termination would prevail over reversible

‘. :*:,'ffd
— kK T,.
R-X + M~ ..,__l(_“‘.d_a___ R® + MM™X
Y 2l N
Scheme 2.4 Equilibrium reaction in ATRP [25]. -
i o

Futhermore, " 1995, Matyjaszewskl has déscribed the ‘Use of Cu'X (X = Br,
Cl) with 2,2°-bipyridine (bpy) as a “Solubilizing” ligand. The active-species has been
described as| “CuBr-bpy”. | Thisasystem is lactive’ towatrd' styréne, Lacrylates, and
methacrylates under the appropriate condition [19]. Percec has also described the
role of bpy as partially solubilizing the Cu(I)/Cu(II) catalyst [26]. The role of the bpy
is to co-ordinate to Cu(l) to give a pseudo-tetrahedral Cu(I) center in solution
(Scheme 2.5).
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Scheme 2.5 The rotation of the bpy ligands fron;the tetrahedral and co-ordination of
halide at the Cu center [26}: ""’

777 3

When uncoordina » bpy exists pi;e’dominately in the s-trans conformation in
the solid state, in soliitio there« 1s free {otatlon with the frans conformation and
orthogonal rings are pre/:rﬁd over the czs« conformation. Metal complexes contain
bpy in a cisoid conforma{lon, formmg a;}}lanar S-membered chelating ring. The
ligand ©t" orbitals can accept electron dens:,ty f;om the metal thus stabilizing low
oxidation states, in particular Cu(I) Abstraa;fon by the Cu(bpy)," cation of halogen
atoms from alkyl hajldes results in ox1dat10n to Cu(II) The pentaco-ordinated

species were shownJr,x Scheme 2.4 which involves rotatlamof the bpy ligands from
the tetrahedral and co-ordmatlon of halide at the Cu center. This has also been
proposed by Matyjaszewski. [27]. Thus, if this proposed mechanism is correct, the
two main rolesoof the ligand are (i) stabilization of Cu(I) by removal of electron
density from thémetal and (ii) the ability to interchange between tetrahedral Cu()
and distorted-square based pyramidal Cu(Il)1:Copper(l) halidésiare \véry insoluble in
organic solvents and monomers, and therefore the concept of solubilizing copper(I)
indeed valid. However, the use of either Cu'Br or Cu'Cl wirh bpy under atom
transfer radical polymerization conditions results in a very heterogeneous reaction
medium with a deep red Cu-(bpy), complex in solution and insoluble copper halide
visible as a pale green solid. Under these conditions the actual concentration of
active catalystis impossible to determine. The system has been modified to give a
homogeneous system by the use of bipyridines with alkyl substituents in the 4%

position e.g. fert-butyl [28-29]. The use of these homogeneous copper(I) complexes
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results in a marked lowering of the polydispersity index (PDI) to approximately
1.05.

In 2003, Matyjaszewski’s group studied the effect of [bpy]/[Cu(I)] ratio,
polarity of the medium, and nature of alkyl bromides on the activation rate constants

(kac) in ATRP. The highest values of kyy for Cu(I)Br were obtained at

[bpy)/[Cu(I)Br] ~2/1 and 1/1 in more polar and less polar solvents, respectively. This
was ascribed to different structures complex, Cu(bpy);'Br and
Cu(bpy)fC_uBrz’, corresp

ARAN

(Favored in more polar solvents)

Scheme 2.6 Complex formation equilibrium in polar and nonpolar solvents [30].

ATRP can be applied to a large variety of monomers [31-34] to produce
polymers with well-defined microstructures [22]. The success of ATRP in
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synthesizing hydrophilic polymer provides an addition advantage over the traditional
living ionic polymerization. The first example of aqueous ATRP was from
Matyjaszewski’s group in 1998. They found that ATRP of 2-hydroxyethyl acrylate
(HEA) can be carried out directly in water in the presence of CuX/bpy/R-X at 90°C.
After polymerization for 12 h, 87% monomer conversion was achieved, the
molecular weight of the final product was 14,700, and the final polydispersity was
1.34 [35]. Similar results were obtaineéi-’f;f " Armes’s group for the controlled
polymerization of sodium methacrylatca in wa%éf& 90°C. Monomer conversions of

70-80% were achieved after10 b, w1§h polydispersity of 1.20-1.30 [36]. In 2000,

Wang and Armes re;?ﬂ(e facile&ATRP of methoxy-capped oligo(ethylene
glycol) methacrylate ) in_ water  at 20°C with various initiator. A
remarkably fast rate of}ﬂ{iu\ zgtfé_ﬁ v@s* observed, with unusually high monomer
conversions (up to 99%), first-order qionci;pé’r kinetics, and predetermined molecular
weights with narrow molecular v‘vc1gh{: distributions, indicating good “living”
character [37-38]. In 2001,

hydroxyethyl methacrylate (HEME-) is a@fkd using ATRP in methanol/water
mixtures or pure methanol at 20°C by Ami‘_ﬁ'éhhd.coworkers [39]. In the same year,

the - cfficient, controlled polymerization of 2-

Armes’s group pol.yé'nerized to high conversions of ttéubiocompatible polymers
based on 2-methaci"Yf_oyloxyethyl phosphorylcholine (MP)C) in both aqueous and
alcoholic media at ambient temperature via ATRP.“fL.ow polydispersities were

obtained [40-41]. Furthermore, MPC-based diblock copolymers can also be

synthesized via ATRP. For@xample, addition of 2:(diethylamino)ethyl methacrylate
(DEA) to an MPC homopolymerization at high genversion in methanol resulted in
further®chain growth and' the formation of ‘an MPC-DEA"diblo¢k copolymer. This
diblock copolymer dissolved molecularly in acidic solution due to protonation of the
DEA residues but formed micelles at pH 8 on addition of NaOD [41]. Such micelles
are expected to act as “stealthy” nanoparticles, since the MPC block should
minimize protein adsorption and hence prevent phagocytosis. The MPC-DEA
diblock copolymer coating gave a 76% reduction in fibrinogen binding compared to
that with an uncoated PET substrate. Even greater fibrinogen reduction (up to 85%)

was obtained using another MPC-DEA diblock copolymer. Thus, planar surfaces
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coated with MPC-based copolymers prepared via ATRP are rendered highly

biocompatible.

2.3 Polymer Brush

Polymer brushes refer to an assembly of polymer chains which are tethered
by one end to a surface or an interface [42]. Téi-hering is sufficiently dense that the
polymer chains are crowded and forceﬁo stretch away from the surface or interface
to avoid overlapping, sometimesmuch |ﬁ1rther than tne typical unstretched size of a
chain. These stretchedf ;gurations k are found under equilibrium conditions;
neither a confining geo ry/nor an e;(temal field is required. This situation, in
which polymer chalns»Z:éThy ,along the 1rect10n normal to the grafting surface, is
quite different from the_ 1qa1 behavim 0 ﬁex1ble polymer chains in solution where
chains adopt a rmdom—wﬂk rrconﬁguratlop A series of discoveries show that the
deformation of densely tetlygred chams aﬁ‘é&s J;many aspects of their behavior and
results in many novel propertles ofpolymer:brushes [42].

.,r‘- —

Polymer brusﬂes are a central model for many ;bractlcal polymer systems

such as polymer ° nﬁcelles block copolymers at ﬂmﬂ—ﬂuld interfaces (e.g.
microemulsions and vesicles), grafted polymers on a solid surface, adsorbed diblock
copolymers and_graft copslymers at fluidfluid interfaces. All of these systems,
illustrated in Figure 2.3, have |a_common feature: the polymer chains exhibit
deformed configurations. Solvent can be either present or absent inypolymer brushes.
In the presence of & good solvent, the polymer chains fry fo avoidicontact with each
other to‘maximize contact with solvent molecules. With solvent absence (melt
conditions) polymer chains must stretch away from the interface to avoid overfilling

incompressible space.

The interface to which polymer chains are tethered in the polymer brushes
may be a solid substrate surface or an interface between two liquids, between a
liquid and air, or between melts or solutions of homopolymers. Tethering of polymer

chains on the surface or interface can be reversible or irreversible. For solid surfaces,
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the polymer chains can be chemically bonded to the substrate or may be just
adsorbed onto the surface. Physisorption on a solid surface is usually achieved by
block copolymers with one block interacting strongly with the substrate and another
block interacting weakly. For interfaces between fluids, the attachment may be
achieved by similar adsorption mechanisms in which ohe part of the chain prefers

one medium and the rest of the chain prefers the other.

Adsorbed diblock Polymer micelle Diblock copolymer
copolymers ““melt

Graft copolymers at Block copolymers at End-grafted
fluid-fluid interfaces fluid-fluid interfaces polymers

Figure 2.3 Examples of polymer systems comprising polymer brushes [42].
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Polymer brushes (or tethered polymers) attracted attention in 1950s when it
was found that grafting polymer molecules to colloidal particles was a very effective
way to prevent flocculation [42]. In other words, one can attach polymer chains
which prefer the suspension solvent to the colloidal particle surface; the brushes of
two approaching particles resist overlapping and colloidal stabilization is achieved.
The repulsive force between brushes, arises ultimately from the high osmotic
pressure inside the brushes. Subsequently it Wa:s_}found that polymer brushes can be
useful in other applications such as new adhesivé materials [43-44], protein-resistant
biosurfaces [45], chromotographie deviges [46], lubricants [47], polymer surfactants
[42] and polymer compelgbilizprs {42]. Tethered polymers which possess low critical
solution temperature (L )'propertiesli exhibit different wetting properties above
and below LCST temg?lée [48]: A very promising field that has been extensively

}zpﬁr brushes as Shemlcal gates. Ito and coworkers [49-51]
have reported pH se 1t1fe photosensitlve oxidoreduction sensitive polymer

FhAd 4

brushes covalently tetherﬁél on poro,us mex?branes which are used to regulate the

investigated is using

liquid flowing rate through/poroué membranes Suter and coworkers [52-53] have
A

prepared polystyrene brushes onghlgh sﬁﬁ'ce area mica for the fabrication of

g ™
e

organic—inorganic hybrids. Catlon-beanng perox1de frpe -radical initiators were

attached to mica surgaces via 1on exchange and used to polymenze styrene. This
process is important 1n the field of nanocomposites. Pattemed thin organic films
could be useful in mlcroelectrlcs [54], cell growth control [55-56], biomimetic

material fabrication [5%], microreaction vessel and drug delivery [58].

In terms of polymer chemical compositions, polymer brushes tethered on a
solid Subsirate | surface | can. be . divided into .homopolymer ' brushes, mixed
homopolymer brushes, random copolymer brushes and block copolymer brushes.
Homopolymer brushes refer to an assembly of tethered polymer chains consisting of
one type of repeat unit. Mixed homopolymer brushes are composed of two or more
types of homopolymer chains [59]. Random copolymer brushes refer to an assembly
of tethered polymer chains consisting of two different repeat units which are
randomly distributed along the polymer chain [60]. Block copolymer brushes refer to

an assembly of tethered polymer chains consisting of two or more homopolymer
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chains covalently connected to each other at one end [61]. Homopolymer brushes
can be further divided into neutral polymer brushes and charged polymer brushes.
They may also be classified in terms of rigidity of the polymer chain and would
include flexible polymer brushes, semiflexible polymer brushes and liquid
crystalline polymer brushes. These different polymer brushes are illustrated in Figure

24.

(7,) Flexible ho mer brush  © (b) Mixed hemopolymer brush

e
B
< 5 ¥
i S
¥ T
&l id

[
i A

o
o 4“.‘1' : Tl',_.’ﬁ’_h

() Random copolymer brush ~ (&) Block copolymer brush
i) A .
-

Lot 128

i
.~

7/
(a;) Charged homopolymet brush/ | “(d;) Liquid crystalline pélymer brush

(a4) Semifexible polymer brush

Figure 2.4 Classification of linear polymer brushes, (a;—a4) homopolymer brushes;
(b) mixed homopolymer brush; (c) random copolymer brush; (d) block copolymer
brush [42].
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Generally, there are two ways to fabricate polymer brushes: physisorption
and covalent attachment (Figure 2.5). For polymer physisorption, block copolymers
adsorb onto a suitable substrate with one block interacting strongly with the surface
and the other block interacting weakly with the substrate. The disadvantage of
physisorption include thermal and solvolytic instabilities due to the non-covalent
nature of the grafting, poor control over, polymer chain density and complications in
synthesis of suitable block copolymers. Tﬁt,beﬁng of the polymer chains to the
surface is one way to surmount some of these aisaﬂv_antages. Covalent attachment of
polymer brushes can be jgcomplished'; by either “grafting to” or “grafting from”

approaches. In a “gra;)grt/o”approYh, preformed end-functionalized polymer
a

molecules react with ropriate_substrate to form polymer brushes. This

technique often leads to 1 a in‘g‘ density and low film thickness, as the polymer

molecules must diffuse thre vle ex1st1\81g polymer film to reach the reactive sites
on the surface. The ster ce. for surface attachment increase as the tethered
polymer film thickness incre €s. Tp overf*or‘ﬁe this problem, the “grafting from”

approach is a more promising method in the%mthesm of polymer brushes with a
high grafting density. “Graftlng fmm can’-q?'accomphshed by treating a substrate
with plasma or glow-1<}1scharge to generate 1mmoblhzed Tlglators onto the substrate

followed by in situ su;face-lnltlated polymerization. Howq_ ver, “grafting from” well-

defined self-assembled | monolayers (SAMs) is more attr_a_tgtwe due to a high density
of initiators on the surf:ce and a well-defined initiation mechanism. Also progress in
polymer synthesis" techniques “makes ‘1t possible to produce polymer chains with
controllable lengths. Polymerization methods that have been used to synthesize
polymer-brushes, inelude eatienic;-anignicy FEEMPO-inediated radicaly atom transfer

radical polymerization (ATRP) and ring opening polymeriZzation.
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“Grafing 7R L /MG, 18 from”

Figure 2.5 Preparation of polymer sorption”, “grafting to” and
“grafting from” [42]. B m

AUYANYNITNYINT

In order 1o achieve a better c%ntrol of moleglar weight and Ilt-rfvlolecular weight
M T e e 3 < i
controlled radical polymerizations including A , reverse ATRP, TEMPO-
mediated and iniferter radical polymerizations have been used to synthesize tethered

polymer brushes on solid substrate surfaces [62-67].

ATRP is a newly developed controlled radical polymerization [28]. It has
attracted considerable attention due to its control of molecular weight, molecular
weight distribution and synthesis of block copolymers. Husseman and coworkers [64]

applied ATRP in the synthesis of tethered polymer brushes on silicon wafers and
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achieved great success. They prepared SAMs of 5-trichlorosilylpentyl-2-bromo-2-
methylpropionate on silicate substrates. The a-bromoester is a good initiator for
ATRP. They have successfully synthesized PMMA brushes by the polymerization of
MMA initiated from the SAMs. It has also been reported that tethered

polyacrylamide has been obtained from surface initiated ATRP of acrylamide on a
f

Recently, Matyjaszewski and coworkeﬁ‘fﬁS] reported a detailed study of

porous silica gel surface [65].

polymer brush synthesis Bﬂ.ng ATRP l?lock copolymers of polystyrene-b-poly(tert-
butyl acrylate) on 5111c also ve been prepared exclusively by ATRP.
Modification of the hyd icity of the urface layer was achieved by hydrolysis of

the rert-butyl ester to f

\ ene-l;-poly(acryhc acid) and confirmed by a
om. 86‘3 to 18° On the other hand, high contact
angles were obtained wh roglo?:f:rylaiis 'were polymerized from the surface
(119°). ..’:‘ Jﬂf.. |

In 2001, Armes and con;kers sy;at:l;‘e;fzed polymer brush by ATRP of 2-
hydroxyethyl methacrylate (HEMA) and ineﬁioxy-cappfd oligo(ethylene glycol)
methacrylate (OEGMﬁ)—ﬁom-s&hca—ﬁmdﬁed—wmm)&)r layer composed of 2-
bromoisobutylrate. These polymer-grafted silica partictes produced in this initial
study are fascinating ficw “model” sterically stabilized colloids which are likely to
prove attractive-for, both theoretical, and experimental studies.The aqueous solution
properties of the grafted polymer-chains “determine the colloid stability of the

particles, as expected [69].

2.4 Blood Compatibility

The term “biocompatibility” encompasses many different properties of the
materials, however, two important aspects of biomaterial screening refers to their in
vitro cytotoxicity and blood compatibility behavior. Artificial surfaces in contact
with blood trigger a number of biological systems through the adsorption of protein

and cells. It is generally believed that the nature of adsorbed protein layer determines
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all adverse events that impair the use of artificial materials in medical devices:
thrombus formation as a result of platelet adhesion, platelet activation, initiation of
coagulation and activation of the complement system that in turn results in leukocyte

adhesion and activation.

2.4.1 Human Plasma

Human blood is a highly eomplex substance. Its major components are red
blood cells, which carry oxygenfrom the lungs to the body; white blood cells, which
have major roles in discas€ prevention and immunity; and platelets, which are key
elements in the blood clotting/process. These blood elements are suspended in blood
plasma, a yellowish liquid‘that ¢omprises about 55 % of human blood. When the
blood was spin in a cenififuge, 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 m 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,, latti¢ -acid, urea, etc.), antibodies,-clottingproteins (called clotting
factors), chemical messengers such as hormones, and proteins that help maintain the

body’s fluid balance.

Platelets

Red Cells B Plasma

Platelets
White Celis

Red Cells

White Cells

Figure 2.6 Pictorial representation of human blood [70].
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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
protein all have various biological role: Alb is considered a biological passivator ;
immunoglobulin G (IgG) activates the complement system and, for example, binds
lymphocytes; the complement factors (mcludxﬁgf‘(B) are a part of immune defense
ending in the lysis of cells with the membiane affack complex repturing the cell
types and bacteria have recepiors for FN, az-macroglobulin (a2M) is a down
regulator of the coaguijﬁ}ﬁade that 'Ynds in the formation of blood clot in which
factors like high mol eight klnmogen (HMWK), factor XII (F XII), factor
VII (F VII) and prekayo/w PK) are ngponent anti thrombin III (ATh III) is
another potent down regulat of coa,gula&ﬂ;oh, as it binds thrombin, LP can act as
transport protein of such agyzﬁma& Cb;)ieste;ix} [70].
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2.4.2 Mechanism of Thrombus Formation on"Polymer Surface

.-l
J.s

When artlﬁs-lael matenals contact a living orgmﬁsm severe biological

responses are induced. Partlcularly, thrombus 1s formed when blood encounters a
foreign surface as shows jin Figure 2.7. The mechanism of coagulation is very
complicated, but for simplicity can be classified” into [three processes: (1) the
coagulation system, (2) the platelet system, and (3) the complemental system. The
coaguldtion system-gan-be furthér \classified into’two processes.-One s started by
Factor VII when the tissue is damaged extrinsically (i.e. outside the body). The other
is induced by Factor XII (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 and activation of platelets with the adsorbed

protein layer serving as a controlling factor of the platelet response. The adhesion of
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platelets to a biomaterial surface is followed 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 Clg in the C1 complex. The alternative
pathway is started with C3a work for ad‘l:esion ofleukocyte and activation of CS.

These three mechanisms 6f coagulation arc not independent. Normally,
thrombus formation on?régn surfacli results in an interaction between platelets
and intrinsic pathway 1om of the intripsic coagulation cascade may be induced
by thromboplastins libﬁéﬁ from platelets or by Factor XII activation caused by
platelets stimulated by rj-k{gcd adenosmosdlphosphate (ADP). Thrombin formation
caused by activation of thé intrinsic pathway induces the production of a fibrin
monolayer on a blomatenal surface and ﬂ*;e > promotion of platelet adhesion and

b i ""f-,jr.i
aggregation. 222 ===

m—»m Tl

i L.

Figure 2.7 Schematic representation of blood coagulation system [70].
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2.5 Characterization Techniques
2.5.1 Gel Permeation Chromatography

Gel permeation chromatography, more correctly termed size exclusion
chromatography, is a separation method for high polymers, similar to but advanced
in practice over gel filtration as carried out by biochemists, that has become a
prominent and widely used method for eéti“&lf_i_gg molecular-weight distributions
since its discovery just over two decadesiago 1 1961, The separation takes place in a
chromatographic column ﬁﬂed w1th beads of a rigid porous “gel”; highly cross-
linked porous polystyre( porous gijass are preferred column-packing materials.

The pores in these gel the same 51ze as the dimensions of polymer molecules.

-'

te o}ymer so&utxpn 1s introduced into a solvent stream
S/As the d1§$olved polymer molecules flow past the
i

A sample of a di

flowing through the celu

.l.,,

porous beads, they can di nto the 1nte1}1al pore structure of the gel to an extent
depending on their size and" th,q, pqre size: d;ls‘lr;butlon of the gel. Larger molecules
can enter only a small fractlon of Ihe 1ntemal portlon of the gel, or are completely

excluded; smaller polymer molecules penetrate a larger frictlon of the interior of the

gel. The larger the niglecule therefore, the less time it spenﬁs inside the gel, and the
sooner it flows through the column. The different molecular species are eluted from
the column in order of their molecular size as distinguished from their molecular

weight, the largest emerging first.

A complete theory predicting retention times or volume$as a function of
molecular size hasinot been:formulated 'for geld perméation chromatography. A
specific column or set of columns (with gels of different pore sizes) is calibrated
empirically to give such a relationship, by means of which a plot of amount of solute

versus retention volume can be converted into a molecular-size-distribution curve.

As in all chromatographic processes, the band of solute emerging from the
column is broadened by a number of processes, including contributions from the

apparatus, flow of the solution through the packed bed of gel particles, and the
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permeation process itself. Corrections for this zone broadening can be made

empirically; it usually becomes unimportant when the sample has M W/ M o o

Gel permeation chromatography is extremely valuable for both analytic and
preparative work with a wide variety of systems ranging from low to very high

molecular weights. The method can pplied to a wide variety of solvents and

polymers, depending on the type o] # iWith polystyrene gels, relatively

nonpolar polymers can be in sol -as tetrahydrofuran, toluene, or

(at high temperatures) o : em:ene;.wus glass gels, more polar
New milligrams of sample

) on is lete in as short a time as a

systems, including aqu

suffices for analytic wo

Figure 2.8 Schematic representation of the gel permeation chromatography [71].
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2.5.2 Ellipsometry

Ellipsometry is a sensitive optical technique for determining properties of
surfaces and thin films. If linearly polarized light of a known orientation is reflected

at oblique incidence from a surface then the reflected light is elliptically polarized.

The shape and orientation of the e h depend on the angle of incidence, the
direction of the polarization of the i p and the reflection properties of the
surface. Ellipsometry meas 7 &the reflected light with a quarter-
wave plate followed b@'er, e or@f the quarter-wave plate and
the analyzer are varied i \hoga the analyzer. From these

orientations and the di ion of incident light are express as the
relative phase change, i relat ; e change, ¥, introduced by

ratio of Fresnel reflection

2)

- T
L TR N ) N

An elllpsomﬂ measures tﬁe ch:ﬁges in th 'ﬁtion state of light when it

is reflected from a ¢ ?

on the surface changﬁ its thicknes ctioﬂroperties will also change.

Measuring these changis in the reflection gopertles allow us to deduce the actual
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Figure 2.9 Schematicof t

metr-y of: “an ellipsometry experiment [72].
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2.5.3 Contact Angle | easu:ement
4 J jr-n

Contact angle measurem"ents are of'fen ﬁ'sed to assess changes in the wetting

characteristics of a surface and-hence mdwaw-a change in surface energy. The

technique is based og_thc_thnec_phasc_bmmdaqmthbﬂum described by Young's
equation (Eq. 3). L

=

il

Figure 2.10 Schematic representation of the Young's equation [73]

YLGCOSO = Y56 - YsL.

(3)
where 1.6, YsG and ysi are the interfacial tension between the phases with subscripts

L, G, S corresponding to liquid, gas, and solid phase, respectively and 0 refers to the
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equilibrium contact angle. The Young's equation applies for a perfectly
homogeneous atomically flat and rigid surface and therefore supposes many
simplifications. In the case of real surfaces, the contact angle value is affected by
surface roughness, heterogeneity, vapor spread‘ng pressure, and chemical
contamination of the wetting liquid. Although the technique to measure contact
angles is easy, data interpretation is not $’t§ai htforward and the nature of different
contributions to the surface is a matter of w"éf’wjign. Generally, we can define the
complete wetting, wetting, partial wetting, and nonwetting according to Figure 2.11.
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2.5.4 X-ray Phetoelectron Spectroscopy (XPS)—
| |
L T

XPS is an abbreviation for X-ray Pheteelectron Spectroscopy. Another name
is ESCA which'is an aeronym for Electron Spectroscopy for Chemical Analysis. In
XPS or ESCA,"a beam of (monochromatic) X-rays is first produced by electron
bombatdmeént 6f) afi anode material (Al, Mg, Si). ‘When! thel X-rajs initeract with the
sample under investigation, they can ionize electrons that are in core levels (such as
Is, 2s, etc.). If the binding energy of the electron in the core hole was EB, then the
kinetic energy of the electron ejected from the surface can be given in the energy

diagram (Figure 2.12).
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where Ex is the measured
radiation, Esthe binding energYmﬂhe el n the solid, and ¢ the spectrometer
work function. Since gu isa weii-défmed % electron binding energies can

be calculated by ;~*-----*—---'--A----'—--'--'---'--'--: ----------- Cl rons that are ejected from

the sample, using the ove equation. Th energies are measured using an

|
electrostatic energy ana J'zer such as a "hemlsphenca analyzer". The analyzer

measures the ectrons. A general
schematic draﬂx fﬁ’ w}jlzreﬁmﬁtﬂ ent is shown in
Figure iﬁi aﬁ:glystem, the x-
ray soﬁ ﬁﬁﬁﬁﬁo ﬁiﬁ ﬁnﬁﬁﬁ ’i ation of the

electrons is obtained by sweeping the potential(s) in the lens or by using a grid
system in front of the analyzer. The sensitivity of the instrument is dependent on the
X-ray source used, the analyzed area, geometrical factors and the efficiencies of the

lens, the analyzer and the detector. The energy resolution is due to the inherent width

of the X-ray radiation and the resolving power of the spectrometer.
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X-ray source

Sputtering gun Entrance
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as the 1s level) will increase m‘@n} ally; thus, measuring the electron kinetic
- / i S N
energy is equivalent 3 deterrmmng whx(‘:h elements : nt on the surface.

22

2. Oxidation states "' small shifts in the binding

energies due to chan in oxidation states; higher oxidation states generally have

Y T W

3. Quantitative! analyses through curve ﬁttmg and calculatlon of atomic

conceniuonslbfmﬁ?mcﬂ%ﬂﬁg &V] E]l&’]rﬂ Ho the atomic

concentr, ing atoms
4. Depth profiling when combined with ion etching (sputtering) techniques.

5. Images or maps showing the distribution of the elements or their chemical states
over the surface. Modern instruments can have a spatial resolution down to a few

microns.
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2.5.5 Atomic force Microscopy (AFM)

The Atomic Force Microscope (AFM ) is being used to solve processing and
materials problems in a wide range of technologies affecting the electronics,
telecommunications, biological, chemical, automotivé aerospace, and energy
industries. The materials being mvestlga.ted include thin and thick film coatings,
ceramics, composites, glasses, synthetic /gad biological membranes, metals,
polymers, and semiconductors. The AFM is bem‘{apphed to studies of phenomena

. . - - - . — .. .
such as abrasion, adhesion, clcamng, corrosion, etching, friction, lubrication, plating,

and polishing. By usm one/can. not only image the surface in atomic
resolution but also meas rce al.nano-newton scale. The publications related
to the AFM are growing sin ‘e.'its'_.b"i‘nh.

The first AFM a 'by &net}tu?busly gluing a tiny shard of diamond
onto one end of a tiny s pjot: gold forlf In 1985, Binnig and Gerber used the
cantilever to examine insula g surfaces a{’mm hook at the end of the cantilever
was pressed against the surface*whﬂ:: the's G '{e was scanned beneath the tip. The
force between tip and sample-was measure‘tfﬁ-by tracking the deflection of the
cantilever. This was J;jinnc_h;Lmummnng_the_aumelmg{?ment tot a second tip
positioned above the cantllever They could delineate lateral features as small as 300
A. The force mlcroscope emerged in this way. In fact, W1thout the breakthrough in
tip manufacturey the, AEM-probably swould” haye, remained-a curiosity in many
research groups. 'It'was-Albrecht, a-fresh’ gfaduate'student, who fabricated the first
silicon microcantilever and measured the atomic<structure of borén nitride. Today
the tip-cantilever assembly typically is microfabricated from Si on SisN4. The era of
AFM came finally when the Zurich group released the image of a silicon (111)
pattern. The world of surface science knew that a new tool for surface microscope

was at hand. After several years the microcantilevers have been perfected, and the

instrument has been embraced by scientists and technologists.

The force between the tip and the sample surface is very small, usually less

than 10° N. The detection system does not measure force directly. It senses the
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deflection of the microcantilever. The detecting systems for monitoring the
deflection fall into several categories. The first device introduced by Binnig was a
tunneling tip placed above the metallized surface of the cantilever. This is a sensitive
system where a change in spacing of 1 A between tip and cantilever changes the
tunneling current by an order of magnitude. It is straightforward to measure
deflections smaller than 0.01 A. Subsequent systems were based on the optical
techniques. The interferometer is the most gn/ j of the optical methods, but it is
somewhat more complicated than the beam-bouncee method which was introduced by
Meyer and Amer. The beam-bouriee mfthod 1s now widely used as a result of the

excellent work by Al and colleagues. In this system an optical beam is

reflected from the mirrered cé on the back side of the cantilever onto a position-

sensitive photodetector. in this gement a small deflection of the cantilever will

tilt the reflected beam and'ch the ,posx‘;on of beam on the photodetector. A third

optical system introduced id ‘uses thz.  cantilever as one of the mirrors in the
otion inthe camilcver has a strong effect on the laser

output, and this is exploited as atafnotlon deteit‘f;!( !

cavity of a diode laser.

J“ﬂ‘--.

The pr1n01ples Pn how the AF M works are very sxgﬁple An atomically sharp

tip is scanned over g,fsurface with feedback mechamsm_s) that enable the piezo-
electric scanners to mamtam the tip at a constant force (to obtain height
information), or height (to obtain force information) above the sample surface. Tips
are typically made from-Si3;Nj or Si,-and extended down from the end of a cantilever.
The nanoscope AFM head employs an optical detection system in which the tip is
attachedtothe underside ofaeflective) cafitilever: A diode laser {5\fdéused onto the
back of areflective cantilever. As the tip scans the surface of the sample, moving up
and down with the contour of the surface, the laser beam is deflected off the attached
cantilever into a dual element photodiode. The photodetector measures the difference
in light intensities between the upper and lower photodetectors, and then converts to
voltage. Feedback from the photodiode difference signal, through software control
from the computer, enables the tip to maintain either a constant force or constant

height above the sample. In the constant force mode the piezo-electric transducer
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monitors real time height deviation. In the constant height mode the deflection force
on the sample is recorded. The latter mode of operation requires calibration
parameters of the scanning tip to be inserted in the sensitivity of the AFM head

during force calibration of the microscope.

Some AFM's can accept full 200 mm wafers. The primary purpose of these
instruments is to quantitatively # e roughness with a nominal 5 nm
lateral and 0.01nm vertical ﬁ & of samples. Depending on the
AFM design, scanners Wanﬁte ample under the cantilever or
' er way, the local height of the

the cantilever over the s

sample is measured. maps of the surface are then
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Figure 2.14 Schematic diagram of an atomic force microscope [74].
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