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CHAPTER I

INTRODUCTION

1.1 Statement of problem

Stem cells are defined as a progeny of cells that are capable of self-renewal and
differentiation into a variety of specialized cell types. They are key biological
components required for cellular therapies, of which goal is to repair damaged organs
and tissues in vivo as well as generating tissue constructs in vitro for subsequent
transplantation. Recently, stem cell treatment has become an alternative medical
therapy to conventional treatment methods. Culturing stem cells in vitro in order to
generate a number of stem cells, especially embryonic stem (ES) cells, to be high
enough for practical clinical usage is still not successful. The conventional method
usually relies on the mouse embryonic skin cells that have been treated and coated at

the bottom of the culture dish. This coating layer or so-called feeder layer provides the

inner cell mass of cells a sticky surface to which they can attach. Also, the feeder cells
release nutrients into the culture medium. This method possesses a risk that viruses or
other macromolecules in the mouse cells may be transmitted to the human cells. And
very often, stem cells cannot maintain their characteristics and turn death.

Properties and functions of stem cells are generally governed by a combination
of intrinsic determinants and signals from the local microenvironment, or niche.
Creating a suitable microenvironment for their growth and differentiation and
ultimately mimicking the stem cell niche is a key to the success of stem cell culture.
Biomaterials are rapidly being developed to display and deliver stem cell regulatory
signals in a precise and near-physiological pattern. Biomaterial-related researches
include conductive platform formed by protein-conjugated synthetic polymers that
present bioactive ligands and respond to cells.

Surface modification of materials by immobilization of bioactive molecules to
increase the interactions between cells and material have been studied to determine how

the stem cells attach to the materials for transplantation in tissue defects in patients.



Once the cells are attached to the surface of the material, intracellular signals regulating
proliferation and differentiation of cells are generated via interactions between specific
receptors and cell signaling molecules adsorbed or expressed on the materials. These
materials should be useful for the culture and/or preservation of embryonic stem (ES)
cells and various other kinds of stem cells, including hematopoietic stem cells.

Recently, it has been demonstrated that cyclic peptides containing a tandem
repeat of the individual motifs to function as N-cadherin agonists. HAVDI and
INPISGQ sequences have been identified as functional binding motifs in extracellular
domainl (ECD1) of N-cadherin. When presented to neurons as soluble molecules, the
dimeric versions of the motifs stimulate neurite outgrow in a similar manner to native
N-cadherin. This novel N-cadherin mimic cyclic peptide should be invaluable for
dissecting out those cadherin functions that rely on signaling as opposed to adhesion
and clearly have the potential to be developed as therapeutic agents for the promotion of
cell survival and axonal regeneration.

Surface-initiated polymerization (SIP) in combination with controlled radical
polymerization (CRP) has been recently recognized as an efficient and powerful tool for
generating surface-tethered polymer brushes that are potentially useful for a number of
high-value technologies, ranging from biotechnology to advanced microelectronics.
Due to the versatility of the process towards a wide range of readily available
monomers, both chemical and physical properties of surface-tethered polymer brushes
can be broadly tailored, in particular, the functional group density of the surface which
can be varied as a function of the chain length and molecular weight.

Atom transfer radical polymerization (ATRP) has been regarded as one of the
most successful CRP process. Despite its great potential, conventional ATRP still
suffers from the demand for rigorously deoxygenated condition as well as the catalyst
removal. Such limitation has been recently overcome by an addition of minute quantity
of an active copper catalyst with an excess amount of appropriate reducing agent. Since
the activators (Cu(l) species) can be continuously regenerated by electron transfer, this
approach is thus named activators regenerated by electron transfer for atom transfer
radical polymerization (ARGET ATRP). This process is highly desirable for large-scale
production because the reaction can be carried out in the presence of limited amount of
air so the stringent deoxygenation is no longer necessary. The fact that only small
amount of catalyst (at the level of ppm) is required apparently satisfies the bio-related

applications of which the trace amount of catalyst may be detrimental.



Herein, we report, for the first time, the synthesis of poly(t-butyl acrylate) (Pt-
BA) brushes and its subsequent hydrolyzed form, poly(acrylic acid) (PAA) brushes
using the ARGET ATRP. Unlike the previous work reported on the systems of
polystyrene and poly (n-butyl acylate), MesTREN, a more reactive ligand for copper
catalyst was used. Since our ultimate goal is to employ this surface-functionalized
poly(acrylic acid) brushes as substrates for cell culturing and tissue engineering
applications, the reactivity of the carboxyl moieties along the chains of the PAA
brushes were tested against immobilization of bovine serum albumin (BSA), a model
representing biomolecules. The covalent immobilization of N-cadherin mimic cyclic
peptide to the carboxyl groups of PAA brushes was subsequently performed in order to
determine the applicability of the surface-functionalized PAA brushes towards cell

culture applications.

1.2 Objectives

1. To synthesize poly(acrylic acid) brushes via activators regenerated by
electron transfer for atom transfer radical polymerization (ARGET ATRP)
from glass surface.

2. To attach BSA and N-cadherin mimic cyclic peptide on the carboxyl groups
of poly(acrylic acid) brushes.

3. To study stem cell viability, attachment and proliferation on poly(acrylic

acid) brushes immobilized N-cadherin mimic cyclic peptide.

1.3 Scope of Investigation

The stepwise investigation was carried out as follows.

1. Literature survey for related research work.

2. To synthesize a-bromoester compound and tris (2-
(dimethylamino)ethyl)amine [MesTREN] to be used as a surface initiator an
ligand, respectively

3. To immobilize a-bromoester-containing initiator on glass surfaces.

4. To synthesize Pt-BA brushes via ARGET ATRP from glass substrate
containing a monolayer of o.-bromoester groups.

5. To prepare PAA brushes by hydrolysis of Pt-BA brushes.



Characterization of Pt-BA and PAA brushes attached on glass substrates

. To determine the reactivity of carboxyl groups of PAA brushes towards
BSA attachment.

. To attach N-cadherin mimic cyclic peptide on carboxyl groups of PAA
brushes.

. To test stem cell viability, attachment and proliferation on N-cadherin

mimic cyclic peptide immobilized PAA brushes.



CHAPTER 11
THEORY AND LITERATURE REVIEW

2.1 Polymer Brushes

Polymer brushes refer to an assembly of polymer chains which are tethered by
one end to a surface or an interface. Tethering is sufficiently dense that the polymer
chains are crowded and forced to stretch away from the surface or interface to avoid
overlapping, sometimes much further than the typical unstretched size of a chain. These
stretched configurations are found under equilibrium conditions; neither a confining
geometry nor an external field is required. This situation, in which polymer chains
stretch along the direction normal to the grafting surface, is quite different from the
typical behavior of flexible polymer chains in solution where chains adopt a random-
walk configuration. A series of discoveries show that the deformation of densely
tethered chains affects many aspects of their behavior and results in many novel
properties of polymer brushes [1].

Polymer brushes are a central model for many practical polymer systems such as
polymer micelles, block copolymers at fluid—fluid interfaces (e.g. microemulsions and
vesicles), grafted polymers on a solid surface, adsorbed diblock copolymers and graft
copolymers at fluid—fluid interfaces. All of these systems, illustrated in Figure 2.1, have
a common feature: the polymer chains exhibit deformed configurations. Solvent can be
either present or absent in polymer brushes. In the presence of a good solvent, the
polymer chains try to avoid contact with each other to maximize contact with solvent
molecules. With solvent absent (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, 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 one part of the chain prefers one medium and the rest of the chain

prefers the other.

Central model

Adsorbed diblock

Diblock copolymer

Polymer micelle

copolymers melt

oS o

Graft L'L'I|TIL1|}'IHI.‘N at Block copolymers at |.:I1d-g|".||'bcd
Muid-fTuid interfaces Muid-fluid interfaces polymers

Figure 2.1 Examples of polymer systems comprising polymer brushes [1]

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 [1]. 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 was found that polymer brushes can be useful in other applications
such as new adhesive materials [2, 3], protein-resistant biosurfaces [4],
chromotographic devices [4], lubricants [5], polymer surfactants [1] and polymer
compatibilizers [1]. Tethered polymers which possess low critical solution temperature
(LCST) properties exhibit different wetting properties above and below LCST

temperature [6]. A very promising field that has been extensively investigated is using



polymer brushes as chemical gates. Ito and coworkers [7],[8],[9] have reported pH
sensitive, photosensitive, oxidoreduction sensitive polymer brushes covalently tethered
on porous membranes, which are used to regulate the liquid flowing rate through
porous membranes. Suter and coworkers [10],[11] have prepared polystyrene brushes
on high surface area mica for the fabrication of organic—inorganic hybrids. Cation-
bearing peroxide free-radical initiators were attached to mica surfaces via ion exchange
and used to polymerize styrene. This process is important in the field of
nanocomposites. Patterned thin organic films could be useful in microelectrics [12], cell
growth control [13], biomimetic material fabrication [14], microreaction vessel and
drug delivery [15].

In terms of polymer chemical compositions, polymer brushes tethered on a solid
substrate 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 [16]. 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 [17]. Block copolymer brushes refer to an assembly of tethered polymer
chains consisting of two or more homopolymer chains covalently connected to each
other at one end [18]. 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 2.2.
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Figure 2.2 Classification of linear polymer brushes, (a;—as) homopolymer brushes; (b)

mixed homopolymer brush; (c) random copolymer brush; (d) block copolymer brush

[1]

Generally, there are two ways to fabricate polymer brushes: physisorption and
covalent attachment (Figure 2.3). 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 disadvantages 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. Tethering of the polymer chains to the surface is one way to
surmount some of these disadvantages. Covalent attachment of polymer brushes can be
accomplished by either “grafting to” or “grafting from” approaches. In a “grafting to”

approach, preformed end-functionalized polymer molecules react with an appropriate



substrate to form polymer brushes. This technique often leads to low grafting density
and low film thickness, as the polymer molecules must diffuse through the existing
polymer film to reach the reactive sites on the surface. The steric hindrance for surface
attachment increases as the tethered polymer film thickness increases. The “grafting
from” approach is a more promising method in the synthesis of polymer brushes with a
high grafting density. “Grafting from” can be accomplished by treating a substrate with
plasma or glow-discharge to generate immobilized initiators onto the substrate followed
by in situ surface-initiated polymerization. However “grafting from” well-defined self-
assembled monolayers (SAMSs) is more attractive due to a high density of initiators on
the surface and a well-defined initiation mechanism. Also progress in polymer synthesis
techniques makes it possible to produce polymer chains with controllable lengths.
Polymerization methods that have been used to synthesize polymer brushes include
cationic, anionic, TEMPO-mediated radical, atom transfer radical polymerization
(ATRP), activators regenerated by electron transfer atom transfer radical

polymerization (ARGET ATRP) and ring opening polymerization.

Poe

Fhysisorption
M M
M M

M

JAREA}

“Grafling 1o” “Gralling from™

Figure 2.3 Preparation of polymer brushes by “physisorption”, “grafting to” and
“grafting from” [1]
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In order to achieve a better control of molecular weight and molecular weight
distribution and to obtain novel polymer brushes like block copolymer brushes,
controlled radical polymerizations including ATRP, reverse ATRP, TEMPO-mediated
and iniferter radical polymerizations have been used to synthesize tethered polymer
brushes on solid substrate surfaces [19, 20].

ATRP has been the most widely empolyed technique for the formation of
polymer brushes via surface initiated polymerization. ATRP is compatible with a
variety of functionalised monomers. The living/controlled character of the ATRP

process Yyields polymers with a low polydispersity (Mwlﬁn) that are end-
functionalized and so can be used as macroinitiators for the formation of di- and
triblock copolymers. Although highly successful, ATRP has some drawbacks. Firstly,
relatively high concentrations of catalyst are needed to control the polymerization.
Secondly, the catalyst must be removed in order to achieve polymers with high purity
and avoid possible issues of toxicity.

In recent years, activator regenerated by electron transfer atom transfer radical
polymerization (ARGET ATRP) has been developed. This new system improves the
ATRP process. Reducing agent was added in reaction to constantly regenerate the
catalyst from deactive species to active species (Scheme 2.1). An added advantage of
ARGET ATRP [21-23] is that the polymerization can be carried out in the presence of
air and reduced concentration of catalyst. Moreover, this system can be used for high

surface area of materials.

K
My

Ke . .
R-X + Cu-X/Ligand —=—  R' + Cu'-X;/Ligand

Kaa

v
v
R-R + Cu'-X5 / Ligand

Oxidized Agent |
!
Reducing Agent

Scheme 2.1 Mechanism of ARGET ATRP process [24]

In 2007, Matyjaszewaski et al. [25] reported that ARGET ATRP can be
successfully carried out in the presence of limited amounts of air and control is

essentially unaffected by excess reducing agent. Reactions can be carried out without
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any deoxygenation, in flasks fitted with rubber septa or even in simple jars (Figure 2.4).
This technique has been successfully applied to the preparation of densely grafted
polymer brushes, poly (n-butyl acrylate) homopolymer, and poly(n-butyl acrylate)-
block-polystyrene copolymer from silicon wafers (0.4 chains/nm?) that used a small
amount of Cu(ll) as 0.00053 mmol. This simple new method of grafting well-defined
polymers does not require any special equipment and can be carried out in vials or jars
without deoxygenation. The grafting for “everyone” technique is especially useful for
wafers and other large objects and may be also applied for molecular hybrids and

bioconjugates.

Figure 2.4 ARGET ATRP of n-butyl acrylate in the presence of limited amounts of air.
(@) Proposed mechanism. Typical setup with silicon wafers for ARGET ATRP with
limited air (b) in a large jar and (c) in a sample vial. (d) Hlustration of procedures for
surface-initiated ARGET ATRP with limited air [25]

In 2010, Cao et al.[26] synthesized poly(methyl methacrylate) (PMMA) and
polystyrene (PS) via ARGET ATRP on SBA-15 silicas with cylindrical pores of
diameter 22 and 14 nm as the nanoporous supports. The grafted layer thicknesses of up
to at least 2 nm were achieved in the polymerization process carried out in small vials
without using a vacuum line. Due to its simplicity, ARGET ATRP emerges as a

powerful and yet surprisingly straightforward way to synthesize well-defined polymer
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brushes in nanopores, opening a convenient avenue to a wide range of porous high-

surface-area silica-polymer composites.

2.2 Living Polymerization

Synthetic polymers are long-chain molecules possessing uniform repeat units
(mers). The chains are not all the same length. These giant molecules are of interest
because of their physical properties, in contrast to low molecular weight molecules,
which are of interest due to their chemical properties. Possibly the most useful physical
property of polymers is their low density versus strength.

When synthetic polymers were first introduced, they were made by free radical
initiation of single vinyl monomers or by chemical condensation of small difunctional
molecules. The range of their properties was understandably merger. Random
copolymers are greatly expanding in the range 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 all of the monomer has been polymerized. When fresh monomer is
added, polymerization resumes. The name “living polymerization” was coined for the
method by Szwarc [27] because the chain ends remain active until killed. The term has
nothing to do with living in the biological sense. Before Szwarc’s classic work, Flory
[28] had described the properties associated with living polymerization of ethylene
oxide initiated with alkoxides. Flory noted that since all of the chain ends grow at the
same rate, the molecular weight is determined by the amount of initiator used versus

monomer (Eq. 2.1).
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Degree of polymerization = [monomer]/[initiator] (2.1)

Another property of polymers produced by living polymerization is the very

narrow molecular weight distribution. The polydispersity (D) has a Poisson distribution,
D=Mu/M,=1+(Udp): M is the average molecular weight determined by light

scattering, M, is the average molecular weight determined by osmometry, and dp is

the degree of polymerization (the number of monomer units per chain). The values of

M andM , can also be determined by gel permeation chromatography (GPC). A
living polymerization can 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 2.5, 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).

Figure 2.5 Molecular weight conversion curves for various kinds of polymerization
methods: (A) living polymerization; (B) free radical polymerization; and (C)

condensation polymerization [28]

Living polymerization techniques give the synthetic chemist two particularly
powerful tools for polymer chain design: the synthesis of block copolymers by

sequential addition of monomers and the synthesis of functional-ended polymers by
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selective termination of living ends with appropriate reagents. The main architectural
features available starting with these two basic themes are listed in Figure 2.6 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 systems 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 is
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 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 the last chains formed. 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 better if excess monomer is present. A possible explanation is that the living
end is stabilized by complexation with monomer [29]. Large counterions tend to be
more effective than small counterions in living polymerization systems even when the

ionic center is only indirectly involved.
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Figure 2.6 Architectural forms of polymers available by living polymerization

techniques[24]

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 Rizzardo and Mozd [30]. After further refinement by Georges [31], the basic
blueprint for all subsequent work in the area of “living” free radical polymerization was
developed. Subsequently, the groups of Sawamoto [32], Matyjaszewski [33], Percec
[34] and others [35] have replaced the stable nitroxide free radical with transition metal
species to obtain a variety of copper-, nickel-, or ruthenium-mediated “living” free
radical systems. These systems were called atom transfer radical polymerization
(ATRP). Subsequently, Jakubowski and co-worker [36] developed ATRP system. The
new system was called activator regenerated by electron transfer atom transfer radical
polymerization (ARGET ATRP). The new system can reduce the drawback of ATRP
system. The reducing agent that continually reduced deactivated catalyst to activated
catalyst was added in ARGET ATRP system (Scheme 2.1). The ARGET ATRP

mechanism is similar to ATRP but ARGET ATRP was added the reduction step.
Considering conventional ATRP, the mechanism is developed based on a method
known for carbon-carbon bond formation in organic synthesis. In some of these
reactions, a transition-metal catalyst acts as a carrier of the halogen atom in a reversible
redox process (Scheme 2.2). Initially, the transition-metal species, M;", abstracts

halogen atom X from the organic halide, RX, to form the oxidized species, M;"""X, and
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the carbon-centered radical R®. In the subsequent step, the radical R® participates in an
inter- or intramolecular radical addition to alkene, Y, with the formation of the
intermediate radical species, RY". The reaction between M{""X and RY" results in a
target product, RY X, and regenerates the reduced transition-metal species, M;", which
further promotes a new redox process. The fast reaction between RY® and M;""'X
apparently suppresses biomolecular termination between alkyl radicals and efficiently
introduces a halogen functional group X into the final product in good to excellent
yields.

X Oy G

R

= N R

Y
Scheme 2.2 Mechanism of ATRP [29]

The ATRP system relies on one equilibrium reaction in addition to the classical
free-radical polymerization scheme (Scheme 2.3). 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 kst and Keeact, respectively.
Since deactivation of growing radicals is reversible, control over the molecular weight
distribution and, in the case of copolymers, over chemical composition can be obtained
if the equilibrium meets several requirements [37, 38].

1. The equilibrium constant, Kact/Kgeact, Mmust be low in order to maintain a low
stationary concentration of radicals. A high value would result in a high stationary
radical concentration, and as a result, termination would prevail over reversible
deactivation.

2. The dynamics of the equilibrium must be fast; i.e. deactivation must be fast
compared to propagation in order to ensure fast interchange of radicals in order to

maintain a narrow molecular weight distribution.
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Scheme 2.3 Equilibrium reaction in ATRP [39]

In addition, the reduction step in ARGET ATRP system was studied by
Jakubowski and co-workers [36]. The reduction step began in polymerization reaction
of ARGET ATRP system. In our studies, tin(l1)2-ethylhexanoate(Sn(EH),) or glucose
and was used. Sn(EH), and glucose are examples of several possible reducing agents
which can be used for in situ reduction of Cu-(Il) to Cu(l) (Scheme 2.4), without
formation of radicals or radical precursors, that can initiate new chains. The reducing
agent also allows starting an ATRP with the oxidatively stable Cu(ll) species. It may
further allow to tolerate a limited amount of air or other radical traps in the system. This
significantly simplifies the steps required for pre-purification of ATRP systems.

(n () Keq (v) 0]
Sn(EH), + 2(CuCl,)/Ligand =  Sn(EH),Cl, + 2CuCl/Ligand

——————

Scheme 2.4 Reduction of Cu (I1) to Cu (1) by tin(l11)2-ethylhexanoate [36]

Although, ARGET ATRP has reduction step, the catalyst system was yet similar
to ATRP. Transition metal complexes (catalyst) are perhaps the most important
components of ATRP. It is the key to ATRP since it determines the position of the atom
transfer equilibrium and the dynamics of exchange between the dormant and active
species. There are several prerequisites for an efficient transition metal catalyst. First,
the metal center must have at least two readily accessible oxidation states separated by
one electron. Second, the metal center should have reasonable affinity toward a
halogen. Third, the coordination sphere around the metal should be expandable upon
oxidation to selectively accommodate a (pseudo)-halogen. Fourth, the ligand should
complex the metal relatively strongly. Eventually, the position and dynamics of the
ATRP equilibrium should be appropriate for the particular system. A variety of
transition-metal complexes have been studied as ATRP catalysts.

Copper catalysts are superior in ATRP in terms of versatility and cost. Styrenes,
(methylacrylate esters and amides, and acrylonitrile have been successfully



18

polymerized using copper-mediated ATRP. Examples of copper complexes used in
ATRP are shown in Figure 2.7.
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Figure 2.7 Copper complexes used as ATRP catalysts [40]

Nitrogen ligands have been used in copper-mediated ATRP. The monodentate
(e.g., N(nBu)3), bidentate(e.g., dNbpy), and multidentate nitrogen ligands have been
applied to copper-based ATRP. The electronic and steric effects of the ligands are
important. Reduced catalytic activity or efficiency is observed when there is excessive
steric hindrance around the metal center or the ligand has strongly electron-withdrawing
substituents. A recent survey summarized different ligands employed in copper-
mediated ATRP. The effect of the ligands and guidelines for ligand design were
reviewed. Activity of N-based ligands in ATRP decreases with the number of
coordinating sites N4 > N3 >N2, N1 and with the number of linking C-atoms C2 > C3,
C4. It also decreases in the order R;N- =~ PyrEnDash-> R-N= > Ph-N=> Ph-NR-.
Activity is usually higher for bridged and cyclic systems than for linear analogues.
Examples of some N-based ligands used successfully in Cu-based ATRP are shown in

Figure 2.8.
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Figure 2.8 Example of ligands used in copper-mediated ATRP [40]

In 1995, Wang and Matyjaszewski has described 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”. This system is active toward styrene, acrylates, and
methacrylates under the appropriate condition [33]. Percec has also described the role of
bpy as partially solubilizing the Cu(1)/Cu(ll) catalyst [41]. The role of the bpy is to co-

ordinate to Cu(l) to give a pseudo-tetrahedral Cu(l) center in solution (Scheme 2.5).

l
Ny CU\ g
/N'C“\ y + R-Br =NTNND + R
! N | N N N-=
X //\ \ 7/

Scheme 2.5 Rotation of the bpy ligands from the tetrahedral and co-ordination of halide
at the Cu center [41]

In 1997, Matyjaszewski and coworkers [42] have described the use of simple
amines as ligands for the copper mediated atom transfer radical polymerization (ATRP)
of styrene, methyl acrylate and methyl methacrylate. The simple amines are of interest
in ATRP for three general reasons. First, most of the simple amines are less expensive,
more accessible and more tunable than 2,2’-bipyridine (bpy) ligands. Second, due to the
absence of the extensive w-bonding in the simple amines, the subsequent copper
complexes are less colored. Third, since the coordination complexes between copper

and simple amines tend to have lower redox potentials than the copper-bpy complex,
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the employment of simple amines as the ligand in ATRP may lead to faster
polymerization rates. The example of simple amine ligand is N,N,N’,N*,N”-
pentamethyldiethylenetriamine (PMDETA). When this ligand was empolyed in ATRP,
all the polymerizations were well controlled with a linear increase of molecular weights
with conversion and relatively low polydispersities throughout the reactions. The rate of
polymerization showed a significant increase, as compared to the corresponding bpy
system. The higher polymerization rate of PMDETA as the ligand is partially attributed
to the lower redox potential of the copper(1)-PMDETA complex than the copper(l)-bipy
complex, which shifts the equilibrium from the dormant species toward the active
species resulting in the generation of more radicals in the system. The structure of
copper complex using PMDETA as the ligand is shown in Scheme 2.6.

|

\N\ | /N + R-Br — \N\(|:U/N + R®
7\

Br Br Br

Scheme 2.6 Proposed Cu(l) and Cu(ll) species using PMDETA as a ligand [40]

In 1998, Xia and coworkers [43] studied catalyst system that used tris (2-
(dimethylamino)ethyl)amine [MesTREN] (Figure 2.9) as ligand in PMA
polymerization via ATRP. This system can be reacted at room temperature. Mes-TREN
is tridentate ligands so that it is more reactive. The polymerization of methyl acrylate is

extremely fast and even at room temperature.

ES/8

Figure 2.9 Structure of Meg-TREN [43]

2.3 Poly(acrylic acid)

Poly(acrylic acid) (PAA) is a weak polyelectrolyte, in which the degree of
ionization is governed by the pH and ionic strength of aqueous solution. PAA has been
extensively investigated, owing to many scientific and industrial applications, such as

intelligent environment-responsive surface optical chemical sensing and biomaterial
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carriers [44-46]. PAA can be covalently modified with a broad range of functional
groups, such as fluorophores, electroactive groups, dyes and other biomolecules [47,
48]. Recent advances of the controlled/living polymerization techniques made it
possible to produce well-defined polymer structures, such as graft copolymers, star
polymers, polymer brushes, etc. The interest in synthesis and characterization of such
complex polymer systems containing acrylic acid segments has increased enormously.
For the synthesis of well-defined polymers, controlled/living polymerization
techniques have been traditionally employed where the polymerizations proceed in the
absence of irreversible chain transfer and chain termination. Controlled/living
polymerization of acrylic acid by ATRP presents a challenging problem because the
acid monomer can poison the catalysts in system of ATRP by coordinating to the
transition metal. In addition, nitrogen containing ligands can be protonated, which
interferes with the metal complexation ability. Thus, typically, protected monomers
have been employed, followed by a polymer-analogous deprotection, e.g. hydrolysis of
protecting ester groups. Protected monomers with masked acid groups involve tert-
butyl acrylate (t-BA), tert-butyl methacrylate (tBuMA), trimethylsilyl methacrylate
(TMSMA), benzyl methacrylate (BzMA), 2-tetrahydropyranyl methacrylate (THPMA)
and p-nitrophenyl methacrylate (PNPMA) (Figure 2.10). After acid hydrolysis,
thermolysis, or catalytic hydrogenolysis, these protective groups liberate their original
acid functionality. Essential prerequisites for the protected monomer are good
‘livingness’ under each polymerization condition and selective deprotection under mild

conditions.
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Figure 2.10 Representative examples of protected (meth)acrylic acid monomers with

masked acid group [49]

The following literatures describe the synthesis of PAA using ATRP process.

In 1999, Matyjaszewski and coworkers [50] synthesized polystyrene and
polyacrylates from silicon wafers via ATRP that modified with an initiator layer
composed of 2-bromoisobutyrate. The thickness of the layer with reaction time and
molecular weight were studied. Modification of the hydrophilicity of the surface layer
was achieved by hydrolysis of the poly(styrene-b-tert-butyl acrylate) to poly(styrene-b-
acrylic acid) and confirmed by a decrease in water contact angle from 86° to 18°.

In 2000, Davis and coworkers [51, 52] reported controlled polymerization of tert-
butyl acrylate (t-BA) using methyl 2-bromopropionate, as the initiator and
CuBIr/N,N,N’,N’,N"-pentamethyldiethylenetriamine (PMDETA) as the catalyst system.
In most ATRP based syntheses for block and further complex polymer systems, t-BA
has been employed as a protected monomer, which may be due to the feasibility to
control the polymerization and easy hydrolysis.

In 2001, Mori and coworkers [53] have employed surface-initiated self-
condensing vinyl polymerization (SCVP) via ATRP as a new method for the synthesis
of branched Pt-BA-silica hybrid nanoparticles. Hydrolysis of the ester functionality
created branched PAA grafted on silica nanoparticles.

In 2003, Boyes and coworkers [54] synthesized diblock copolymer
polyelectrolyte brushes of either polystyrene (PS) or poly(methyl acrylate) (PMA) and
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poly(acrylic acid) (PAA) by ATRP. The polyelectrolyte diblock copolymer brushes
were used for the synthesis of metal nanoparticles by treatment the PAA with aqueous
metal salt followed by subsequent reduction of the treated PAA.

In 2004, Kong and coworkers [55] presented a novel in situ atom transfer radical
polymerization (ATRP) “grafting from” approach to functionalize multi walled carbon
nanotubes (MWNT) with polystyrene-block-poly(acrylic acid) (PS-b-PAA).
Polystyrene can be synthesized by ATRP and followed by poly(tert-butyl acrylate) on
the modified MWNT followed by hydrolysis of the grafted poly(tert-butyl
acrylate)(PtBA) blocks. The structure and morphology of the as-prepared hybrid
nanomaterials were characterized and confirmed by TEM, SEM, NMR and TGA.

Since immobilized proteins are used in many biomedical and biotechnological
applications, there is an intense research effort in finding materials coatings that allow
for a better control and optimization of the protein immobilization process [45, 56]. At
the same time, surface coatings must provide a mild environment for immobilized
protein molecules to maintain their delicate biological functions. The most prominent
types of surface coatings for the immobilization of proteins studied [57] functionalized
so far include poly(ethyleneoxide) brushes[58, 59] self-assembled monolayers, and
polyelectrolyte multilayers, among others. Polymer brushes offer certain advantages
over other materials as they are covalently anchored to the substrate providing excellent
mechanical stability and present a high surface area template with functionality
controllable by monomer type and brush length. Thus, polymer brushes have been the
natural choices as templates for immobilization protein. Poly (acrylic acid) (PAA) has
been used to immobilize biomolecules by both ionic interactions and covalent
attachment.

In 2002, Bisson and coworkers [60] prepared polymer
poly(ethyleneterephthalate) (PET) films that were surface modified by graft
polymerization of acrylic acid, subsequently, allow collagen (types | and III)
immobilization and human smooth muscle cell expansion. This surface favors cell
adhesion and growth of smooth muscle cells in culture.

In 2006, Hollmann and coworker [44] investigated The adsorption of two
different proteins at a planar poly(acrylic acid) (PAA) brushes. Planar PAA brushes
were prepared with a grafting density of 0.11 nm™. Hen egg-white lysozyme and bovine
serum albumin (BSA) were used as model proteins. The PAA brush binds positively

charged lysozyme and negatively charged BSA at a low ionic strength of the protein
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solutions. A planar PAA brush therefore appears to be a promising materials coating for
controlled protein immobilization in biotechnological applications.

In 2007, Dong and coworker [61] reported the synthesis of poly(acrylic acid)
(PAA) brushes by the atom transfer radical polymerization(ATRP) of sodium acrylate
at room temperature in aqueous media to generate carboxylic acid groups on a silicon
surface. After that, avidin was covalently attached to PAA brushes, and biotin-tagged
proteins could be immobilized through avidin-biotin interaction through specific
recognition of biotin. Thus, this method can be expanded to immobilize a range of
antigens or ligands for biosensing applications and to study cell-surface interactions.

In 2008, Cullen and coworker [46] examine the feasibility of using polymeric
brushes as 3D scaffolds to covalently immobilize ribonuclease A (R Nase A), which is
used in downstream processing of plasmid DNA for removal of RNA, with high
relative activity. PAA brushes were synthesized by atom transfer radical polymerization
(ATRP) to immobilize RNase A by covalent immobilization and a high-capacity NTA-
Cu®** complexation. The effect of binding chemistry and brush length on the surface
density of bound enzyme, the kinetics and thermodynamics of binding, and the
resulting temperature were investigated. From these studies, polymeric brushes can be
effectively used to immobilize over 30 times more proteins than monolayers which may

lead to decrease in detection limits of protein microarrays.

2.4 Stem Cell [62, 63]

Stem cells (SC) are unspecialized cells that develop into the specialized cells that
make up the different types of tissue in the human body. They are vital to the
development, growth, maintenance, and repair of our brains, bones, muscles, nerves,
blood, skin, and other organs. In addition, stem cells are defined functionally as cells
with the unique capacity to self-renew as well as to give rise to differentiated cells
throughout the lifetime of the organism (Figure 2.11). At variance with the large
majority of cells of the body that are committed to a specific function, SC are
uncommitted and remain as such, until they receive signals from the environment to

generate specialized cells.
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Figure 2.11 Life cycle of stem cell [64]

The type of stem cells is a term to describe precursor cells that can give rise to
multiple tissue types. Totipotent stem cells are cells that can give rise to a fully
functional organism as well as to every cell type of the body. Pluripotent stem cells are
capable of giving rise to virtually any tissue type, but not to a functioning organism.
Multipotent stem cells are more differentiated cells (that is, their possible lineages are
less plastic/more determined) and thus can give rise only to a limited number of tissues.
For example, a specific type of multipotent stem cell called a mesenchymal stem cell

has been shown to produce bone, muscle, cartilage, fat, and other connective tissues.

2.4.1 Types of Stem Cells
2.4.1.1 Embryonic Stem Cells

Embryonic stem cells (Figure 2.12) are found in embryos at a very early stage of
development. They have the ability to differentiate into any of the over two hundred

types of cells that make up the human body.
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Figure 2.12 Embryonic stem cells [64]
2.4.1.2 Adult Stem Cells

Adult stem cells (Figure 2.13) have the ability to differentiate into varieties of a
particular type of cell, determined by the type of tissue in which they are found. For
example, blood stem cells found in the bone marrow give rise to red blood cells, white
blood cells, and platelets. The term adult is used to indicate that these stem cells are
further along the path of differentiation than are embryonic stem cells. Adult stem cells
are found in tissues at all but the very earliest stage of human development: in fetal
tissues, in children, and in adults. Scientists have thus far been able to isolate adult stem
cells from tissues in the eye, skeletal muscle, liver, skin, fat, dental pulp, pancreas,

umbilical cord, and the lining of the gastrointestinal tract.

Figure 2.13 Adult stem cells [64]



27

2.4.2 Stem Cells Culture Method

Stem cells are simply defined as a progeny of cells that have the potential to
differentiate into a variety of different lineages. These cells can be isolated from a
variety of sources including embryos, umbilical cord blood, as well as from adult
tissues, as reviewed previously [65].Since the isolation of mouse embryonic stem cells
(mESCs) in 1981 by Davidand Kaufman, and the subsequent isolation of human
embryonic stem cells (hESCs) in 1998, their exploration in regenerative medicine have
received great interest. Embryonic stem cells (ESCs) are isolated from the inner cell
mass of the blastocyst during embryological development [66, 67].Their pluripotent
nature gives them the ability to differentiate into anyone of the three germlayers:
endoderm, ectoderm, and mesoderm. However, ultimate large scale therapeutic
application of these cells necessitates their maintenance in an undifferentiated state in
vitro so that they can be differentiated into specific lineages on-demand.

It is now well established that adult tissues carry a variety of adult stem cells
that are less pluripotent and are more committed than ESCs. Adult stem cells are often
referred to as progenitor or multipotent cells since they have limited differentiation
potential. These cells have been found in bone marrow, cord blood, adipose tissues,
neural tissues etc. This has become attractive cell populations for the field of tissue
engineering because of their ability to differentiate into variety of cell types and
relative ease in harvest, isolation and expansion in vitro.

Growing cells in the laboratory is known as cell culture that grows into a plastic
laboratory culture dish that contains a nutrient broth known as culture medium. The
culture dish is important for cell grown in the same medium. Thus, materials for stem
cell culture have been studied exclusively on the use of biomaterials, both natural and
synthetic, to maintain and differentiate stem cells. Both adult and ESCs are cultured.
Biomaterial-based scaffolds have been the most important tool in providing a 3-D
environment to cells, both in culture or inside the body. Scaffolds for tissue engineering
serve numerous functions and their role during tissue development is dependent upon
specific properties of the chosen biomaterial. 3-D systems have proven to enhance
osteogenic [68], hematopoietic [69], neural [70], and chondrogenic [71] differentiation.
Additionally, natural biomaterials used for developing scaffolds can consist of
components found in the extracellular matrix (ECM), such as collagen, fibrinogen,

hyaluronicacid, glycosaminoglycans (GAGs), hydroxylapatite (HA) etc., and therefore
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have the advantage of being bioactive, biocompatible, and of similar mechanical
properties as native tissue. Other natural materials include those derived from plants,
insects or animal components (e.g. cellulose, chitosan, silk fibroin etc.) with properties
to provide favorable microenvironments for stem cell culture. This is comprised of a
variety of ECM components including laminin, collagenlV, and heparin sulfate
proteoglycans and has been used extensively in cell culture [72]. In addition, fibrinogen
and fibrin are another class of tissue-derived natural materials that can be utilized to
create 3-D scaffold materials [73]. Disadvantages of using natural materials over
synthetic materials include limited control over physico-chemical properties, difficult to
modify degradation rates, difficulty in sterilization and purification. Synthetic materials
that have been extensively used for cell culture include polymers (poly(glycolic acid)
(PGA), poly(lactic acid) (PLA)) [74], ceramics (calcium phosphates, bioactive glasses,
and other bioceramics) and metals (titanium) [75].

Conventionally, stem cell culture can be carried out based on human embryonic
stem cells that are isolated by transferring the inner cell mass into a plastic laboratory
culture dish. The cells divide and spread over the surface of the dish. The inner
surface of the culture dish is typically coated with mouse embryonic skin cells that
have been treated so they will not divide. This coating layer of cells is called a feeder
layer. The mouse cells in the bottom of the culture dish provide the inner cell mass
cells a sticky surface to which they can attach. Also, the feeder cells release nutrients
into the culture medium.

Studying and developing of condition for cell culture, type, amount of media
and materials is critical for supporting cell growth. Researchers have devised ways to
grow embryonic stem cells without mouse feeder cells that used in conventional
method. This strategy has been recently proposed to avoid the risk that viruses or
other macromolecules in the mouse cells may be transmitted to the human cells.
However, developing of material surface for cell culture is still a challenge in
research. The material surface for cell culture may thus be a need to modify a surface
to suppress protein, extracellular matrix and cell adhesion molecule adsorption at this
surface and to improve their biocompatibility.

In 2004, Shin and coworkers [76] compared RGD with an osteopontin-derived
peptide, and determined that hydrogels modified with the osteopontin-derived peptide
triggered significantly higher osteoblast migration than RGD-modified hydrogels.

However, RGD remained the dominating peptide for cell-attachment.
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In 2006, Higuchi and coworkers [77] prepared bioinert materials on which cell do
not proliferate, differentiate, nor de-differentiate to be used for the culture and
preservation of stem cells. The PluronicF127, a triblock copolymer of ethylene oxide
and propylene oxide was activated using carbonyldiimidazole (CDI), and CDI-activated
Pluronic was subsequently immobilized on the surface of a lysine-coated polystyrene
tissue culture flask. The hematopoietic stem cells (CD34 and CD133) cultured in the
Pluronic-immobilized flask was significantly higher than that in polystyrene tissue
culture flask and commercially available bioinert flask.

Recently, Dey and coworkers [78] demonstrated that poly(2-(2-
methoxyethoxy)ethyl methacrylate-co-oligo(ethylene glycol) methacrylate)
(MEO;MA-co-OEGMA) copolymer grafted brushes can be grafted onto glass
coverslips using ATRP. Feeder free mES adhered and reached confluency on all
surfaces; mouse embryonic stem (mES) cell cells also detached from the surface when
the temperature was lowered below LCST.

Additionally, the responding of stem cell with the cell adhesion molecule was
studied. Cell Adhesion Molecules (CAMs) are proteins located on the cell surface
involved with the binding with other cells or with the extracellular matrix (ECM) in
the process called cell adhesion (Figure 2.14). Examples of CAMs include cadherins,

immunoglobulin-like adhesion molecules, integrins and selectins.

Figure 2.14 Homophilic and heterophilic interactions of cell adhesion molecule [79]
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In 2000, Wickenhauser and coworkers [80] analyzed the role of megakaryocyte
glycoproteins and selectins regarding their impact on megakaryocyte fribroblast
interaction.  Selectin-specific antibodies significantly reduced megakaryocyte
attachment to fibroblast feeder layers and fibroblast growth in the co-cultures. The
effect of CD41a and CD42b specific antibodies was limited to megakaryocyte-
dependent fibroblast growth. These results elucidate the involvement of the selectins
CD62P and CD62L in the basal activation of megakaryocytes inducing their attachment
to bone marrow fibroblasts.

In 2001, Tsuchiya and coworkers [81] studied the effects of various cell adhesion
molecules and extra ellular matrices on the initial cellular adhesion properties of
articular chondrocytes, ligament cells and mesenchymal stem cells were investigated to
target the design of optimal scaffolds for tissue engineering of articular cartilage and
ligament. Fibronectin was shown to be most potential to promote cell adhesion.

In 2008, Lu and coworkers [82] investigated the effect of B1 integrins to cell-
matrix interactions. Human adipose tissue-derived stem cells (ASCs) were encapsulated
in collagen type | gels for the induction of chondrogenesis. The effects of Blintegrins
on chondrogenesis were analyzed by blocking ASCs with Blintegrins neutralizing
antibodies. In addition, the effects of lintegrins on the gene
expression of the Rockl and Rockll kinases, which are the most important effectors of
prototype GTP ase Rho A, and cell shape of ASCs were also analyzed in order to
understand better the mechanisms by which Blintegrins regulate chondrogenesis.

Recently, cadherins such as N-cadherin (found in neurons), E-cadherin (found in
epithelial tissue), P-cadherin (found in the placenta) and T-cadherin were investigated
for stem cell responses. The classical cadherins are a family of calcium-binding integral
membrane glycoproteins that can account for the ability of cells to segregate from each
other during development. The classical cadherins are composed of five extracellular
domains, a single transmembrane domain, and two cytoplasmic domains. The first
extracellular domain (ECD1) of these cadherins contains an evolutionarily conserved
His-Ala-Val (HAV) motif and several lines of evidence suggest that this sequence is
critical for function.

In 2000, Williams and coworkers [83] demonstrate that short cyclic HAV
peptides can inhibit N-cadherin function. Interestingly, the nature of the amino acids

that flank the HAV motif determine both the activity and specificity of the peptides.
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When turn the cyclic HAV peptide into an N-cadherin peptide by incorporating
flanking amino acids that are specific to N-cadherin, it can substantially increase the
antagonistic properties of the peptide. That opposite result when turn the peptide into an
E-cadherin peptide. The peptides that contained flanking amino acids from E-cadherin
had little or no effect on the N-cadherin response. In summary, a novel family of cyclic
peptides containing the HAV motif has been developed as N-cadherin antagonists. The
specific N-cadherin antagonists can be developed based on the incorporation of 1lor 2
flanking amino acids from native N-cadherin onto the HAV motif.

From the development of N-adherin antagonists described in 2000, the same
groups of researchers [84] demonstrated the feasibility of cyclic peptides (Figure 2.15)
containing a tandem repeat of the individual motifs to function as N-cadherin agonists.
They have identified the HAVDI and INPISGQ sequences as functional binding motifs
in extracellular domainl (ECD1) of N-cadherin. When presented to neurons as soluble
molecules, the dimeric versions of the motifs stimulate neurite outgrow in a similar
manner to native N-cadherin. The response to the dimeric agonist peptides was
inhibited by monomeric versions of the same motif and also by recombinant N-cadherin
ECD1 protein. The responses were also inhibited by antibodies to a fibroblast growth
factor receptor (FGFR) binding motif in ECD4 of N-cadherin and by a specific FGFR
antagonist (PD17304). These data suggest that the peptides function by binding to and
clustering N-cadherin in neurons and thereby activating an N-cadherin/FGFR signaling
cascade. The novel agonists will be invaluable for dissecting out those cadherin
functions that rely on signaling as opposed to adhesion and clearly have the potential to
be developed as therapeutic agents for the promotion of cell survival and axonal

regeneration.
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Figure 2.15 The structure above and below as a possible structure for the cyclic N-Ac-
CHAVDINGHAVDIC-NH, peptide (middle) [84]

Besides N-cadherin can support axonal regeneration, they can be useful as cell
surface marker. In 2006, Honda and coworkers [85] explored the induction of
cardiomyocytes from mouse ES cells in chemically defined serum-free medium by
using a mesoderm-inducing factor, BMP4. N-cadherin positive cells highly expressed
cardiogenic markers, Nkx2.5, Thx5, and Isl1, and showed a high differentiation rate
into cardiomyocyte lineage. Moreover, N-cadherin can be a useful cell surface marker
for the progenitors of cardiomyocyte differentiated from ES cells in the serum-free
culture.

In 2008, Haug and coworkers [86] examined how N-cadherin expression in
hematopoietic stem cell (HSC) relates to their function. Bone marrow (BM) cells
highly expressing N-cadherin (N-cadherin™) are not stem cells, being largely devoid of
a Lineage™ Scal® cKit" population and unable to reconstitute hematopoietic lineages in
irradiated recipient mice. Instead, long-term HSCs form distinct populations expressing
N-cadherin at intermediate (N-cadherin™) or low (N-cadherin') levels (Figure 2.16).
The minority of N-cadherin population can robustly reconstitute the hematopoietic
system, express genes that may prime them to mobilize, and predominate among HSCs
mobilized from BM to spleen. The larger N-cadherin™ population performs poorly in
reconstitution assays when freshly isolated but improves in response to overnight in

vitro culture. Their expression profile and lower cell-cycle entry rate suggest N-
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cadherin™ cells are being held in reserve. Thus, differential N-cadherin expression
reflects functional distinctions between two HSC sub-populations.

Figure 2.16 Model of reserved and primed HSCs [86]



CHAPTER 11

METHODS AND MATERIALS

3.1 Materials

Glass coverslips (diameter = 1.2 cm) were purchased from Thermo Scientific,
Thailand. 2-Bromoisobutyryl bromide, dimethychlorosilane, iodine, Toluidine blue O
and tert-butyl acrylate (t-BA) were purchased from Aldrich (USA). Copper(Il) bromide
(CuBry), ethyl a-bromoisobutyrate  (EBiB), methanesulfonic  acid, N-
hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride) (EDC) and platinum on activated charcoal (Pt/C (10%Pt)), were
purchased from Fluka (Switzerland). Bovine serum albumin (BSA), laminin, phosphate
buffer saline (PBS), tin(l1)2-ethylhexanoate (Sn(EH),) and tris(2-(aminoethyl)amine)
(TREN) were purchased from Sigma (USA). Acetone, allyl alcohol, ethanol (EtOH),
formic acid (98%w/v), hydrochloric acid(HCI), hydrogen peroxide (H,O,), methanol
(MeOH), 2-propanol, pyridine, sodium hydroxide (NaOH), sodium sulfate (Na;SO,),
sulfuric acid (H,SO,), toluene and triethylamine were purchased from Merck
(Germany). Acetic acid (CH3COOH), dichloromethane and hexane were purchased
from Carlo Erba (France). Formaldehyde (35%wi/v) and tetrahydrofuran (THF) were
purchased from LabScan Asia Co., Ltd.(Thailand). Glutamine, heparin, mouse neural
progenitor cells, neurobasal medium, penicillin, streptomycin, trypan blue dye and
trypsin were purchased from Gibco (USA). Epithelial growth factor (EGF) and
Fibroblast growth factor (FGF) were purchased from R&D system (USA). All reagents
and materials are analytical grade and used without further purification. N-cadherin
mimic peptide (N-CHAVDINGHAVDIC-NH; sequence) was synthesized from Bio
basic Inc. (USA). Distilled water was obtained after purification using a Millipore

Milli-Q system (USA) that involves reverse osmosis, ion exchange, and a filtration step.
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3.2 Equipments
3.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

'H NMR spectra was recorded in CDCl; and D,O using Varian, model Mercury-
400 nuclear magnetic resonance spectrometer operating at 400 MHz. Chemical shifts
(6) are reported in part per million (ppm) relative to tetramethylsilane (TMS) or using
the residual protonated solvent signal as a reference.

3.2.2 Attenuated Total Reflectance - Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

ATR-FTIR spectra of the surface-modified silica particles were recorded with a
FT-IR spectrometer (Nicolet), model system 6700 with using DLa TGS detector. The
spectra were collected at a resolution of 4 cm™ and 16 scans with using diamond ATR

IR accessory.
3.2.3 Contact Angle Measurements

Water contact angle were determined with Contact angle goniometer model
Ramé-Hart 200-F1 equipped with a Gilmont syringe and a 24—gauge flat-tipped needle
(Ramé-Hart, Inc., USA). The measurements were carried out in air at ambient
temperature. The tested angle could be measured from a silhouette image of droplet
shown on the screen. Dynamic advancing and receding angles were recorded while
water was added to and withdrawn from the drop, respectively. The reported angle is an

average of 5 measurements on different area of each sample.
3.2.4 Atomic Force Microscopy (AFM)

AFM images were recorded with Scanning Probe Microscope model
NanoScope®IV, Veeco, USA. Measurements were performed in air using tapping
mode. Silicon nitride tip with a resonance frequency of 267-295 KHz and a spring

constant 20-80 N/m were used.
3.2.5 Gel Permeation Chromatography (GPC)

Molecular weight and molecular weight distribution of poly(t-butyl acrylate) (Pt-
BA) was determined by gel permeation chromatography obtained from Waters 600
controller chromatograph, connected to the RI detector, equipped with Waters E 600
column at 35 C°. THF was used as eluent with the flow rate of 1 mL/min. Narrow PS

standards were used for establishing a calibration curve.
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3.3 Synthesis of a-Bromoester Compound

3.3.1 Synthesis of 2-Bromo-2-methylpropionic Acid Allyl Ester (1)

@ (M THF/Pyridine O CHg
/\/OH + Br—C | Br > /\/O_C"*Br
CHs CHs
Allyl alcohol 2-Bromoisobutyryl 2-Bromo-2-methylpropionic
bromide acid allyl ester
@)

2-Bromoisobutyryl bromide (6.18 mL, 50 mmol) was added dropwise to a stirred
solution of allyl alcohol (2.64 mL, 50 mmol) and pyridine (4.27 ml, 53 mmol) in 50 mL
of dry tetrahydrofuran at 0°C. The reaction mixture was stirred at ambient temperature
overnight. White precipitated pyridine bromide was then removed by filtration. The
mixture was diluted with hexane and then washed once with 2 N HCI and twice with
deionized water. The organic phase obtained was dried over sodium sulfate and filtered.
The solvent was removed under reduced pressure. After purification by a silica gel
column chromatography, colorless oil was obtained as a product in 91% vyield.

'H-NMR (CDCls) of 2-bromo-2-methylpropionic acid allyl ester: & 1.98 (s, 6H,
C(CHj3)y), 4.65 (d, 2H, OCH,, J= 5.46 Hz), 5.2-5.4 (m, 2H, =CH,), 5.8-6.0 (m, 1H,
=CH)

3.3.2 Synthesis of 3-(Chlorodimethylsilyl)propyl 2-bromo-2-
methylpropanoate (2)

Q chs gHe puic G cHg
A\ O-C—Br + Cl=Si-H ——>  Cl=Si_~_O0-C—Br
CHs CHs CHs CHs
2-Bromo-2-methylpropionic Dimethylchlorosilane 3-(Chlorodimethylsilyl)propyl
acid allyl ester 2-bromo-2-methylpropanoate
@ (2)

Allylic ester (1) (2 mL, 12 mmol) and dimethychlorosilane (20 mL) was added in
50 mL round bottom flask. After that, Pt/C (10%Pt) (20 mg) was added into this
mixture. The mixture was refluxed at 45 °C for 24 h. The excess dimethychlorosilane

was removed under reduced pressure. The oil residue was filtered through anhydrous
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sodium sulfate to remove the catalyst to give chlorosilane initiator (2) as a colorless oil
product in 95% vyield.

'H-NMR (CDCly) of 3-(chlorodimethylsilyl)propyl 2-bromo-2-
methylpropanoate: & 4.0-4.2 (t, 2H, -CH,0O-, J= 13.65 Hz), 1.95 (s, 6H, -C(CHj3),),
1.98 (m, 2H, -CH>-), 0.5 (m, 2H, -SiCH,-), 0.1 (m, 6H, -Si(CHz3),-)

3.4 Synthesis of Tris(2-(dimethylamino)ethyl)amine [Mes TREN](3)

'

(\N,>§ formaldehyde/formic acid (\N,>w
- RN

NH2 NH, NH; 95°C ZA N
Tris(2-aminoethyl)amine Tris(2-(dimethylamino)ethyl)amine
3)

The synthetic method was modified from that reported by Queffelec [87]. A
mixture of 35%w/v formaldehyde (12.0 mL, 0.4 mole) and 98%w/v formic acid (36.0
mL, 0.95 mole) was stirred at 0 °C under nitrogen atmosphere. After 1 h, 0.05 mole of
tris(2-(aminoethyl)amine) or TREN was added dropwise via cannula, followed by an
addition of deionized water via syringe. A mixture was refluxed for 24 h at 95 °C. After
cooling to room temperature, a red-brown mixture was treated with saturated NaOH
until pH reached 12. The resulting brown oil layer was extracted with dichloromethane
and washed with saturated NaOH. The organic phase was dried over sodium sulfate
before solvent removal under reduced pressure over 3h to give yellow oil as a product
in 88% yield.

'H-NMR (CDCls) of tris(2-(dimethylamino)ethyl)amine: & 2.2 (s, 6H, -N(CHs),),
2.4 (t, 6H, -(CH2N-)3, J= 14.43 Hz), 2.6 (t, 6H, -(CH,N)3, J= 14.82 Hz).

3.5 Preparation of Polymer Brushes

3.5.1 Pretreatment of Glass Substrates

Glass coverslips having a diameter of 1.2 cm held in a slotted hollow glass
cylinder (custom designed holder) were put a freshly prepared mixture of 7 parts of
concentrated sulfuric acid an 3 parts of 30% hydrogen peroxide at ambient temperature

for 2.5 h, rinsed with five aliquots of deionized water and placed in a clean oven at 130



38

°C for 2.5 h. Silanization reaction was carried out immediately after treating the

substrates in this fashion.

3.5.2 Preparation of Surface-tethered Initiator (4)

OH CH;3 O CHj CHs O CHs
| 1l H
on Cl=§i_~_0-C—f-Br ——= |[FO=Si\_~_O-C—Br

CHs CHs CHs CHj
Glass coverslip  3-(Chlorodimethylsilyl)propyl Glass supported
2-bromo-2-methylpropanoate 2-bromoisobutyrate monolayer
) (4)

Freshly cleaned glass coverslips held in a slotted hollow glass cylinder were
placed into a dried Schlenk flask. Substrates were kept under nitrogen. Triethylamine
(60 uL, 0.43 mmol) in anhydrous toluene (20 mL) was transferred to the reactor flask
via cannula. 3-(Chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate (2) (100 uL,
0.12 g, 0.4 mmol) was added into the reactor flask by a syringe. Reactions were carried
out under nitrogen atmosphere at ambient temperature for 18 h. The substrates was
rinsed with 1x10 mL of toluene, 2x10 mL of 2-propanol, 2x10 mL of ethanol, 1x10 mL

of ethanol-water (1:1), 1x10 mL of water and then dried in vacuo.
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3.5.3 Surface-initiated Polymerization of tert-Butyl Acrylate

CH; O CH; n H,C=CH
o—siwo—c+5r + c=0
CHy CH, OC(CH3)
4)
CuBr,/ EBriB
Sn(EH),
Y
CH; O CH,
—0—Si_~_0-C—H-CH,~CH-Br
n
CHs CHs c:::o
OC(CHs)

(®)

CuBr; (0.98 mg, 4.39 umol) and acetone (4 mL) were first mixed in a glass vial
having a magnetic stirring bar followed by an addition of MesTREN (3) (4.5 L) to
form a complex with Cu(ll). Tert-butyl acrylate was added to the vial. The mixture was
then stirred at ambient temperature until it became homogeneous (approximately 10
min) followed by an addition of ethyl a-bromoisobutyrate (59.4 uL, 0.399 mmol), the
“sacrificial” initiator. The substrates bearing a-bromoisobutyrate monolayer (4) held in
a slotted hollow glass cylinder was immersed in the vial that was later sealed with a
rubber septum. The well-mixed solution of tin(Il) 2-ethylhexanoate (194 uL, 0.6
mmol), acetone (1.5 mL) and MesTREN (11.0 uL) in a separated vial was then added
via syringe to the reaction vial carrying the substrates. The volume of air in the reaction
vial above the solution was fixed at 10.8 mL. The polymerization was allowed to
proceed at ambient temperature. After a set reaction time, the polymerization was
stopped by opening the vial and exposing the catalyst to air. And then, the substrates
were removed and rinsed with THF. To remove the untethered P(t-BA), the substrates
were placed in a soxhlet extractor and extracted with THF for 24 h and dried in vacuo.
The substrates bearing poly(tert-butyl acrylate) (Pt-BA) brushes were then analyzed by
contact angle measurements. Free Pt-BA from the solution was isolated by first
evaporating residual monomer and solvent under reduced pressure and dissolving in

THF. The polymer solution in THF was then analyzed by GPC.
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3.5.4 Preparation of Surface-tethered Poly(acrylic acid) (PAA) Brushes
via Hydrolysis of Poly(tert-butyl acrylate) Brushes

CHj O CHj,

| 1]
—O0—Si 0-C—H-CH,-CH-Br
T ~ 2 | %F]
CH, CHy =
(5) OC(CH,)

methanesulfonic acid

ICH,Cl,
CH; O CH;
_o—i:/\/o—c—ic—ﬁCHz—clHtBr
3 3 |C:O
(6) OH

To remove the t-butyl groups by hydrolysis, the substrates-tethered Pt-BA
brushes (5) were treated with a mixture of methanesulfonic acid in dichloromethane
(0.1 mL: 10 mL) at ambient temperature for 1 h to prepare surface-tethered PAA
brushes (6). The substrates were removed, rinsed with dichloromethane (1x10 mL),

ethanol (2x10 mL) and water (1x10 mL) and then dried in vacuo.

3.6 Determination of Carboxyl Groups of Surface-tethered Poly(acrylic acid)

Brushes

Toluidine blue O staining method was employed to determine the amount of
carboxyl groups on PAA brushes. A 0.5 mM dye aqueous solution was prepared at pH
10. The substrate-tethered PAA brushes were immersed in the dye solution for 6 h at
ambient temperature. The substrates were then removed and thoroughly washed with a
sodium hydroxide solution of pH 10 for 2 h to remove any noncomplexed dye adhering
to substrates. The dye complexed with carboxyl groups was desorbed from the surface
by dipping the substrates in 50% acetic acid solution overnight. The desorbed dye
content was obtained by measuring the optical density of the solution at 633 nm with an
UV-vis spectrophotometer (model Techna, specgene). The PAA was obtained from a
calibration plot of the optical density versus dye solution having known concentration

assuming that one carboxyl group reacts with one dye molecule.
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3.7 Immobilization of Biomolecules to Carboxyl Groups of Poly(acrylic acid)

Brushes

3.7.1 Activation of Carboxyl Groups on Surface-tethered Poly(acrylic
acid) Brushes

CHs O CHs I
—o— s|\/\/o CA’—QCH2 CH)—Br + N—OH //\ Je LN
N —

CH3 CH3 Cl

(6)

CH; O CH,
—0—Si_~_0-C—H-cH,- CH)-Br
CHs CHs

?O

OVO
()
The substrates carrying PAA brushes (6) were immersed in an aqueous solution
of EDCI (0.05 M) and NHS (0.1 M) and then stirred for 30 min. The activated PAA

brushes-containing substrates (7) were removed from the solution and rinsed with

deionized water and then dried in vacuo.
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Immobilization of BSA on Activated PAA Brushes-Containing

Substrates
CH; O CH;
—0—Si_~_O-C—H-CH,~CH)-Br
n
CHa CHs c::=o
™
BSA / PBS buffer
CH; O CH,
—0—Si_~_0-C—H-CH,~CHY-Br
n
CHs CH, %zo
NH
BSA
®)

The activated PAA brushes-containing substrates (7) were immersed in a 2 mL
of BSA solution (Img/mL) in phosphate buffer saline (PBS, pH 7.4). After 1 h, the

BSA immobilized substrates (8) were thoroughly rinsed with PBS solution and

deionized water and then dried in vacuo.

3.7.3

Preparation of N-cadherin Mimic Cyclic Peptide

Il Il
NHZ—ClH—C—HAVDINGHAVDI—ClH—C—NH2
CH, CH,

| l

SH SH

I, 1 50% MeOH

Il Il
NH2—C|H—C—HAVDINGHAVDI—ClH—C—NH2
CHy—S—————S—CH;



43

A synthetic N-cadherin mimic peptide has a sequence of N-
CHAVDINGHAVDIC-NH,. Two thiol groups of cysteine were oxidized by iodine.
The peptide was first dissolved in 50% methanol to prepare a 1mg/lmL peptide
solution. The peptide solution was added dropwise to a mixed solution of 0.1M 1, (1
mL) and 1M HCL (1 mL) and then centrifuged for 30 min. Excess iodine in the peptide
solution was removed by nitrogen blowing. The cyclized product appearing as white
powder was obtained after lyophilization. Molecular weight of N-cadherin mimic cyclic

peptide was analyzed by Mass spectrometer.

3.7.4 Immobilization of N-cadherin Mimic Cyclic Peptide on PAA
Brushes-Containing Substrates

CHs O CHj

| 1l
—0—Si_~_0-C—H-cH,~CH-Br
CH, CH; (|:: 5

|

()

NH,-N-cadherin mimic cyclic peptide/

PBS buffer

Y

CIZH3 (IJI CHj
—o—§i\/\/0—c4HCH2—CH§—Br
n
CHg CHg %: o
I}IH
9) N-cadherin mimic cyclic peptide

To determine the effect of N-cadherin mimic cyclic peptide concentration and
reaction time on the amount of immobilized peptide, Surface plasmon resonance (SPR)
technique was employed using a gold-coated SPR disk grafted with PAA brushes
having a target DP = 200 as a substrate. SPR assays were conducted using an Autolab

SPR procured from the Eco Chemie (Netherlands) at 25°C. The carboxyl groups of
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PAA brushes were activated by aqueous solution of EDC/NHS and subsequent
coupling with amino groups of-N-cadherin mimic cyclic peptide in PBS buffer..

The activated PAA brushes-containing substrates (7) were immersed in a
solution of N-cadherin mimic cyclic peptide in phosphate-buffered saline (PBS, pH 7.4)
using the optimized peptide concentration and reaction time identified by SPR. After
that the substrates (9) were thoroughly rinsed with PBS buffer solution and deionized

water and then dried in vacuo.

3.8 Cytotoxicity Test

PAA brushes-containing substrates immobilized with N-cadherin mimic cyclic
peptide (9) were sterilized by 70% ethanol solution for 6 h in 24-well tissue culture
plate. The substrate were removed from the solution and rinsed with sterile PBS buffer
solution. Mouse neural progenitor cells were added in this well plate at a seeding
density of 5 x 10° cells/mL in 500 pL Neurobasal medium (serum-free medium)
supplemented with 1x B27, 2 mM glutamine, 50 U/mL penicillin/streptomycin, 20
ng/mL Epithelial growth factor (EGF), 20 ng/mL Fibroblast growth factor (FGF) and 2
pg/ml Heparin. The plate was then incubated at 37°C in humidified 5% CO, in air for 6
h, 1, 2, and 4 days. Cell morphology was continuously monitored under an optical
microscope. After the desired period of time, the cells were harvested by trypsinization
and counted after adding Trypan blue dye in cell solution to detect live or dead cells
under hemacytometer. The experiments were carried out in triplicate in comparison

with laminin-coated substrates.



CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, the results are divided into four sections. The first section,
explains the synthesis of reagents to be used for polymerization such as surface initiator
and ligand. The second section mainly focuses on polymerization of poly(tert-
butylacrylate)(Pt-BA) brushes from surface-tethered a-bromoisobutyrate monolayer via
surface-initiated polymerization as activators regenerated by electron transfer (ARGET)
of tert-butyl acrylate (t-BA). Poly(tert-butyl acrylate) (Pt-BA) brushes were converted
to poly(acrylic acid)(PAA) brushes by acid hydrolysis. The third section presents
reactivity of carboxyl groups towards biomolecule immobilization. The last section
addresses cytotoxicity test of mouse neural progenitor cell (mMNSC) on surface modified

with N-cadherin mimic cyclic peptide.

4.1 Synthesis of a-Bromoester Compound

4.1.1 Synthesis of 2-Bromo-2-methylpropionic Acid Allyl Ester

0 (M THF/Pyridine O CHs
/\/OH + Br—C | Br > /\/O—C Br
CHs CHs
Allyl alcohol 2-Bromoisobutyryl 2-Bromo-2-methylpropionic
bromide acid allyl ester
1)

Scheme 4.1 Stepwise synthetic route of 2-bromo-2-methylpropionic acid allyl ester

2-Bromo-2-methylpropionic acid allyl ester (1) as colorless oil was a product
obtained from esterification reaction allyl alcohol with 2-bromoisobutyryl bromide
(Scheme 4.1). This product was sufficiently pure for the next synthesis after purification

by liquid extraction and vacuum distillation. This synthesis gave the product in 91%
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yield. The *H-NMR (Figure A-1) of a 2-bromo-2-methylpropionic acid allyl ester
shows a doublet of doublet signal and multiplet signals of alkene protons, (CH,=CH, b)
at 5.2-5.4 ppm and (CH,=CH, a) at 5.8-6.0 ppm, a doublet signal of methylene protons
(OCHjy, c) at 4.7 ppm, and a signal of methyl protons of C(CHs) at 1.9 ppm (d). This
spectrum indicates the complete reaction between allyl alcohol and 2-bromo-2-
methylpropiony! bromide.

4.1.2 Synthesis of 3-(Chlorodimethylsilyl)propyl 2-bromo-2-

methylpropanoate

Q CHs GHs PUC GHa Q CHs
_~\_O~C—Br + Cl—Si-H — C|—s|i\/\/o—c+3r
CHg CHg CHg CHg
2-Bromo-2-methylpropionic Dimethylchlorosilane 3-(Chlorodimethylsilyl)propyl
acid allyl ester 2-bromo-2-methylpropanoate
1) (2)

Scheme 4.2 Hydrosilylation of 3-(Chlorodimethylsilyl)propyl 2-bromo-2-
methylpropanoate (2)

3-(Chlorodimethylsilyl)propyl  2-bromo-2-methylpropanoate (2) can be
synthesized via hydrosilylation of 2-bromo-2-methylpropionic acid allyl ester (1) by
dimethylchlorosilane (Scheme 4.2). This reaction was carried out by refluxing in the
presence of Pt/C catalyst for 24 h. The crude product was colorless oil and obtained in
95% vyield. The mechanism of hydrosilylation is shown in Scheme 4.3. The *H-NMR
(Figure A-2) of 3-(chlorodimethylsilyl)propyl 2-bromo-2-methylpropanoate (2) shows a
triplet signal of methylene proton (CH,O) at 4.0-4.2 ppm, singlet signals of methyl
protons (CCHs) at 1.9 ppm and (SiCHg) at 0.1 ppm, multiplet signals of methylene
proton (SiCH,CH,CH,0) at 0.5 ppm and (SiCH,CH,CH,0) at 1.8 ppm. The fact that a
doublet of doublet signal and a multiplet signal of alkene protons, (CH,=CH, b) at 5.2-
5.4 ppm and (CH,=CH, a) at 5.8-6.0 ppm, respectively from the starting reagent (1)

disappeared after the reaction indicating the completion of the reaction.



47

SiRy
L M<
!
Rasyv R'CHCH;
SIRg

/
LM Lo1M

AN

-R3SICH,CH,R'

R LpsM—SiR,

Scheme 4.3 Mechanism of hydrosilylation [88]

4.2  Synthesis of Tris (2-(dimethylamino)ethyl)amine [Mes TREN]

(\N,>w formaldehyde/formic acid ,>w

N2 NH, NH, 95°C /=N NJ
Tris(2-aminoethyl)amine Tris(2-(dimethylamino)ethyl)amine
@)

Scheme 4.4 Methylation of tris(2-aminoethyl)amine

Tris(2-(dimethylamino)ethyl)amine (MesTREN) (3) was synthesized by
methylation, Eschweiler-Clarke reaction, of tris(2-aminoethyl)amine (TREN) (Scheme
4.4). The product was light yellow oil obtained in 88% yield. The product was
sufficiently pure for complexing with copper(ll) ion in polymerization reaction. The
mechanism of Eschweiler-Clarke reaction is shown in Scheme 4.5. The H-NMR
(Figure A-3) of tris(2-(dimethylamino)ethyl)amine shows two doublet of doublet
signals of methylene protons (NCH,CH>N(CHs),) and (NCH,CH,N(CHj3),) at 2.6 ppm
and 2.4 ppm, respectively. Moreover, a singlet signal of (N(CHs),) is shown at 2.2 ppm.
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Scheme 4.5 Mechanism of Eschweiler-Clarke reaction [89]

4.3 Preparation of Poly(acrylic acid) (PAA) Brushes

4.3.1 Preparation of Surface-tethered Initiator

OH CHy O CHy CHs O CHs
+ C|_Sli\/\/o_c+5r — > O—SE\/\/O—CA'*Br

OH CHs CHs CHs CHj
Glass coverslip  3-(Chlorodimethylsilyl)propyl Glass supported
2-bromo-2-methylpropanoate 2-bromoisobutyrate monolayer
(2) (4)

Scheme 4.6 Synthesis of surface-tethered 2-bromoisobutyrate monolayer

The water contact angle of a clean glass coverslip have increased from 22°/13° to
70°/60° after silanization  with  3-(chlorodimethylsilyl)propyl  2-bromo-2-
methylpropanoate (2) which acts as a surface initiator indicating that hydrophobic a-

bromoisobutyrate monolayer was formed on the glass surface (Scheme 4.6).
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4.3.2 Surface-initiated Polymerization of tert-Butyl Acrylate

ICH3 9 CH3 n H2C:CI:H
0-Si_~_O0-C—Br  + c=0
CHy CHy OC(CHy)
4)

CuBr,/ EBriB

Sn(EH),
Y
CHg O CH
_o—ig\/o—cﬁchz—ccH:EBr
dc(CHs)

()

Scheme 4.7 Polymerization reaction of tert-butyl acrylate

It is rather difficult to obtain the molecular weight of the polymer brush directly
since the amount of polymer on the substrate is too small to degraft and analyze. The
polymer chains formed by the free initiator (“sacrificial” initiator) in solution were then
used to monitor the surface-initiated polymerization process and molecular weight. It
has been proven that the molecular weight and polydispersity of the graft polymer were
nearly equal to those of the free polymer produced in the solution, meaning that the free
polymer is a good measure of the characteristics of the graft polymer [90]. The free
initiator plays a role not only as an indicator of the polymerization but also as a
controller for the ARGET ATRP on the surface. The concentration of the Cu(ll)
complex produced from the reaction at the substrate surface is too low to reversibly
deactivate polymer radicals with a sufficiently high rate. The addition of the free
initiator creates the necessary concentration of the Cu(ll) complex, which in turn
controls polymerization from the substrate as well as in solution. Moreover, Cu(ll) can

be reduced to Cu(l) by reducing agent (Scheme 2.1).

To seek for an optimal condition that yields polymer with well-controlled
molecular weight and molecular weight distribution, the effect of mole ratio of
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Sn(EH),:MesTREN and polymerization time were investigated. Sn(EH).Br, as a
product in reactivation process (Scheme 2.4) is a strong Lewis acid which can from
complex with ligand. Therefore, the amount of ligand affected the reactivity of the
catalyst in polymerization reaction.

According to the results shown in Figure 4.1, the molar ratio of

Sn(EH)2:MesTREN of 10:1 was considered as the optimal value because it gave

reasonably high M , with a narrow molecular weight distribution (close to 1). Further
reduction of the amount of MesTREN by increasing the ratio to 15:1 led to a negative
impact on the livingness of the polymerization. Reducing the ratio to 8:1 and 5:1, the
molecular weight distribution was closer to 1 showing the narrow molecular weight
distribution. It should be emphasized that ones try to consume the least amount of

MesTREN in order to minimize the expense from the costly ligand.
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Molar ratio of Sn(EH),:MesTREN

Figure 41 M, (o) and M /M ,, (e) of Pt-BA as a function of Sn(EH),:MesTREN
molar ratio for targeted DP = 200



51

40000 15
[
O
30000 - . . . <
o +1
=
O
S 20000 - %
2
o 105
10000 -
0 T T T T T 0
0 5 10 15 20 25 30

Polymerization time (h.)

Figure 4.2 M, (o) and MW/M, (e) of Pt-BA as a function of time for targeted
DP =200

Figure 4.2 shows the changing in the molecular weight (Mn) and molecular

weight distribution (MW/Mn) of free Pt-BA as a function of polymerization time at
targeted degree of polymerization (DP) of 200. The monomer (t-BA) concentration of
4.8 M and the [I]/[CuBr,)/[Sn(EH).]/[MesTREN] mole ratio of 1:0.01:1.6:0.16 were
fixed in these experiments. The data suggested that 15-20 h is sufficiently long for the
polymerization to reach the completion while the molecular weight distribution

remained low, being close to 1.0, the ideal target of living polymerization. It should be
noted at this point that the obtained M, (~29,000) was somewhat higher than the target

one (M , = 25,634) of which the targeted degree of polymerization (DP) is 200. This
characteristic seems to be typical and has been also observed by others [25]. From this
result, polymerization time at 15 h gave a high molecular weight suitable for DP 200
and molecular weight distribution being close to 1.0 suggested that the polymerization
mechanism is living.

Figure 4.3 shows the development of Pt-BA brushes thickness as a function of
polymerization time at target DP = 200. The thickness of dry polymer layer was
obtained by measuring the surface profile after being scraped by AFM tip using AFM
technique (Figure A-9). It was found that the thickness of Pt-BA brushes linearly
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increased as a function of polymerization time suggesting that the polymerization is
living and can be well controlled.
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Figure 4.3 Thickness of Pt-BA brushes determined by AFM technique versus
polymerization time for targeted DP = 200

The information related to molecular weight and thickness can be used to
calculate a grafting density of polymer brushes. The grafting density (o) which is a unit
per cross-sectional area (Ax) per chain can be determined from the corresponding film

thickness (t) and the molecular weight of the chain (M,) from the following equation by

gtPNa_ 1 (4.1)
Mn A,

Where p is the mass density (1.1 g/cm® for Pt-BA) and Na is Avogadro’s number.
Using slopes obtained from the plot in Figures 4.4 which corresponds to t/M,, the
calculated grafting density is 0.33 chains/nm? for the targeted DP = 200. These results
agree quite well with the data previously reported that the grafting densities for various
polymers prepared by surface-initiated ATRP which are ranged from 0.1 to 0.6
chains/nm? [20] and by ARGET ATRP which is about 0.4 chains/nm? [25].
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Figure 4.4 Relationship between the thickness of Pt-BA brushes with molecular weight
of free Pt-BA for targeted DP = 200

The percent conversion of monomer (t-BA) can be calculated from peak
integration from *H-NMR spectra of Pt-BA. Figure 4.5 displays a *H-NMR spectra of
Pt-BA after polymerization for 15 h. The hydrogen atom bonded to carbon 2 in
backbone of Pt-BA is responsible for a set of signals at 2.2 ppm (b) while those signals
observed at 6.0 ppm (a) are attributed to the hydrogen atoms of the methylene groups of
t-BA. From the ratio between the area under the peak at 2.2 ppm (b) and that under the
peak at 6.0 ppm (a), it is possible to determine the percent conversion of the Pt-BA by

using the following expression:

CH
% Conversion of t—BA = j ° x 100 4.2)
fcH, +[cH,
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Figure 4.5 '"H-NMR spectrum (400 MHz, CDCl;) of Pt-BA after polymerization of
t-BAfor 15 h

According to Figure 4.6, %conversion of monomer, t-BA has reached ~99%
after the molecular weight was above 25,000 (a target M, for DP = 200) which can be
achieved after the polymerization was carried out for 15 h. This indicated that most of

the monomer was consumed and converted to Pt-BA at this particular time point.
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Figure 4.6 Relationship between % conversion of t-BA with molecular weight of
Pt-BA for targeted DP = 200



55

Data shown in Table 4.1 suggests that the molecular weight of Pt-BA can be
varied as a function of targeted degree of polymerization (DP) which is determined by
monomer to initiator ratio. Upon using polymerization time of 15 h, the M , values
obtained from GPC analysis at all targeted DPs are relatively close to the targeted ones.
The molecular weight distribution or polydispersity index (PDI) are very close to 1

suggesting that the polymerization reaction is living and can be well controlled.

Table 4.1 Molecular weight and PDI of Pt-BA having different DP

Degree of polymerization Targeted MW M, PDI
50 6408 7490 1.13
100 12817 14229 11
200 25634 25576 1.07

The growth of Pt-BA brushes can also be monitored by water contact angle
analysis. Figure 4.7 illustrates advancing (64) and receding (6g) water contact angles of
glass-supported Pt-BA brushes as a function of polymerization time. Both advancing
(6a) and receding (0r) contact angles rapidly increased from 70°/60° of the glass-
supported o-bromoisobutyrate monolayer to ~ 91°76° for Pt-BA. These results
indicated that more hydrophobic surface has been obtained as a consequence of Pt-BA
brushes formation. The fact that the water contact has reached the highest value after
the polymerization for 10 h suggests that the wettability of Pt-BA brushes was no
longer dependent on the thickness above 5 nm (See Figure 4.3). Moreover, the contact
angle hysteresis (04 - Or) being less than 20° also implies that the surface bearing Pt-BA

brushes is quite homogeneous and smooth.
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Figure 4.7 Water contact angle data of Pt-BA brushes versus polymerization time for
targeted DP = 200 (64 (0), Or (e))

Up to this point, it can be concluded that the polymerization of t-BA can be well
controlled. The optimized condition includes [1]/[CuBr,)/[Sn(EH),]/[MesTREN] mole
ratio of 1:0.01:1.6:0.16, molar ratio of Sn(EH), : MesTREN of 10 : 1 molar ratio of
Sn(EH); : initiator of 1:1, and polymerization time of 15 h.
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4.3.3 Preparation of Surface-tethered Poly(acrylic acid) (PAA) Brushes

CH, O CH,
_o—§|\/\/o—c4HCH2—CH}BBr
CHs CHs c=o0
(5) OC(CHg)

methanesulfonic acid

ICH,Cl,
Y
CH; O CH,
—0—Si o-C—H-cH,-ch-Br
N R
3 3 $:O
(6) OH

Scheme 4.8 Acid hydrolysis of poly(tert-butyl acrylate) (Pt-BA) brushes

Poly(acrylic acid) (PAA) brushes can be prepared by acid hydrolysis of
poly(tert-butyl acrylate) (Pt-BA) brushes using optimal condition previously identified
which is 0.1 mL of methanesulfonic acid (MeSOsH) in 10 mL of dichloromethane at
room temperature [45]. The success of PAA formation upon hydrolysis of Pt-BA in
solution was first demonstrated by *H NMR analysis. As shown in Figure 4.8, a signal
of methyl proton (CH3) belonging to the t-butyl groups at 1.4 ppm in spectrum B of Pt-
BA is absent in spectrum A of PAA indicating that the t-butyl groups were completely

removed.
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Figure 4.8 'H-NMR spectra of (A) PAA (400 MHz, D,0) and (B) Pt-BA (400
MHz,CDCIl3) in solution

Evidence indicating the formation of PAA brushes was obtained from ATR-IR
analysis of silica particles grafted with Pt-BA brushes before and after hydrolysis. As
shown in Figure 4.9, a signal of C=0 stretching of ester groups of Pt-BA brushes at
1725 cm™ shifted slightly down to 1711 cm™ of C=0 stretching of carboxyl groups of
PAA brushes upon hydrolysis indicating that Pt-BA brushes have been transformed to
PAA brushes.



59

C=0 stretching of ester

C-H stretching 1725 cm!

2977 cm!
(@

Transmittance

C=0 stretching of acid

1711 cm?t

3000 2500 2000 1500
Wavenumbers (cm-t)

Figure 4.9 ATR-FTIR spectra of silica particles grafted with (a) Pt-BA brushes and (b)
PAA brushes

Carboxyl group density of PAA brushes versus polymerization time was
investigated in order to identify the relationship between molecular weight and amount
of carboxyl groups. The density of carboxyl group (COOH) on PAA brushes was
quantitatively determined by using Toluidine blue O assay. The carboxyl groups of
PAA brushes can form a complex with Toluidine blue O. The absorbance of the
solution containing the desorbed complex was measured at 633 nm. The COOH content
was obtained from a calibration plot of the optical density versus dye concentration

which is displayed in Appendix C. From Figure 4.10, it was found that the density of

carboxyl group increased as a function of molecular weight or chain length of PAA
brushes. The density was ranged from 0.7x10° to 1.6x10° mol/cm?) for the PAA

brushes having M , in the range of 11.8x10° to 29.3x10°.
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Figure 4.10 Carboxyl group density of PAA brushes as a function of molecular weight
for target DP = 200

Figure 4.11 shows water contact angles of PAA brushes as a function of
polymerization time. The lowering water contact angle from those of Pt-BA brushes
(Figure 4.7) to these of PAA brushes suggesting that the hydrophobic tert-butyl groups
of Pt-BA were converted to the hydrophilic carboxyl groups of PAA brushes. The
molecular weight dependent water contact angle values are in good agreement with the
carboxyl group density data. The higher the carboxyl group density is, the lower water

contact angle and the more hydrophilic of surface becomes.
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Figure 4.11 Water contact angle data of PAA brushes versus polymerization time for
targeted DP = 200 (©a (0), Or (®))

Atomic force microscopy (AFM) was used as a tool to determine the surface
topography and roughness of polymer brushes. As demonstrated in Table 4.2, the
roughness and topography of a glass coverslip was not much changed after the
immobilization of surface initiator. Both surfaces are featureless and extremely smooth
with very low surface roughness. After being covered by Pt-BA brushes, the surface of
glass coverslip became rougher with a roughness of 6.337 nm. Nonetheless, the
coverage of the grafted Pt-BA brushes are relatively uniform. Evidently, the grafted
PAA brushes are smoother than the grafted Pt-BA brushes with uniform coverage on

the surface.
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Table 4.2 AFM images of surface-modified glass coverslips

Sample Morphology in 2D Morphology in 3D

Cleaned glass coverslip

Rms Roughness (nm) 1.049 nm

Glass coverslip-surface initiator

Rms Roughness (nm) 0.764 nm

Glass coverslip-Pt-BA

Rms Roughness (nm) 6.337 nm

Glass coverslip-PAA

Rms Roughness (nm) 1.964 nm
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4.4 Immobilization of Protein/Peptide on Poly(acrylic acid) (PAA) Brushes

0
CHy O CHy I
—o—§i\/\/0—C<HCH2—c|H}—Br + N-OH / o~z NN
n N~ -
CH3 CH3 C=O Cl
I O
(6) OH
CHs O CHy
—0—Si_~_0-C—HCH-cr-Br
n
CHg CHg +:O
(7)
NH,-Biomolecule / PBS buffer
CHg O CHs
—0—Si_~_ 0-C—HCHy—CH)-Br
n
CHg CHs +:O
NH
Biomolecule

(8)

Scheme 4.9 Immobilization of protein/peptide on PAA brushes
4.4.1 Immobilization of BSA

In general, biomolecules are often immobilized on polymer surfaces via an amide
bond formation between the carboxyl groups of polymer and the amine groups of
biomolecule. Bovine serum albumin (BSA) was chosen as a model biomolecule. To
achieve the covalent attachment of BSA to the carboxyl groups of PAA brushes, a
method of introducing reactive intermediate, N-hydroxysuccinimidyl (NHS) ester was
used. The carboxyl groups of PAA brushes were first activated by a water-soluble
carbodiimide, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) to form NHS group. The NHS group was then
coupled with amine-terminated BSA leading to amide bond formation.

The success of activation and BSA immobilization on PAA brushes was first
verified by FT-IR analysis in ATR mode. The shoulder peaks in spectrum (b) at 1736,
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1781 and 1811cm™ assigned to the carbonyl stretching of N-succinimidyl ester (NHS)
of FT-IR spectrum shown in Figure 4.12 indicated that the carboxyl group was
transformed to NHS group after activation by EDCI/NHS. The binding of NH,-biotin
can be verified by the presence of amide | band (C=0 stretching) and amide Il band (N-
H bending) at 1648 and 1550 cm™, respectively together with the disappearance of
signals of succinimidyl ester at 1736, 1781 and 1811 cm™.

C=0 stretching of acid

1711 cm?

(@)

C=0 stretching of N-succinimidyl ester
1736, 1781, 1811 cm?

Transmittance

(©)

C=0 stretching of amide

1648 cm!

3500 3000 2500 2000 1500
Wavenumbers (cm™)
Figure 4.12 ATR-FTIR spectra of (a) PAA brushes (b) PAA brushes-NHS (c) PAA
brushes-BSA

The carboxyl group activation and BSA immobilization were also determined
by water contact angle measurements (Table 4.3). After the formation of Pt-BA, the
water contact angle was increased from 70.0°/60.2° of the surface immobilized initiator
to 91.0°/75.6°. The water contact angle was then decreased after conversion of Pt-BA
brushes to PAA brushes. The increasing of water contact angle after the activation from
21.3°/10.2° to 76.9°/60.3° suggests that the hydrophilic carboxyl groups of PAA
brushes have been replaced by hydrophobic N-succinimidyl groups. The contact angles

were lower after BSA immobilization.
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Table 4.3 Advancing (6a) and receding (6g) water contact angle of surface modified

glass coverslips

Water contact angles
Surface modified glass

(degree)
coverslip
Oa Or

initiator 70.0+0.9 60.2+1.3
Pt-BA brushes 91.0+29 75.6+1.7
PAA brushes 21.3+138 102+1.8
PAA brushes-NHS 76.9+25 60.3+1.2
PAA brushes-BSA 68.3+1.9 51.7+1.1

4.4.2 Immobilization of N-cadherin Mimic Cyclic Peptide

N-cadherin mimic cyclic peptide was synthesized by iodine oxidation of linear
peptide having a sequence of N-CHAVDINGHAVDIC-NH,. As analyzed by mass
spectrometry, a formation of disulfide bridge was evidenced from a reduction of the
molecular weight from 1469 of the linear peptide to 1467 of the cyclized one. The mass
spectra of the peptide both before and after cyclization are displayed in Appendix A.

Surface plasmon resonance (SPR) is a well-recognized optical-based method that
relies on the measurement of changes in the refractive index, which is proportional to
the mass of the bound or adsorbed species on its surface. It is commonly used for
studying interactions between biomolecules that are attached to the substrates and those
in solution. In our particular case, we chose to use SPR as a tool to determine an
optimized condition in terms of time used for EDC/NHS activation and peptide
immobilization as well as peptide concentration mainly because the activation and
peptide immobilization can be monitored in real time. This helps minimize the use of
the costly peptide. In this study, a gold-coated SPR disk grafted with PAA brushes
having a target DP = 200 was used as a substrate. The measured SPR angle shifts
during the activation and immobilization steps can be converted into mass uptakes,

using a sensitivity factor of 120 mDegrees per 100 ng/cm? [91].
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As shown in Table 4.4, there was no variation of SPR angle shift upon increasing
the activation time from 15 to 30 min suggesting that the maximum degree of activation
was achieved even after the activation for 15 min. In the peptide immobilization step, a
similar observation was obtained (Table 4.5). Upon using a peptide concentration of 0.1
mg/mL, a period of 15 minute was sufficient to obtain the highest amount of
immobilized N-cadherin mimic cyclic peptide. SPR signals as a function of time for all
SPR analysis are shown in Appendix D.

Table 4.4 SPR angle shift and the corresponding amount of immobilized NHS on PAA
brushes as a function of EDC/NHS activation time

s i Amount of immobilized
Activation time (min) SPR angle shift (m®)

NHS (ng/cm?)
15 69.2+6.2 575+5.2
30 68.8 +4.2 57.3+£35

Table 4.5 SPR angle shift and the corresponding amount of immobilized N-cadherin

mimic cyclic peptide on PAA brushes as a function of immobilization time

Amount of immobilized N-

Immobilization time (min) SPR angle shift (m°®) cadherin mimic cyclic
peptide (ng/cm?)
15 76.0+0.8 63.3+0.6
30 75.8+2.9 63.2+24

The results illustrated in Figure 4.13 indicated that the amount of immobilized
N-cadherin mimic cyclic peptide can be controlled by varying N-cadherin mimic cyclic
peptide concentration in solution. To minimize the amount of peptide used, the
concentration of 0.1 mg/mL was chosen for immobilizing N-cadherin mimic cyclic
peptide on the glass coverslip to be used for further studies. The time period of 15 min

was used for both the step of activation and peptide immobilization.
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Figure 4.13 Amount of immobilized N-cadherin mimic cyclic peptide as a function of
N-cadherin mimic cyclic peptide concentration

4.5 Cytotoxicity Test

Cytotoxicity test is a primary test for evaluating the applicability of materials for
biomedical applications. The mouse neural progenitor cells (MNSC) were used for
cytotoxicity test. The initial cell seeding density was 5 x 10° cells/well. The results are
shown in Figure 4.14. As counted by Haemacytometer using trypan blue exclusion
staining, it was found that after 4 days of incubation, the number of cells on glass
coverslip immobilized with N-cadherin mimic cyclic peptide (3.03 x 10°cells/mL) was
comparible to those on the glass coverslip coated with laminin (3.57 x 10°ells/mL), an
adhesive protein commonly used in stem cell culture, and significantly higher than
those on the glass coverslip (1.47 x 10%ells/mL) which acted as a control. Statistical
significance was associated with the value of p < 0.01. These preliminary results
indicated that the surface-immobilized N-cadherin mimic cyclic peptide was non toxic

because cells can still adhere and proliferate.
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Figure 4.14 Number of mouse neural progenitor cells adhered on various substrates

after 4 days incubation *p < 0.01 as compared with the control

As visualized under bright field microscope (Table 4.6), mMNSC on the control
substrate could not attach but remained rounded with little spreading after 1 day (d) and
4 days (g) of culturing. In contrast, MNSC on the surface coated with laminin and
surface immobilized with N-cadherin mimic cyclic peptide exhibited a clear adhesive
phenotype. At 6 hours after plating, cells on the surface coated with laminin (b) showed
early increase in spreading as compared with the control substrate (a) but not quite
obvious on the surface-immobilized with N-cadherin mimic cyclic peptide (c). After 1
day of culture, the cell body was mostly round on the substrate -immobilized with N-
cadherin mimic cyclic peptide (f) whereas a small extent of exonal outgrowth was
observed on the surface coated with laminin (e). At day 4 of culture, more cells
proliferated from original cells and exhibited exonal outgrowth from cell body (i). The
extent of exonal outgrowth seems to be greater than that appeared on the surface coated
with laminin (h). However, the evidences from cell adhesion and proliferation as well
as morphological appearance are not enough to guarantee that the cells still maintain

their stem cell characteristics. Further investigation are necessary.
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Table 4.6 Morphology of mouse neural progenitor cells on various substrates observed

by bright field optical microscope

Surface-coated with

Surface-immobilized

Time Control with N-cadherin mimic
laminin
cyclic peptide
(@) (b) (c)
6h
(d) (e) ()
1 day
9 (h) ()

4 days




CHAPTER V

CONCLUSION AND SUGGESTION

Poly(tert-butyl acrylate) (Pt-BA) brushes can be prepared from the surfaces
bearing o-bromoester groups by surface-initiated activators regenerated by electron
transfer for atom transfer radical polymerization (ARGET ATRP) of tert-butyl acrylate
(t-BA). The molecular weight and thickness of the Pt-BA brushes can be controlled by
polymerization time and monomer to initiator ratio. The optimized condition that was
identified was [I]J/[CuBr,}/[Sn(EH),])/[Mes TREN] molar ratio of 1:0.01:1.6:0.16, molar
ratio of Sn(EH),:MesTREN of 10:1, molar ratio of Sn(EH),:initiator of 1:1, and
polymerization time of 15 h. The Pt-BA brushes were relatively dense with a graft
density of approximately 0.33 chains/nm?.

Poly(acrylic acid) (PAA) brushes were subsequently obtained after tert-butyl
groups of Pt-BA brushes were removed by acid hydrolysis. As determined by toluidine
blue O assay, the carboxyl group density of the PAA brushes can be varied as a
function of the chain length (MW). The density was ranged from 0.7x10° to 1.6x107

mol/cm? for the PAA brushes having M , in the range of 11.8x10° to 29.3x10%. It has
been demonstrated that the carboxyl groups of PAA brushes are readily available for
activation by EDC/NHS and subsequent attachment of BSA and N-cadherin mimic
cyclic peptide. According to SPR analysis, the density of the immobilized N-cadherin
mimic cyclic peptide relied on the concentration of the peptide. The successive surface
modification via polymer brushes formation and protein/peptide immobilization were
also verified by ATR-FTIR analysis and water contact angle measurements.

Results from cytotoxicity test against mouse neural progenitor cell suggested
that the immobilized N-cadherin mimic cyclic peptide on PAA brushes was non toxic.
The level of cell compatibility determined based on cell adhesion and proliferation as
well as cell morphology was comparable to the surface coated with laminin, a
commonly used adhesive protein for stem cell culture. To determine whether the
proliferated cells maintain stem cell characteristics is a subject of future investigation. It
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is also interesting to test the potential of the developed material for specific cell

selection.
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Figure A.1 *H-NMR spectrum (400 MHz, CDCls) of 2-bromo-2-methylpropionic
acid allyl ester (1)
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Figure A.2 *H-NMR spectrum (400 MHz, CDCls) of 3-(chlorodimethylsilyl)propyl
2-bromo-2-methylpropanoate (2)
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Figure A.3 'H-NMR spectrum (400 MHz, CDCls) of tris (2-(dimethylamino)
ethyl)amine [Mes TREN] (3)
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Figure A.4 The *H-NMR (400 MHz, CDCl3) of t-BA
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Figure A.7 Mass spectrum of N-cadherin mimic peptide before cyclization
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Figure A.8 Mass spectrum of N-cadherin mimic cyclic peptide after cyclization
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APPENDIX B

Data corresponding to the plots in Chapter 1V

Table B.1 Average molecular weight and molecular weight distribution of Pt-BA
brushes analyzed by GPC as a function of Sn(EH),:MesTREN molar ratio for targeted
DP =200

Sn(EH)2:Mes TREN GPC data
molar ratio M, M w Mw/M ,
5:1 31375 33571 1.07
8:1 31590 33801 1.07
10:1 31418 34559 11
15:1 7118 10463 1.47

Table B.2 Average molecular weight and molecular weight distribution of Pt-BA
brushes analyzed by GPC, the thickness of Pt-BA brushes calculated from AFM data
and % conversion of Pt-BA brushes calculated from *H-NMR spectrum as a function
of time (targeted DP =200)

Polymerization | Thickness % GPC data
time (h) (nm) Conversion M, M M /M,
5 6.48 89.3 11886 15451 1.3
10 10.97 96.6 22660 24246 1.07
15 N/A 98.6 26826 28703 1.07
20 14.75 98.7 29359 31414 1.07
25 N/A 98.9 31084 33259 1.07
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Table B.3 Thickness of Pt-BA brushes after being scraped by AFM for target DP=

200
Time(h) | M, AFM image Thickness (nm) Average thickness
(nm)
6.53
5 11886 6.43 6.48 + 0.05
6.47
11.07
10 22660 10.95 10.97 £ 0.10
10.88
14.82
20 29359 14.73 14.75 + 0.07
14.69

Table B.4 Advancing (©a) and receding (©r) water contact angles of Pt-BA brushes

versus polymerization time for targeted DP = 200

) Water contact angle (degree)
Time (h)
Oa Or
0 70.0£0.9 60.0+1.3
5 80.9+23 60.0+1.2
10 87.9+12 69.7+2.3
15 89.0+1.2 708+ 1.6
20 92.1+1.7 724+1.3
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Table B.5 Amount of COOH group on linear PAA brushes as a function of molecular
weight for targeted DP = 200

Time (h) v Amount of COOH x 10°
(mol/cm?)
5 11,886 0.69 £ 0.03
10 22,660 1.34 £ 0.02
15 26,826 1.43 £0.02
20 29,359 1.63+£0.01

Table B.6 Advancing (©4) and receding (6g) water contact angles of PAA brushes
versus polymerization time for targeted DP = 200

) Water contact angle (degree)
Time (h)
OA OR
0 92.1+1.7 72.4+1.3
5) 61.4+0.5 51.2+1.8
10 53.0+1.2 43.0+1.8
15 405+ 15 306+ 1.7
20 224 %15 17.0+£0.9

Table B.7 Amount of N-cadherin mimic cyclic peptide immobilized on PAA brushes
containing substrates determined by SPR as a function of N-cadherin mimic cyclic

peptide concentration

N-cadherin mimic cyclic Amount of N-cadherin mimic

peptide concentration (mg/ml) cyclic peptide (ng/cm?)

0.1 63.3+ 0.5
0.5 78.8+1.2
0.8 921+1.0

1.0 106.3 £ 2.7
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Table B.8 Advancing (6a) and receding (6r) water contact angles of surface modified

glass coverslips

Water contact angles

Silica surface-tethered sample (degree)

0a Or
initiator 70.0+0.9 60.2+1.3
Pt-BA 91.0+£ 2.9 75.6 £1.7
PAA 21.3+1.8 102+1.8
PAA-NHS 76.9+25 60.3+1.2
PAA-BSA 68.3+1.9 51.7+x1.1
PAA-(N-cadherin) 624+1.0 52.8+1.3

Table B.9 Number of mouse neural progenitor cells on substrates determined by

hemacytometer after incubation for 4 days in at 37 °C

Number of cells

cyclic peptide

Sample 6
(x 10° cells/mL)
Glass coverslips (control) 1.47 +0.25
Glass coverslips coated with laminin 3.57+0.25
Glass coverslips-PAA brushes-
immobilized with N-cadherin mimic 3.03+0.31
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APPENDIX C

Toluidine blue O assay

Toluidine blue O assay is a method used for determination of the amount of
carboxyl groups. The carboxyl groups of PAA brushes can form a complex with
toluidine blue o. The absorbance of the solution containing the desorbed complex was
measured at 633 nm. The COOH content was obtained from a calibration plot of the

optical density versus dye concentration which is displayed in Figure C-2.

N CH; o o
h (|3|—OH (g—OH
+/ R
(H30);N s N

H; | |

Toluidine blue O PAA brushes

N CH,
l :[ N 0 o)
(H3C)2N 5/ I I

PAA brushes

Figure C.1 Formation of toluidine blue O complex with carboxyl group.
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Figure C.2 Calibration curve of UV absorbance as a function of toluidine blue o

concentration.
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APPENDIX D

Figure D.1 SPR response of PAA brushes after EDC/NHS activated and
immobilization of N-cadherin mimic cyclic peptide

The measured SPR angle shifts during the activation and immaobilization steps

can be converted into mass uptakes, using following equation D.1.

SPR angle shift (m°)x100 (ng/cm?)
120 (m°)

Amount of mass uptake (ng/cm?) = (D.1)



Table D.1 SPR angle shift and amount of immobilized NHS on PAA brushes as a
function of EDC/NHS activation time

Activation time ) Amount of immobilized
(min) SPR angle shift (m®) NHS (ng/em?)
64.1 53.4
15 76.0 63.3
66.9 55.7
72.5 60.4
30 64.3 53.6
69.5 57.9

Table D.2 SPR angle shift and amount of immobilized N-cadherin mimic cyclic
peptide on PAA brushes as a function of immobilization time

o Amount of N-cadherin
Immobilization _ o ) )
] ) SPR angle shift (m®) mimic cyclic peptide
time (min) )
(ng/cm?)
75.9 63.3
15 75.3 62.8
76.8 64.0
74.0 61.7
30 79.2 66.0
74.3 61.9
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Table D.3 Amount of N-cadherin mimic cyclic peptide immobilized on PAA brushes
containing substrates determined by SPR as a function of N-cadherin mimic cyclic

peptide concentration

N-cadherin mimic cyclic SPR angle shift Am.ou.nt of N-cadh?rin
peptide concentration (mg/ml) (m°) mimic cyclic loeptlde
(ng/cm?)
75.9 63.3
0.1 75.3 62.8
76.6 63.8
934 77.8
0.5 91.6 76.3
95.3 79.4
110.5 92.1
0.8 111.8 93.2
109.7 914
123.9 103.3
1.0 127.6 106.3
121.1 100.9
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Biomolecule Immobilization for Their Application in Cell Culture

Sasithon Rodtamai'?, Nipan Israsena Na Ayudhaya® and Voravee P. Hoven'*

'Organic Synthesis Research Unit, Department of Chemistry, Faculty of Science
“Center for Petroleum, Petrochemicals, and Advanced Materials
3Stem Cells and Cell Therapy Research Unit, Department of Pharmacology,
Faculty of Medicine
Chulalongkorn University, Phayathai Road, Pathumwan, Bangkok 10330, Thailand
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Atom transfer radical polymerization (ATRP) has been regarded as one of the
most successful controlled living polymerization. Despite its great potential, the
conventional ATRP still suffers from the demand for rigorously deoxygenated
condition as well as the catalyst removal. Such limitation has been recently overcome
by an addition of minute quantity of an active copper catalyst with an excess amount
of appropriate reducing agent.'? Since the activators (Cu (I) species) can be
continuously regenerated by electron transfer, this approach is thus named ARGET
ATRP. Herein, we report, the synthesis of poly(t-butyl acrylate) (Pt-BA) brushes and
its subsequent hydrolyzed form, poly(acrylic acid) (PAA) brushes using the ARGET
ATRP (Figure 1). Since our ultimate goal is to employ this surface-functionalized
PAA brushes as substrates for cell culturing and tissue engineering applications, the
reactivity of the carboxyl moieties along the chains of the PAA brushes were tested
against immobilization of selected biomolecules.

(‘:H3 ‘c‘> CHy
Cl—Si 0—C Br
I
CH CH CH, O CHj
3 iti 3 | Il
OH (Initiator) o—si o—C Br
_— NN
CHs CHj3

Silica surface Surface-tethered initiator

CuBr,, EBIB,
Sn(EH);,

?HE (H) CH > methanesulfonic acid ‘CH3 CHJ CHs }
oyl B - -~ O-Si O*C<’—(CH —CHFBr
Sl O c«’—?CHZ CHEBr ‘H\/\/ ok

CHs CH, ¢=0 CH,Cl, CH, CHs ¢=0
OH OC(CHa)s

Surface-tethered PAA Surface-tethered Pt-BA

\ EDCI/NHS activation

CH;3 O CH . . — CHj3 O CHjy
O*éi 07(\\: cH *CH)Br NH,-biomolecule immobilization O—‘S' O*g cH 7CH)B
NN z 2 n N N ‘f—( =GRy Br

CH3 CH, =0 CH, CH, ¢=o0
NH

—0—0—'

Surface-activated

O. 0}

Qz

Surface-immobilized biomolecule

Figure 1: Stepwise synthetic route for preparation of PAA brushes and biomolecule immobilization

Upon using the optimized condition (Sn(EH),:MesTREN = 10:1, time = 15 h)
and the monomer:initiator of 200:1, the Pt-BA having Mn 0f~31,000 (target Mn =
25,634) was obtained with polydispersity close to 1 suggesting that the reaction is
living. Table 1 lists the water contact angles (64/6r) of functionalized silica surface.
The surface became hydrophobic after the attachment of initiator as opposed to the
cleaned silica surface (6a/0r ~0). Upon the formation of Pt-BA brushes, the 64/6r
increased even further. The decreasing of 0a/06r after the hydrolysis step was
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attributed to the hydrophobic tert-butyl groups of Pt-BA being converted to the
hydrophilic carboxyl groups of PAA brushes.

Table 1. Advancing (6,) and receding (6r) water contact angles of functionalized silica surfaces

Water contact angles (degree)
Silica surface-tethered sample

Oa Or
initiator 61.38 +1.7 4475+ 2.6
Pt-BA 91.02+29 54.26+1.6
PAA 213+18 10.2+1.7

ATR-FTIR spectra of the surface-functionalized silica particles are displayed
in Figure 2. The carbonyl stretching at 1728 cm™ shifted slightly to 1718 cm™ after
Pt-BA brushes were transformed to PAA brushes. The shoulder peaks at 1736 cm™
and 1811 cm™ assigned to the carbonyl stretching of succinimidyl ester in Figure 2(c)
indicated the successful activation of carboxyl groups by EDCI/NHS. The
immobilization of BSA to the activated PAA brushes can be verified by the
appearance of N-H bending (Amide 11) at 1550 cm™ in Figure 2(d).

M
N ) .
b) 2983 cm’! 1738 om™

1648cm ™"

3500 3000 2500 2000 1500 1000 500
Wavenumbers cm™)

Figure 2: ATR-FTIR spectra of surface-functionalized silica particles: (a) Pt-BA brushes, (b) PAA
brushes, (c) activated PAA brushes, and (d) activated PAA brushes-BSA

The ability of the surface-tethered PAA brushes to bind with a specific
biomolecule, a cyclic peptide having sequence mimicking binding motives of N-
cadherin,® a protein that was found to promote axonal outgrowth of nerve cells was
also tested. The investigation based on surface plasmon resonance technique
suggested that 0.26 + 0.04 nmol/cm* can be bound to the activated carboxyl groups of
PAA brushes.
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