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Chapter 1

1. General introduction

Polymers have been playing an important role existing as versatile forms from daily use to
high-tech materials and given a great impact on individual lives and our society. Products
around you including water bottles, plastic bags, toys, electric cables, automobile, and
electronic parts are all made from polymer. Now it is hard to imagine life without it since they
have been involving with in form of natural and synthetic polymers. Approximately 80 % of
the organic chemical industry is devoted to a production of synthetic polymers and we have
taken a lot of advantages of versatility of it in diverse forms of such plastic, textile, resins, oils,
and rubbers. Since the first synthetic polymer has been appeared, many pioneer researchers
have made groundbreaking advances in polymer chemistry and broaden their applications
across interdisciplinary of fields. Conventional polymer is still used a lot in our life and
contributed to improve quality of life. With development of modern technology towards smart
and intelligent, special functions are required in certain fields, and conventional polymer is not
able to serve its full needs there by leading to development of novel polymer. Along with the
recent demands and based on the foundational research, a new class of polymers is appeared,
called stimuli-responsive polymer, which respond to environmental changes and alter their
physical and/or chemical properties. These polymers referred to smart polymers or intelligent

polymers as well.
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1.1 Stimuli responsive polymers

Stimuli responsive polymers have been attracting increasing interest because of their adaptive
behavior in response to variations in their surrounding environment. They show a dramatic
change in their physical and/or chemical properties upon exposure to external stimuli, which
is a unique and interesting property that allows them to be applied in smart and intelligent

responsive materials.

In general, stimuli can be classified into three categories: physical, chemical, and biological.
Physical stimuli usually alter chain dynamics and include temperature, light, ionic strength,
magnetic stress, mechanical stress, and ultrasound. Chemical stimuli such as pH and ionic
strength modulate molecular interactions. Some examples of biological stimuli include

enzymes, ligands, and receptors.

Redox

Figure 1.1 Classification of stimuli based on physical, chemical, and biological triggers

Polymers respond sharply to a given stimulus and this unique properties were used to develop
intelligent system.! Some polymers can even respond to more than one stimulus, which can be
utilized in the development of dual-responsive 2 or multi-responsive system.® Some researchers

have been reported that simultaneous responsiveness can be accurately and delicately achieved

2
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in complex environments, such as under the physiological condition of human body.* °
Recently, the stimuli-responsive polymers have been attracting increasing interest because they
can be used in designing highly sensitive materials and devices for application in complicated
systems and technologies.®® The response of stimuli-responsive polymer is sensitive enough
to be used for controlling a reaction or the reactivity of a material.® Several studies have been
reported that the stimuli responsive polymer can be applied to control a drug release reaction
10 or electrostatic interactions.!! For a chemical reaction to proceed at a reasonable rate, the
temperature of the system must be sufficiently high to initiate the reaction or to overcome the
energy barrier (i.e., the activation energy). It may be difficult to precisely control the reaction
only using 1-2 °C difference. However, thermo-responsive (TR) polymers can respond to
thermal stimuli in narrow temperature ranges (within 1-2 °C).1° When it is reached to the
critical solution temperature, polymers show a drastic change in property, altering a
hydrophilic/hydrophobic balance, resulting in the aggregation of the polymeric chain.* This

phenomenon is advantageous for controlling the reaction or reactivity.

Polymer structure is considered as an important factor when the application of responsive
system is determined. Stimuli responsive polymer can be assembled into different structures

such as block copolymer, star polymer, micelle, dendrimer, hyper-branched, and nano/micro gel.

Block copolymer

Star copolymer Micro/nano gel

micelle

. Hyper-branched
Dendrimer Bottle brush

Figure 1.2 Different assembled structures of stimuli-responsive polymers
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Different architectures can be developed based on their various structures. These architectures
can then be changed into other forms induced by external stimuli. For example, block
copolymers can be assembled into micellar particle and nano/micro gel structures, and hollow
particle can be reversed by stimuli.!>'* Additional changes, including morphological
transformation, molecular bond rearrangement, cleavage, and molecular motion can also be
performed. They produce not only micro/nanoscale changes in polymer chains but can also
induce alternations in their macroscopic properties of material. In other words, a change at
molecular level can be reflected into a macroscopic change and then regulate material’s
properties, including changes in shape, solubility, wettability, and optical properties, etc. The
unique property and versatile tailored structures of responsive polymer allow them to be
applied in a wide range of fields for various applications, including controlled-drug delivery,*
4515 in situ hydrogel,*® 7 smart surface,® biosensor,® 1° actuator,° shape memory materials,?*

and tissue engineering,?* 2 etc.

1.2 Thermo-responsive polymers

1.2.1 Properties and mechanism of thermo-responsive polymers

Temperature is the most common and well-studied stimulus in the fields of bioengineering and
biotechnology. Because the normal human body temperature is always approximately 37 °C,
regardless of organs, tissues or cells, the temperature is advantageous to be applied in
biomaterial application. In fact, many systems comprising TR polymers have been developed
which responds to the body temperature. For example, some researchers have been developed
TR micelle which respond to body temperature and become in-situ hydrogel in body. 7 Li
and co-workers reported a TR polymeric micelle for chemotherapy.?* Because cancer cells
possess higher metabolic rates compared to normal cells and tissues, the temperature around

4
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tumor is higher of around 40-44 °C. In addition, certain diseases also manifest temperature
changes so the temperature system is considered as powerful tool to utilize for such bio-related

applications.

TR polymers exhibit a unique property called the critical solution temperature (Tc). Typically,
there are two critical-solution temperatures: the upper critical-solution temperature (UCST)
and the lower critical-solution temperature (LCST). The LCST is the temperature at which a
phase separation occurs, while the UCST type polymer shows the phase separation below a

critical temperature. (Figure 1.3).

=

Two phase

One phase|

ucsT 'Lm)?

Two phase

Temperature

&

Composition 1

Figure 1.3 Schematic diagram of phase transition phenomenon for polymer solution of lower
critical solution temperature (LCST) behavior and upper critical solution temperature (UCST)
behavior.

Polymers exhibiting LCST suddenly change their hydrophilicity at a certain temperature,
which can be explained based on hydrogen bonding between the polymer chain and the
surrounding water molecules. Below a certain temperature, the polymer chains hydrate in
aqueous media and mix well with water molecules, forming a homogeneous state and leading
to a one-phase system. However, when the temperature is increased, the hydrogen bonds
weaken and the polymer chains begin to dehydrate, resulting in the aggregation of polymer
chains. This phenomenon can be explained by the free energy of mixing. The weakened

hydrogen bonds at higher temperature are a contribution of entropy and enthalpy to the free
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energy of mixing. At lower temperature, the polymer chain solvates in water and forms
hydrogen bonds with water molecules, resulting in favorable enthalpy of mixing. The solvated
polymer enhances ordering and contributes unfavorably to the entropy of mixing. However, as
an increase in temperature increases the TAS value, the entropy term (TAS) becomes
predominant and the free energy of mixing becomes positive, indicating phase separation.
Hence, the LCST phenomenon can be defined as an entropy-driven process. The hydrated
polymer chains exhibit a coiled conformation at lower temperatures; however, they reduce their
interactions with surrounding water molecules by changing the molecular structure to a
globular conformation at high temperatures. This phenomenon is known as the coil-to-globule

transition.

Poly(N-isopropylacrylamide) (PNIPAAm) exhibits an LCST behavior at 32 °C 2°, poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) at 50 °C%, and poly(ethylene glycol)
(PEG) from 20 to 90 °C?", depending on the chain length and the LCST is summarized in Table
1.1 including some other typical TR polymers. PNIPAAm has been widely studied because its
LCST is close to the body temperature.?®32 The LCST of the PNIPAAmM can be adjusted to the
target temperature by altering the composition of the co-monomers. For example, the
introduction of hydrophilic monomers such as N,N-dimethylacrylamide (DMAAmM) can
increase the LCST.* The hydrophilic nature of the comonomer disrupts the alternation of the
NIPAAm chains to hydrophobic because it requires more energy to induce a coil-to-globule
transition in PNIPAAm. By contrast, introducing a hydrophobic comonomer such as dopamine
methacrylamide, can lower the LCST.3* The adjustable LCST broadens its application in a
wide range of biomedical applications, including controlled-release of drugs!, colorimetric

sensors®, and tissue engineering.®2% 3
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Table 1.1 Critical solution temperature (Tc) of temperature responsive polymer

Temperature responsive polymers Tc (°C)
Poly(N-isopropylacrylamide) (PNIPAAM) 32
Poly(2-(dimethylamino)ethylmethacrylate) (PDMAEMA) 50
Poly(methyl vinyl ether) (PMVE) 37
Poly(N-ethylacrylamide) (PEA) 82
Poly(N,N-diethylacrylamide) 32-34
Block copolymer of poly(ethylene oxide) and poly(propylene oxide)s 20-90
Poly(N-vinyl piperidone) 67-99
Poly(2-ethyl-2-oxazoline) (PEtOXx) 62-65
Poly(N-vinyl caprolactam) (PVC) 35
Poly(pentapeptide) of elastin 28-30

Poly(acrylic acid

L r’*w )

Poly(diethylacrylamide)

Poly(N-isopropylacrylamide)

(PNIPAAM) Poly(ethylacrylamide)

-T\ J\%/OH
0
0
Poly(propylene oxide)
(PPO)
HO -
o]

Poly(N-vinyl caprolactam)

(PVC) Poly(ethylene oxide)

Poly(N-acryloyl glycmamlde) (PEO)

~(\ /\%, Poly(2-(d|methylam|no)ethylmethacrylate)
N ] (PDMAEMA)

CHs

Poly(2-ethyl-2-oxazoline) Poly(methyl vinyl ether) PEO-PPO-PEQ
(PEtOXx) (PMVE) (Pluronic®)

Figure 1.4 Examples of thermo-responsive polymers
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1.2.2 Application: Thermo-responsive system for in-situ hydrogels

Conventional hydrogels are commonly prepared beforehand and then surgically implanted in
the body. Because the surgical method is invasive, it is associated with a risk of bacterial
infections during and after the operation. Recently, in situ hydrogels have been attracting
increasing attention owing to their minimal invasiveness and better compliance by patients.*®
1737 An in situ hydrogel, also called an injectable polymer, can be introduced into the body
through a syringe in a minimally invasive manner and then solidified at the desired sites in
tissues and/or organs. The in-situ gelation system has several other advantages as well. Owing
to its flowing nature, the gel precursor can be shaped into its final form and fit into a cavity.
Moreover, various therapeutic agents can be incorporated with gel precursors by simple mixing
and delivered to the target tissue, organs, or cells. ¥ In the past few years, an increasing
number of in situ hydrogels have been reported for use in various biomedical applications,
including embolization agents®® “°, drug delivery®, tissue engineering®® - %2 and cell

encapsulation.*®

Typically, stimuli, including ionic strength, pH, and temperature induce a development of in
situ hydrogel. Above all, the temperature stimulus is highly advantageous for in-situ gelation,
particularly in biomedical fields because the body temperature can be simply used as a trigger
for inducing in situ gelation.* In the TR system, the gelling process is attributed to the unique
LCST phenomenon from the TR polymer. Temperature induces a change in balance between
the hydrophobic and hydrophilic properties of TR polymeric chains, resulting in their

aggregation and gelling.

The TR gelling system has been studied for both natural and synthetic polymers. Use of
polymers based on polysaccharides such as cellulose derivatives®, chitosan*®, xyloglucan*’,

and gelatin® has been extensively investigated. Typical synthetic TR polymer includes
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poloxamers (Pluronics® )* and PNIPAAmM®®. Poloxamers are of great interest for in situ
gelation because their nonionic PEG-b-poly(propylene oxide)-b-PEG triblock copolymers
form a viscous gel at body temperature through the supramolecular interactions of their
polymeric blocks. PNIPAAmM has also been intensively studied as a synthetic TR polymer
because of its LCST, which is very close to the human body temperature. Hydrophilic PEG, in
combination with biocompatible polyesters, has been investigated for a longer duration with
better biocompatibility and safety.>® The mechanism of in situ gelation of TR polymers (e.g.,
poloxamers) involves amphiphilic molecules that maintain the balance between the
hydrophobic and hydrophilic properties of their different segments in one polymer chain. When
the temperature is increased, the random motion of the copolymer also increases. As a result,
the hydrophobic parts of the copolymer self-assemble, resulting in micelle formation. At the
critical gelation concentration of the polymer, the micelles are packed closely enough to form
a gel structure. The mechanism of the formation of Pluronic systems was proposed by
Alexandridis et al.®! It describes that in the Pluronic systems, the gelation is driven by the
reduced polarity of poly(ethylene oxide) and poly(propylene oxide) segments on increasing the

temperature and by entropy gain by polymer aggregation.

In situ gelling is achieved using physical or chemical crosslinking structures. If the gel structure
is made by physical interaction as described above, it is defined as a physically crosslinked
gel.°? In contrast, to fabricate chemically crosslinked structures, additional reactions such as
coupling reactions or polymerization methods are required.> Physically crosslinked gels need
only mild conditions without any chemical initiator for their formation. In addition, they
undergo rapid gelation once their transition temperature is reached. However, physical gels
have weaker interaction in crosslinked structures than the chemically crosslinked gels. As a
result, the crosslinked structures of physical gels easily disassociate and go back to sol state.

Some studies have investigated gelation using Michael addition reaction for the formation of a
9
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chemical in situ gel.” Covalent bond formation strengthens the gel structure, resulting in strong
mechanical properties and better stability. However, it is challenging to control the reactivity
or regulate gelation. A two-way syringe is generally used to form an in situ chemical gel.>* An
important factor in developing an in situ gel system is the exact timing of gelation at the injected
site. For chemical gels, timing is highly important because too slow or too fast reactions can
clog the syringe needle or leach out the gel precursor solution from the injected site. A solution
state comprising an injectable flowing nature at ambient temperature is the ideal system for the

formation of gels at body temperature.

1.3 Photo reactive polymers

1.3.1 Properties and mechanism of photo reactive polymers

Light stimulus is beneficial in polymer chemistry because it can induce various
physicochemical changes in polymers. It enables bond formation,®™ degradation,
functionalization,®® and structural change of polymers,®’ photo-crosslinking,*® and even brings
out a response from smart materials.?® The most distinctive advantage of light stimulus is that
it can be applied instantaneously with high accuracy. In addition, temporal control can be
achieved by simply switching the light on and off as required. Hence, the photo responsive or
photo reactive system is highly advantageous for controlling the reaction. In other words, the
photoreaction proceeded by switching on the light stimulus; however, the reaction could
immediately stop when the stimuli were removed. In addition, spatial control can also be easily
achieved. By simply masking or using patterned lightening, the exposure area can have an
exquisite design and be developed in a sophisticated controlled manner. Owing to the
distinctive properties imparted by the spatiotemporal control to photo responsive/reactive
polymers, the photo reactions are widely used in numerous applications varying from

10
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lithography®® to optical switching,®® bioadhesive,®* self-healing materials,®? actuations,®® and
data storage®*. Moreover, because light photons have a much higher energy than thermal energy,
the photoreaction can be conducted under more ambient conditions.®® When the light is given
the wavelength at which the photo reactive group absorb, the initiation of reaction immediately
starts. The photo responsive molecules absorb only the specific wavelength of the light and do
not respond to other wavelengths. This property can be used to develop a more delicate and
accurate responsive system. Light is also a noncontact and noninvasive stimulus. Hence, it

affords easier accessibility to body parts such as eyes and skin without any contact.

To design photoreactive polymers, a photoreactive functional group must be introduced into
polymer chains. Depending on the type of the photoreactive group, the photo responsive system
can be classified into reversible or irreversible system. Several photosensitive moieties, such
as o-nitrobenzylesters,®® undergo irreversible transformations during irradiation, whereas
others can respond reversibly (e.g., azobenzenes).®” Isomerization is a typical light-induced
reversible system based on cis-trans transformation. By altering the absorption wavelength, the
structure can be transformed between cis- and trans-forms. This method is commonly used to
fabricate photo responsive materials and systems like shape memory materials. For example,
chromophores such as azobenzene show reversible cis-trans transformation upon exposure to
different wavelengths.®” ®” Recently, bioinspired light-responsive gating ion channels have
been developed by integrating azo molecules into 3D frameworks®. In addition, light-induced
bond-formation or bond-breaking reactions can be used to develop irreversible systems. A
photo-crosslinking reaction is a common bond-forming reaction, which has been used in
various fields, including hydrogel,®® and self-healing materials.®?> Light-induced cleavage,
known as a bond-breaking reaction, also occurs, inducing the formation of radical or
cationic/anionic intermediates.”® These reactions have been used to initiate radical

polymerization, click chemistry (e.g., thiol-ene and thiol-yne) reactions,’* and cationic
11



Chapter 1

polymerization. Sometimes, the bond-breaking reactions are used to create a crosslinking
structure owing to its ability to transform a monomer to a polymer, typically a crosslinking

material.

Recently, Phenylazide groups have gained considerable attention because of their high
reactivity.”® 3 Irradiation of UV light to the phenylazide generates nitrenes and react with
various organic materials to form covalent bonds. Highly active nitrene molecules can react
with saturated or unsaturated hydrocarbon chains or undergo cycloaddition reactions with
alkynes. Hence, the azide groups are useful for application in the fields of chemistry and
material science for preparing functionalized surfaces. For example, a methacrylate-based
polymer containing a phenylazide group in the side chains was prepared for photo-immobilized

surface modification.”®

1.3.2 Application: Photo reactive polymers for antifouling surface

Fouling is an undesirable adhesion of molecules, living organisms, and suspended particles on
asurface. Itis aserious issue in many industries, including marine, food, and medical industries,
and causes problems such as high energy consumption and maintenance costs. Fouling
becomes even more serious for biomedical applications because it can cause our health
problems. For example, biofouling causes contaminations in biomaterials or medical devices
which lead to infectious diseases. Nonspecific interactions are also an issue because they
reduce the sensitivity of biosensors and affect the efficiency of microarray chips and diagnostic
systems. In addition, protein adhesion caused by nonspecific interactions between biological
components and the device surface is another major problem in the development of blood-
contacting biomaterials and medical devices. These issues may result in the formation of
thrombus, which leads to platelet formation and ultimately to the failure of the implanted device

failures and fatal complications’. Because biofouling is mediated by proteins, prevention of

12
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protein adsorption has been proposed as an effective solution to biofouling. Many antifouling
strategies have been developed, which can be categorized into three groups: fouling-resistant,
fouling-release, and fouling-degrading/killing biofoulants. Initially, antifouling systems were
designed to have antimicrobial properties, which can be explained as a fouling-degrading
mechanism.” It uses biocides or antibacterial materials, such as silver nanoparticles or
quaternary ammonium compounds, which can directly kill microorganisms. Hydrophobic
surfaces such as those of poly(dimethylsiloxane) (PDMS) are known to show good fouling-
release.”® Non-polar hydrophobic surfaces have a high interfacial energy with water; however,
low surface energy make the protein or other adhered organisms to easily detach from the
surface. Poly(ethylene glycol)-coated hydrophilic surface—the most common example of a
fouling-resistant surface—shows strong resistance to protein adsorption because of the low
interfacial energy between the polymer and water.”® The ethylene glycol repeating unit in the

PEG chain can strongly bind to water molecules and form a water layer that hinders the

Fouling degradation/killing Fouling release Fouling resistant
Figure 1.5 Schematic illustration of antifouling strategies depending on different mechanisms

approaching protein and other biomolecules. When a protein approaches the highly hydrated
layer, the compression of the layer decreases the entropy of the polymer chains, resulting in
the repulsion of the approaching proteins. The high mobility of the PEG chain also contributes

to the overall antifouling properties.

13
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Advanced polymer synthesis methods and self-assembly technologies have enabled the
development of several polymer-coating methods to fabricate antifouling surfaces. Antifouling
coating modifies the surface chemistry to prevent unwanted adhesion. Polymer coating is
considered a useful method for developing antifouling surfaces and other such functionalized
surfaces. Because polymer is cheap, non-toxic, biocompatible, and easy to process and modify.
Hence, it easily tunes the interfacial properties. Surface coating using PEG has been widely
used to prevent biofouling in medical devices and implants. Surface modification,
immobilization, and functionalization can be achieved using either “grafting-from”’" or
“grafting-to” methods.”® The “grafting-from” is a method of polymerization from the surface,
and therefore, it requires specific functional groups for the initiation process. In contrast, the
“grafting-to” method uses a pre-synthesized polymer to adhere onto the surface. However,
anchoring pre-synthesized PEG to immobilize on the surface requires extensive chemical
modification and affords limited density control. Photo reaction is considered an effective
method to prepare a polymer-coated surface through grafting. The photo reactive polymer can
be initiated by the light stimuli and can easily and covalently immobilize various types of
organic molecules and biomolecules on the surface. Photo immobilization enables random
immobilization to all reactive molecules; hence, the activity/reactivity of polymer which is

immobilized on the surface can be considered an average.

The methacrylate-based polymer containing PEG and photoreactive phenylazide group has
been synthesized and applied for photo immobilization.”® And photoreactive poly(vinyl
alcohol) (PVA) had prepared by conjugation with azidopheny! groups®® and it was applied as
antifouling polymers in wide applications including ship hull, biosensors, microarray chips,

and drug delivery systems.
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Figure 1.6 Schematic illustration of grafting method of polymer onto surface

1.4 Motivation, Objective, and Outline of This Study

1.4.1 Motivation

Recently, polymeric materials have gained significant momentum in highly developed
industries such as biomaterials, automobiles, electronics, aerospace, and construction.
Technology has been continuously developing toward smart, intelligent, autonomous,
nanoscale, sophisticated, integrated and more complicated systems in recent times. As the
technology is rapidly developed, the industries have confronted the challenges with a reliability,
sensitivity, and efficiency issues. In addition, conventional materials or technologies is no
longer provide good solution for difficulties and problems that we have are facing with. In this
regard, the demand for smart and intelligent materials, has been continuously increasing.
Polymers having well-controlled properties which can be responded by minor environmental
variations have great potential in the development of innovative systems to resolve the current
technological limitations. The stimuli-responsive polymer is a powerful tool to overcome the
current limitations and the challenges. Autonomous adaptive behavior of the stimuli responsive
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polymers is highly beneficial to develop smart materials, mimicking biological intelligence
which is observed in nature. Moreover, such stimuli responsive or reactive polymers are highly
versatile, and can be tailored-made depending on the target application, such as for developing
intelligent biomaterials and smart drug-delivery systems. Combining appropriate stimuli,
structures, and architectures, the system can be engineered into diverse polymeric materials
and broaden applications. Especially, thermal and light stimuli are highly beneficial owing to
the distinctive properties. Because the normal human body temperature is always
approximately 37 °C, so it is advantageous to be applied in biomaterial application using body
temperature as a trigger. Recently, thermal-induced in situ gelling achieved by chemical
crosslinking networks have gained great attention. It is highly useful for embolization therapy
due to its strong and stable structure however, it is difficult to control the reactivity or regulate
the gelation. Therefore, a new method is required to control such reaction and thermal induced
system can provide a platform for developing reactivity control switch in the body. On the
other hand, photo reaction is highly useful for preparing polymer coated surface. The
conventional method using a physical adsorption or chemical coupling reaction showed the
limitations regarding instability, functional groups, and controlling density. Integrating with
photo reactive system, the polymer coating surface can be easily developed by UV exposure.
Light stimulus is highly useful for surface immobilization owing to the distinctive feature for
reaction controlling. Temporal and spatial controls can simply achieve by switching a light on
and off and by using a photo mask/patterned lightening. Hence, it is easy to develop an
exquisite surface in a sophisticated controlled manner. Phenylazide-PEG polymer have been
used for antifouling coatings, however, has limitation in hydrophilicity due to the hydrophobic
property of phenylazide groups. To improve the hydrophilicity of phenylazide photo reactive

polymer, a new design of the polymer is necessary.
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It is expected to solve the current technological problems or limitations by applying well-
controlled polymers. In this dissertation, we describe stimuli-responsive and stimuli-reactive
polymers, preparation of polymeric materials, and their potential applications especially

focusing on thermal and light system.

1.4.2 Objective and outline

The objectives of this study were to design and synthesize stimuli induced responsive or
reactive polymers which can provide a platform for the development of new functional
polymeric materials. For this purpose, temperature-responsive and photoreactive polymers

were designed and synthesized, and their properties were evaluated for potential applications.

Chapter 2 describes about the design and synthesis of TR polymer and their applications. It
discusses the preparation of TR polymers in detail, followed by the development of TR reactive
nanoparticles using the prepared TR polymers. The thermal properties of nanoparticles and the
controllable reactivity of the particles and hydrogel were discussed. The chapter also discusses
the evaluation and the measurement of sol-gel behavior using a rheometer to confirm viscosity

changes depending on temperature stimuli.

Chapter 3 describes the design and synthesis of photo-induced reactive polymers and their
applications. It details the design of polyethylene glycol-based photo reactive polymers. The
prepared photoreactive polymer was used to develop a polymer-coated surface using various
materials by photo-irradiation and then the surface properties were evaluated through protein
adsorption and cell adhesion experiments. In addition, improvements in the solubility of the
polymer and increased hydrophilicity have also been described and compared with those of the

conventional phenylazide photoreactive polymer.

Chapter 4 concludes this dissertation and discusses future perspectives.
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Chapter 2

2. Thermally induced switch for in-situ gelation using

morphological change of thermo-responsive polymer

2.1 Introduction

In situ forming hydrogels have been received great attention as one of effective approaches in
biomedical fields especially for embolization agent because of their easy administration and
minimal invasiveness which enhance patient’s compliances.* In situ hydrogel can be formed
using either physical or chemical interactions™ ®. The chemical gel is advantageous under
physiological conditions because of its stable crosslinking structure which comes from the
covalent bond.® Typical chemical crosslinking is achieved either by polymerization’ or a
reaction between complementary groups such as activated esters and primary amine for amide

bonds,? aldehyde and amine for imine bond.®

Although the chemical crosslinking gel improves stability, controlling the crosslinking reaction
still remains as a difficult challenge because it is developed through chemical reaction.
Moreover, the chemical reaction has limitations such as low yield, prolonged reaction times,
and an extreme reaction condition, which is undesirable when forming in situ hydrogel in
body.%12 In situ gel using in biomedical field must meet basic requirements, such as forming
under physiological conditions, rapid crosslinking, and biocompatibility.**'®> However, the
significant aspect for in situ chemical crosslinking gel is obviously an appropriate timing of

crosslinking reaction.*®
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For example, a two-solution mixing syringe is typically used to control the reaction for
preparing in situ gel.” If the reaction rate is too rapid, it leads a clogging in syringe, resulting
difficulty in injection.'® In contrast, a slow reaction may lead to gelation, leaching out from the
injected site. These problems are caused by passive and rapid chemical reaction, resulting
difficulty in controlling crosslinking reaction precisely. Controlling the reaction is considered
as prerequisite to achieve in situ gel with desired property which is enabled by given exact
gelation timing immediately after the gel flows and fills a cavity or defect area, leading to better

therapeutic expectations as an implanted material.

For the chemical reactions to proceed, the temperature is needed to be increased.'® However,
it is extremely difficult to control the rate of the chemical reaction with a slight temperature
difference, especially under limited conditions in the body. Conversely, responsive polymer
changes their physicochemical properties in response to even a slight difference.?® The
crosslinking structure can be formed by utilizing stimuli-responsive polymers that change
physicochemical properties in response to changes of external environment.?: 22 With such
susceptible responsiveness, the crosslinking reaction can also be controlled by introducing the
responsive system. In particular, temperature is facile stimulus to physically apply from the
outside and is suitable for biomedical applications in terms of safety and accessibility of a

variety of thermal treatment devices.?® 24

Recently, there have been several independent reports on ABA triblock copolymer based
systems developing gels using covalent bonds in response to thermal stimuli.® 2> These
methods utilize the phase transition of TR segments in polymer assembly structure to control
the formation of hydrogel. By changing the structure of the polymer assembly, the polymeric
nanoparticle controlled the reactivity with the external substrate by thermal signal. A previous

study focused on examining the controlling duration time of gel states by changing the molar
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ration of each particle.® Yet, controlling the reactivity between two functional groups during

gel formation was not investigated extensively.

In this study, we designed a hetero-armed TR nanoparticle using simple diblock copolymers,
which can be used to control the reactivity of functional groups through the changes in the
excluded volume of the extended armed TR polymer induced by phase transition of the TR
segment. This is a strategy of our TR system, and it is depicted in Figure 2.1. Poly(N-
isopropylacrylamide) (PNIPAAm) and its copolymers, are a well-known TR polymer which
shows phase transition across the lower critical solution temperature (LCST).?° The polymer
extends below the LCST and shrinks by the dehydration above the LCST. By introducing TR
polymer to outer shell component of the core-shell micelle, the morphology of the outer shell
can be rapidly changed in response to temperature.?® 2’ Therefore, the morphological changing

of shell forming TR polymer controls the interaction with external molecules.?® 28

(Covered) Succinimide (Exposed)

Shrunk TR chains

G4
Exte'}rded TR chains

Figure 2.1 Schematic illustration of structural change of hetero-armed responsive particle by

temperature

Specifically, the hetero-armed TR nanoparticle was prepared simply by co-assembly of two
different kinds of amphiphilic block copolymers, possessing TR segment and hydrophilic

segment with succinimide group as reactive functional group. Here, we investigated the critical
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switch effect of TR nanoparticle on the controlling chemical reaction. By using sharp response
of TR polymer to slight temperature changes which induced extended/shrink TR polymers, the
coupling reaction between succinimide group on hetero-armed TR nanoparticle and external
primary amine on another nanoparticle was well-controlled. Moreover, we used high
concentration particle solutions to investigate the critical controlling effect of TR nanoparticle
system on gelation behavior in by temperature. The fundamental study of viscoelastic property
changes in response to the thermal stimulus was carried out to examine this system as potential

method for injectable in-situ chemical hydrogel.

2.2 Materials and methods
2.2.1 Materials

N-isopropylacrylamide (NIPAAm) was provided by KJ chemicals (Tokyo, Japan) and purified
twice by recrystallization from n-hexane. Benzyl methacrylate (BzMA) and N,N-
dimethylacrylamide (DMAAmM) were purchased from Fuji Film Wako Pure chemicals (Tokyo,
Japan) and distilled under reduced pressure before use. Ethanolamine, 2,2’-
azobisisobutyronitrile (AIBN), 1,4-dioxane, n-hexane, acetone, and tetrahydrofuran (THF)
were purchased from Fuji Film Wako Pure chemicals. N-(3-Aminopropyl) methacrylamide
hydrochloride, (NAPMAAmM) (Polyscience, Warrington, PA, USA), 2-cyano-2-propy| dodecyl
trithiocarbonate (CPDT) (Sigma-Aldrich, St. Louis, MO, USA), N-succinimidyl acrylate (NAS)
(Tokyo Chemical Industry, Tokyo, Japan), tris(2-carboxyethyl) phosphine hydrochloride
(TCEP) (Tokyo Chemical Industry), and diethyl ether (Junsei Chemical, Tokyo, Japan) were
used as received. Polyallylamine (M 133 n: 150 kDa, 40 wt % solution) was provided by

Nittobo Medical (Tokyo, Japan).
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2.2.2 Instrumentation

Proton nuclear magnetic resonance (*H NMR) was measured using a JNM-ECZ400R
spectrometer (400 Mhz, JEOL, Tokyo, Japan). Hydrodynamic diameters of polymeric micelles
were measured by dynamic light scattering (DLS) using an ELSZ-2PL (Otsuka Electronics,
Osaka, Japan). Optical transmittance of the polymeric micelles (5.0 mg/mL) in Milli-Q at
various temperatures (heating rate was 0.2 °C/min) was measured by a UV-vis
spectrophotometer (A=600 nm, V-530, JASCO, Tokyo, Japan). Fluorescent spectra were
measured using an FP6500 (Aex=490 nm, JASCO). Viscoelastic properties of hydrogel were
measured using an AR-G2 rheometer (TA instruments, USA). A transmission electron
microscope (TEM) was carried out using a JEM1230 (JEOL, Tokyo, Japan). Infrared (IR)
spectra were recorded using a Fourier transform infrared (FTIR) spectrophotometer (FTIR
4100, JASCO, Tokyo, Japan). Gel permeation chromatography (GPC) analysis was performed
by a GPC system (Tosoh, Tokyo) with three columns (Shoedex KD802, KD804 and KD-
806M) (Showa Denko, Tokyo, Japan) at 45 °C using N,N-dimethylformamide (DMF)

containing 10 mmol/L lithium bromide as an eluent with a flow rate of 0.6 mL/min.

2.2.3 Synthesis of PBzZMA

BzMA (25 mmol), CPDT (0.5 mmol), and AIBN (0.1 mmol) were dissolved in 50 mL of 1,4-
dioxane and bubbled with nitrogen gas for 30 min at 25 °C. Polymerization was performed at
80 °C for 48 h. After the reaction, the solution was precipitated in an excess amount of n-

hexane 3 times and then dried under vacuum at room temperature for 2 h.

2.2.4 Synthesis of diblock copolymers

To prepare TR diblock copolymers of PBzMA-b-P(NIPAAmM-co-DMAAmM) diblock
copolymers, NIPAAmM, DMAAm and AIBN were dissolved in 1,4-dioxane (5mL). The mixture

solution was bubbled with nitrogen gas for 20 min and then allowed to react at 80 °C for 24 h
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under an N2 atmosphere. Polymer was recovered by precipitation in an excess amount of
hexane and then dried under vacuum at room temperature for 2 h. PBzMA-b-P(NAS-co-
DMAAmMm) and PBzMA-b-P(NAPMAAmM-co-DMAAmM) were prepared by the same procedure

using NAS and NAPMAAm instead of NIPAAm, respectively.

(a)
I
CHa=C AIBN ‘ECH:—(I: } AIBN -ECHz—c}‘b{CHz—(I:H}nfo-ECHz—(I:H}I
n
b—o _RAFT agent 4o Nas DMaam o ¢=—0 ¢=o0
Dioxane, N2 Dioxane, N2 (IJ |1|

| 7N

CH: CH: CH2 oﬁo (DMAAM)
< < QW
Benzyl Methacrylate PBzMA PBzMA-b-P(NAS-co-DMAAm)

(b)
ﬁ'@, DMAAM {CH"ii';{CH"iH_}g°{CH"Et}g

—_—
Dioxane, N2 | |

é hH /N\
qH: A (DMAAM)
(NIPAAm)

PBzMA-b-P(NIPAAmM-co-DMAAmM)

(c) I
AIBN -ECHz-(I: aﬁb{c"'z'i"}rm{c“z'?”}s
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—_—
Dioxane, N2 L I?IH /N\
: ?Hz (DMAAM)

CI:Hz

CH:

NH:z

(NAPMAAmM)

PBzMA-b-P(NAPMAAmM-co-DMAAm)

Figure 2.2 Synthesis of block copolymers (a)PBzMA-b-P(NAS-co-DMAAmM), (b)PBzMA-b-
P(NIPAAmM-co-DMAAmM), and (c)PBzMA-b-P(NAPMAAmM-co-DMAAmM).
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2.2.5 Terminal conversion of TR diblock copolymers

PBzMA-b-P(NIPAAmM-co-DMAAm), NIPAAm (20 molar equivalents of polymer), and TCEP
were dissolved in 1,4-dioxane (5mL). And then, 2-aminoethanol (20 molar equivalents of
polymer) was slowly added to the solution and allowed to react at 25 °C for 24 h. After the
reaction, the polymer solution was dialyzed against Milli-Q for 48 h using a dialysis membrane
(Spectra/Por 6, MWCO 1000, Spectrum Laboratories, Rancho Dominguez, CA) and then

polymers were obtained by freeze drying.

2.2.6 Terminal conversion of PBzZMA-b-P(NAS-co-DMAAm)

Trithiododecyl terminal group on PBzMA-b-P(NAS-co-DMAAmM) was substituted by radical
substitution reaction using AIBN. PBzMA-b-P(NAS-co-DMAAm) (200mg) and AIBN (60
mol times against polymer) were dissolved in 1,4-dioxane and then bubbled with nitrogen gas
for 20 min. The reaction was performed at 80 °C for 4 h. Polymer was recovered by

precipitation in excess amount of hexane, followed by drying in vacuum.

2.2.7 Reactivity and stability of the succinimide group on PBzZMA-b-P(NAS-co-DMAAm)

PBzMA-b-P(NAS-co-DMAAmM) was dissolved in acetone and 5-aminofluorescein was
dissolved in co-solvent of DMSO/H20 (1:1). Subsequently, both solutions were mixed
together and then allowed to be reacted for 1 day at room temperature. After the reaction,
unreacted 5-aminofluorescein was removed dialysis using a dialysis membrane (MWCO 3500).

Fluorescent spectra (Aex=490 nm) was recorded at 25 °C.

The stability of the succinimide group on the polymer was investigated. In brief, PBzZMA-b-
P(NAS-co-DMAAmM) was dissolved in acetone and dialyzed against water. The polymer

solution was then freeze-dried, and its 1 H NMR spectra using chloroform-d as the solvent
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were recorded. The amount of the remaining succinimide groups on the polymer was calculated

from the protons of succinimide (4H, 2.9 ppm).

2.2.8 Preparation and characterization of polymeric micelles

Polymeric micelles were prepared using a cosolvent evaporation method. PBzMA-b-P(NAS-
co-DMAAmM) and PBzMA-b-P(NIPAAmM-co-DMAAmM) were dissolved in 1 mL of acetone in
different mole ratio (30/70, 50/50 and 70/30). Subsequently, 1 mL of water was added to the
polymer solution. Acetone was completely removed by vacuum at 25 °C using a rotary
evaporator (100 mmHg). The obtained micelle was coded as M(TR/NAS)[A/B] (A and B
represent the ratio of weight percentage of PBzZMA-b-P(NAS-co-DMAAmM) and PBzMA-b-
P(NIPAAmM-co-DMAAmM). The PBzMA-b-P(NAPMAAmM-co-DMAAmM) micelle was also
prepared by the same protocol as above using methanol and tetrahydrofuran, instead of acetone.

The prepared aminated polymeric micelle was coded as M(NH>) (Table 2.1).

Table 2.1 polymer composition of particle

Composition of polymer

Code
Reactive polymer  Thermo-responsive polymer Amine polymer
M(TR/NAS)[30/70] 3 7 -
M(TR/NAS)[50/50] 5 5 -
M(TR/NAS)[30/70] 7 3 -
M(NH-) - - 10

For the DLS study, M(TR/NAS)[30/70] and M(NH2) solutions were diluted to 0.025—0.1

mg/mL, and equal volumes of the solutions were mixed prior to performing measurements
between 25 and 60 °C. To measure optical transmittance change, the M(TR/NAS) solution was

diluted to 5 mg/mL, and the measurement was performed with and without M(NH2) (1
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mg/mL) at various temperatures. For TEM observation, the micellar solutions of
M(TR/NAS)[70/30] and M(NH2) were prepared at various diluted concentrations (0.001—
0.05 mg/mL). Samples were prepared by mixing respective concentrations of both solutions
and then kept at 25 or 50 °C for 10 min. Subsequently, a drop of the sample was mounted on a
carbon-coated TEM grid (COL-C10, 100 um grid pitch, Okenshoji, Tokyo, Japan). All the
samples were negatively stained with 2% samarium acetate, and excess liquid was removed

with a filter paper. The samples were dried for 1 h and observed by TEM.

Preparation of micellar particle

Polymer DMF +H20 Dialysis/Evaporator Nanoparticles
SN A i i " )
N J

PBZzMA P(NAS-co-DMAAmM)

(@) Hydrophilic corona

Reactive polymer {CHz-i};b{ Hi-CH}cofCHa-cH]
=0 =0 =0
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self co-assembly

succinimide

TR polymer pBzMA  P(NIPAAm-co-DMAAm)
NN N ™
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Ha )\ 7 N
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Figure 2.3 Preparation of (a)hetero-armed thermo-responsive particle and (b) amino group

possessing particle
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2.2.9 Observation of fluidity change of solution by temperature change

The fluidity of the mixture of M(TR/NAS) and M(NH.) was observed by changing temperature
at 25 and 50 °C. Briefly, 0.1 mL of M(TR/NAS) solutions (5-13 wt%) was poured into 2 mL
vial and adjust pH in 8 using NaOH. Then, the equal volume of M(NH-) solutions (10 wt%)
was added and gently mixed via pipetting. The fluidity change was observed by inverting the
vial. The fluidity was evaluated as follows. The mixture showing high fluidity after inverting
the vial was recorded as F. The mixture showing no fluidity and becoming a gel in the inverted

vial was recorded as S.

2.2.10 Rheological measurement

The viscoelastic change of micellar solution was measured using the rheometer. The mixture
of M(TR/NAS) and M(NH>) was placed on the rheometer plate. The solution was covered with
silicon oil to avoid evaporation of water, and then the time sweep measurement was performed
under the fixed frequency (o = 1 Hz) and strain (y = 1%). The measurement was proceeded at
25 °C for the first 20 min and then increased to 50 °C for another 20 min. The complex shear

modulus, G*, were calculated by following equation:

G* =G’ +iG” (1)

where G” and G’’ indicates storage and loss moduli, respectively.
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2.3 Results and discussion

2.3.1. Characterization of diblock copolymers

The TR block copolymer (PBzMA-b-P(NIPAAmM-co-DMAAmM)), succinimide group
introduced reactive block copolymer (PBzMA-b-P(NAS-co-DMAAmM)), and primary amine
introduced block copolymer (PBzMA-b-P(NAPMAAmM-co-DMAAmM)) were synthesized by
RAFT polymerization. Firstly, hydrophobic PBzMA was synthesized using a RAFT agent of
CPDT. Subsequently, functional segment of diblock copolymer was connected to o-terminal
of PBzMA by RAFT polymerization using PBzMA as a macro-RAFT agent. The number-
averaged molecular weight of PBzMA was 5380 g/mol, which was determined from the UV
absorbance of the trithiocarbonate unit at 310 nm (¢ = 11,000 L/mol/cm). The composition of
the functional segment was determined by the monomer consumption determined by *H NMR
(Figure 2.4). The consumed monomer was determined by comparing the proton intensity of
vinylic protons of monomers in the reaction solution before and after the reaction. The
monomer unit ratio in the polymers was almost the same as that in the feed. In addition, number
averaged molecular weight (Mn) of diblock copolymers was calculated from monomer
conversion. The monomer units of TR and reactive functional diblock copolymers were 195
(IPAAM/DMAAmM=145/50) and 80 (NAS/DMAAmM=8/72), respectively. Thus, chain length of

TR polymer was more than two times longer than that of functional one.

The terminal dodecyltrithiocarbonate group on PBzMA-b-P(NIPAAmM-co-DMAAmM) and
PBzMA-b-P(NAPMAAmM-co-DMAAmM) was convert into NIPAAmM or DMAAM moieties by
Michael addition reaction after aminolysis of dodecyltrihiocarbonate group. For the PBzMA-
b-P(NAS-co-DMAAmM), terminal conversion was performed by radical substituted reaction
using AIBN to avoid the aminolysis of succinimide group by 2-ethanolamine. The terminal

conversion was confirmed by the UV absorbance change of trithiocarbonate group at 310 nm
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and the absorbance was completely disappeared after the reactions. Finally, *H NMR of
terminal converted polymers were measured and phenyl (5H, 7.26 ppm) and methylene (2H,
4.9 ppm) on BzMA, methylene (4H, 2.9 ppm) on NAS, methyne (1H, 4.0 ppm) and methyl
(6H, 1.0 ppm) on NIPAAm, methyl (6H, 2.9ppm) on DMAAmM, and methylene (4H, 2.8—
3.0ppm) on NAPMAAmM were respectively assigned (Figure 2.5-2.7). The characterization

results of the obtained polymers are summarized in Table 2.2.

Table 2.2 Characterization of composition of polymer and molecular weights.

Code BzMA“ DMAAm‘ NAS“ NIPAAm® NAPMAAm‘ M,’

PBzMA-b- 28 72 8 - - 13700
P(NAS-co-
DMAAm)

PBzMA-b- 28 50 - 145 - 28500
P(NIPAAm-co-
DMAAmM)

PBzMA-b- 28 131 - - 30 23600
P(NAPMAAmM-
co-DMAAm)

“Degree of polymerization and number molecular weight was calculated by 'H NMR

bCalculated from monomer units determined by 'H NMR
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2.3.2. Characterization of nanoparticle

PBzMA-b-P(NAS-co-DMAAmM) and PBzMA-b-P(NIPAAmM-co-DMAAmM) were co-
assembled in water via co-solvent evaporation method to form hetero-armed core shell
nanoparticle. First, the reactivity of succinimide group on the corona-forming reactive chain
was confirmed by mixing 5-amino fluorescein. After the reaction, fluorescent signal from the
fluorescein molecule was clearly confirmed as below Figure 2.8. Thus, the succinimide on the

corona of hetero-armed nanoparticle possessed the reactivity with primary amine.

100

IS @ ©
o o o

Fluorescence intensity (a.u.)
N
o

d,’”‘—”-____“_““—*-ha_______h_‘_____ﬁ_q__ﬁ____

500 520 540 560 580
Wavelength (nm)

Figure 2.8 Fluorescent spectra of PBzMA-b-P(DMAAm-co-NAS) in water before (black line)

and after conjugating (red line) 5-aminofluorescein to NAS polymer.
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In addition, the stability of the succinimide group in water was investigated (Figure 2.9).
Although the succinimide group gradually decomposed in water, more than 95% of it remained
after 1 day. Thus, the hydrolysis of the succinimide group was considered to be negligible for

the duration of this experiment.
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Figure 2.9 Stability of succinimide group on PBzMA-b-P(NAS-co-DMAAmM) in water. The

amount of succinimide on the polymer was determined by 1H NMR.
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PBzMA-b-P(NAS-co-DMAAmM) and PBzMA-b-P(NIPAAmM-co-DMAAmM) were coassembled
in water via a cosolvent evaporation method to form a heteroarmed core shell nanoparticle. We
investigated the influence of the chain length of TR to prepare core—shell-type polymeric
micelles. In the case of shorter TR chain with approximately 100 units, the micelle solution
became opaque, and large aggregates were observed in DLS measurements (Figure 2.10).
Therefore, a longer TR chain with 200 units was used to prepare a more stable polymeric

micelle for further experiments.
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Figure 2.10 Intensity vs average diameter of M(TR/NAS)[70/30] prepared from P(BzMA-b-
P(NIPAAmM-co-DMAAmM) ([BzMA]/[NIPAAM]/[DMAAmM] = 28/75/25 (unit)) and P(BzMA-b-
P(NIPAAmM-co-DMAAmM) at 25 °C
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TR property of particle

Subsequently, the optical transmittance changes of TR micelles, M(TR), was observed to
confirm the phase transition temperature of TR polymer on nanoparticle (Figure 2.11). M(TR)
showed the sharp phase transition at 39.7 °C. The phase transition temperature of M(TR) was
higher than the that of PNIPAAmM homopolymer micelles at 32 °C because of the introduction
of hydrophilic DMAAmM in TR segment?® The phase transition temperature of
M(TR/NAS)[70/30] shift to 51 °C without showing any sudden transmittance change around
39.7 °C. Subsequently, the transmittance change of nanoparticle was observed in the presence
of M(NHz). While M(TR) showed almost the same transmittance change behavior in the

presence of M(NH>), M(TR/NAS)[70/30] showed decrease in the transmittance from 42 °C.

Heteroarmed TR polymeric micelles exhibited transmittance change at the higher temperature
than homogeneous TR nanoparticle, M(TR). Our previous study reported the effect of the
introduction of non-TR chain onto the TR polymeric micelles on TR behavior. According to
the study, the hetero-armed TR polymeric micelles shift the cloud point of micellar solution
due to the suppression of inter-micellar aggregation derived from hydrophobic interaction.?®
However, hydrophilic-hydrophobic phase transition change of TR chain occurs at the same
temperature as the homogeneous TR polymeric micelle does. This indicated that the TR chain
on M(TR/NAS)[70/30] started the phase transition from 39.7 °C, which was LCST of M(TR),
even though the M(TR/NAS)[70/30] showed transmittance change at 51 °C. Therefore,
succinimide on reactive chain appeared on the surface of on M(TR/NAS)[70/30] as the TR
chain gradually shrunk from 39.7 °C. As the result, the succinimide group was allowed to
contact with primary amine on M(NH2) to proceed coupling reaction from 39.7 °C, and then

the transmittance change was observed due to the formation of aggregation between

M(TR/NAS)[70/30] and M(NHs) from 42 °C.
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Figure 2.11 Phase transition change of M(TR) (dotted-lines) and M(TR/NAS)[70/30] (solid lines)

in the presence (red lines) and absence (blue lines) of M(NH). To is the absorbance of the solution
at 35 °C. Heating rate: 0.2 °C/min.
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To examine the inter-micellar reaction between M(TR/NAS)[70/30] and M(NHy>), the particle
size change of hetero-armed nanoparticle was observed using DLS (Figure 2.12) and TEM
(Figure 2.13). The M(NH2) exhibited unimodal peak and the volume average diameter was 38
+ 20 nm in DLS histogram (Figure 2.12 (A)). The M(NHz) particles were observed as

uniformly well-dispersed in TEM image as well (Figure 2.13).
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Figure 2.12 The Particle size of (A) M(NH2) at 25 °C, M(TR/NAS) at (B) 25 °C, (C) 50 °C
and (D) 60 °C. The particle size after mixing M(TR/NAS)[70/30] and M(NH>) at (E) 25 °C,

(F) 50 °C, (G) 60 °C and after decreasing temperature below the LCST (H).

47



Chapter 2

- (B) ()

Figure 2.13 TEM image of mixture of (A) M(NH>), (B) M(TR/NAS)[70/30] at 25 °C and (C)
M(TR/NAS)[70/30] at 50 °C, and the mixture of M(TR/NAS)[70/30] and M(NH>) at (D) 25
°C to (E) 50 °C. Scale bars: 200 nm.
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The size of M(NH3) particle did not show any change by the temperature (data not shown).
The M(TR/NAS)[70/30] showed bimodal peak at 48 + 7 and 148 + 37 nm at 25 °C. In the TEM
image, most particles were observed as single particle, while some were observed as small
inter-micellar aggregations (Figure 2.12 (B)). Thus, the small aggregation peak (the second
peak in bimodal graph) detected in DLS was attributed to the inter-micellar aggregation. In
addition, M(TR/NAS)[70/30] did not show any particle size changes upon temperature
increasing above LSCT of TR polymer (39.7 °C) to 50 °C (Figure 2.11); however, size changes
were observed upon increasing the temperature in the presence of M(NH.). When M(NH>) was
added to the M(TR/NAS)[70/30], it showed bimodal peak at 25 + 2 and 133 £ 34 nm below
the LCST of TR chain. The second peak indicating small inter-micellar aggregation became
large after the addition of M(NHy>). Interestingly, at 50 °C where the UV transmission changes
were observed in the presence of M(NHy>), the single nanoparticle peak completely disappeared.
In addition, the large submicron size aggregation (with a diameter of 730 nm) was detected in
the mixture, while M(TR/NAS)[70/30] hardly showed size change at the same temperature
range (25 °C to 50 °C) in the absence of M(NH2). This result also corresponded to the TEM
image, where they showed the large inter-micellar aggregation when the temperature increased
from 25 to 50 °C (Figure 2.13 (D-E). When the temperature reached to 60 °C, the
M(TR/NAS)[70/30] formed large aggregations of micelles. Only M(TR/NAS)[70/30] without
M(NH) also showed an aggregation peak, which was attributed to the TR aggregation as it
was observed by UV transmission change above 51 °C. In addition, the submicron aggregation

hardly dissociated upon lowering temperature below LCST (39.7 °C) again.

Below the LCST of TR chain, the volume distribution of inter-micellar aggregation
continuously became larger in the mixture of M(TR/NAS)[70/30] and M(NH2). This result
indicated that the interaction slightly occurred between M(TR/NAS)[70/30] and M(NH) even

below the LCST of TR chain. However, the particle size became significantly large after the
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phase transition had taken place in the TR chain and then finally formed the huge aggregation.
This strongly suggested that the inter-micellar reaction between succinimide on
M(TR/NAS)[70/30] and primary amine on M(NH2) enhanced the formation of the large
aggregation after the phase transition of TR chain. Because of the crosslinking formation
through the stable covalent bond between the succinimide and amine groups, the inter-micellar
aggregation in the mixture hardly dissociated once it formed and large aggregation peak was

still remaining at lowering to 35 °C.

According to the results, the reaction between the succinimide group on hetero-armed
nanoparticle and primary amine was accelerated by the phase transition of TR polymer on
hetero-armed nanoparticle. Below the LCST of TR chain, the extended TR polymer chain
covered outermost surface of nanoparticle and suppressed the contact of amine group on
M(NH:) due to the exclusive volume effect of polymer chain. In contrast, TR chain gradually
dehydrated and followed by increasing hydrophobicity above LCST. And then, corona-forming
TR chain shrank so that the succinimide group allowed to expose on the surface of hetero-
armed nanoparticle. As the result, the exposed succinimide group proceeded the reaction with
amino group on the M(NH2) to form covalent bond between nanoparticles. Therefore, the
aggregation formation in the mixture of M(TR/NAS) and M(NH_) hardly decomposed by
temperature lowering below LCSR, while M(TR/NAS) aggregation, which was formed by

physical hydrophobic interaction, showed reversibility by temperature change across the LCST.

2.3.3. Thermo-responsive hydrogel formation

Using high concentration M(TR/NAS) and M(NHz) solution, the TR hydrogel formation
behavior was investigated. In particular, the ratio of TR and reactive polymer chain in hetero-
armed micelle was varied to investigate the optimal number of succinimide group to form a

stiff hydrogel by varying the temperature.
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First, the controllability of the reaction was examined using polyallylamine, a linear-type amine
polymer, instead of M(NH2). The reaction between M(TR/NAS)[70/30] and polyallylamine
could not be controlled by the phase transition of the TR chain across the LCST. Even below
the LCST of the TR chain, the reaction proceeded continuously to finally form a hydrogel (data

not shown).

Subsequently, fluidity of the M(TR/NAS) and M(NH2) was monitored at 25 and 50 °C which
is summarized in Figure 2.14. M(TR/NAS)[70/30] exhibited a fluidic state regardless of the
concentration change at 25 °C and showed no viscosity change at 50 °C. In contrast,
M(TR/NAS)[50/50] and M(TR/NAS)[30/70] increased the viscosity of the solution as the
concentration of micelles increased after mixing with M(NH) at 25 °C and showed no fluidity
at the concentration higher than 11 and 9 wt%, respectively. Upon heating temperature at 50 °C,
the fluidity of the solution became higher than that of at 25 °C and M(TR/NAS)[50/50] and
M(TR/NAS)[30/70] became a stiff hydrogel at the concentration higher than 9 and 7 wt%.
Therefore, in the presence of M(NH2), M(TR/NAS)[50/50] and M(TR/NAS)[30/70] formed a
hydrogel by controlling temperature across the LCST of TR chain at a concentration of 9-10
and 7-8 wt%, respectively. Based on the phase transition table, sol-gel transition map was

depicted, representing a controllable area (Figure 2.15).
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(A) (B)

g?:;?;;;t:;? M(TR/NAS) | M(TR/NAS) | M(TR/NAS i?r;?;;;t:;'; M(TR/NAS) | M(TR/NAS) | M(TR/NAS
(wt%) [70/30] | [50/50] | [30/70] (wi%) [70/30] | [50/50] | [30/70]
13 F s s 13 F 5 s
12 F S 5 12 F 5 s
11 F 5 5 11 F 5 5
10 F F 5 10 F s 5
9 F F 5 9 F s 5
8 F F F 8 F F 5
7 F F F 7 F F s
6 F F F 6 F F F
5 F F F 5 F F F

F highly fluidic; flow in a inverted vial
S less fluidic; not flow in a inverted wvial

Figure 2.14 Phase transition table of Sol-Gel behavior after mixing of 10 wt% of M(NH2) with
M(TR/NAS) solution at various concentration (5-13 wt%) at (A) 25 °C and (B) 45 °C
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Figure 2.15 Sol-Gel phase transition map of mixing of 10 wt% M(NH2) with M(TR/NAS)
solution at various concentration (5-13 wt%) at (a) 25 °C (black line) and (b) 45 °C (red line).
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Figure 2.16 Photo of gel formation at (a) 25 “C to (b) 50 °C in an inverted vial

54



Chapter 2

To confirm the temperature responsive fluidity change of the solution, viscoelasticity of

solution was studied by rheometer measurement (Figure 2.17).

Only the M(TR/NAS) solution showed very low G* and no change in G* value by temperature,
which indicates that viscosity does not change by temperature. First, the M(TR/NAS) and
M(NH2) were mixed using 10 wt% solution. The mixture of M(TR/NAS)[70/30] and M(NH>)
gradually increased G* and nearly plateau after 20 min at 25 °C. The temperature was
subsequently increased to 45 ° C; however, only a slight change in G* value was confirmed.
In contrast the mixture of M(TR/NAS)[50/50] and M(NH3) increased the G* in response to
temperature change and G* value became 484 Pa after 20 min at 45 °C. The mixture of
M(TR/NAS)[30/70] and M(NHz2) increased G* value to 264 Pa even at 25 °C and showed

negligible temperature responsiveness at 45 °C (Figure 2.17 (C)).

Subsequently, the concentration effect on modulus change was evaluated using
M(TR/NAS)[50/50] (Figure 2.17 (D-F)). At 25 °C, regardless of the concentration, the mixture
showed similar G* value. After heating up to 50 °C, the shear modulus became larger as the
polymer nanoparticle concentration increased. However, low concertation of mixture did not
increase the G* at the high temperature which was similar result as M(TR/NAS)[70/30] was
shown. Thus, the crosslinking formation efficiently occurred as the nanoparticle concentration

increased.
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The results indicated that the concentration of mixture and the composition of shell forming
chain on hetero-armed micelles were important factors to optimized for achieving the
responsiveness of G* by the temperature signal. After mixing M(TR/NAS) and M(NH>),
increase in G* value was observed at 25 °C, which was attributed to the partial reaction among
the micelles as observed in DLS and TEM measurements. M(TR/NAS)[70/30]/M(NH) and
M(TR/NAS)[50/50]/M(NH.) showed similar G* value, while M(TR/NAS)[30/70]/M(NH>)
increased it continuously reached to more than 100 Pa. This indicated the surface of micelle
was covered with corona-forming TR polymer when the composition of TR chain on the shell
was more than 50%. In other words, the density of TR chain on corona was insufficient to
reduce the contact of M(NH>) by exclusive volume effect of TR chain when the composition
of TR chain on hetero-armed micelles was reduced to 30%. Therefore,
M(TR/NAS)[30/70]/M(NH.) showed uncontrollable increase in the G* below the LCST of TR
chain as the result of unavoidable crosslinking formation. In addition, the particle structure of
the amine was essential to control the reaction by the covered TR chain because, compared to
the spherical-type M(NH2), a linear-type polymer could easily penetrate the TR core and
access the NAS unit on the reactive chain. Therefore, the exclusive volume effect of the
polymer was considered as a key parameter to control the reaction between the succinimide

and amine by the morphological change of TR chain on micelles.

After increasing temperature at 50 °C, the mixture showed different G* change depending both
on the concentration and composition of M(TR/NAS). M(TR/NAS)[70/30] showed negligible
TR G* change, although the enhancement of reaction between the micelle was occurred as
observed in DLS measurement. The similar tendency was observed in the low concentration of
M(TR/NAS)[50/50]. At this condition, the number of succinimide group was considerably
lower than that of amine group on M(NHy), and thus the network formation was insufficient to

increase the viscosity of mixture. In other words, increasing the amount of succinimide groups
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was essential to form a stable hydrogel, and the ratio of the succinimide group to the amino

group should be less than 9 to control the viscosity of solution by the temperature stimulus

(Table 2.3).
Table 2.3 Composition of polymer micelle
Composition of polymer Mixing condition for rheometer G*
Molar ratio
Th ConcentrationConcentration inimid
Code Reactive ermo- of of succmldml € G*at G* at
polymer resg:)n;g/re M(TRINAS)  M(NH2) aminzn o 25°C°50°C”
poly (Wt%) (Wt%) ing p
mixture
10 10 1:14.5 8 18
M(TR/NAS)[70/30] 3 7 8 2 1:3.6 0.5 238
10 2 1:2.9 09 247
5 10 1:15.3 10 19
M(TR/NAS)[50/50] 5 5 10 10 1:7.7 12 484
13 10 1:5.9 14 1108
M(TR/NAS)[30/70] 7 3 10 10 1:4.7 279 249

Consequently, the composition of shell-forming chain and concentration of each particle were

related to the viscosity of the solution at low temperature, while the ratio of succinimide and

amino groups was crucial to control the viscosity of the solution by temperature change.

According to the result of FT-IR analysis (Figure 2.18), the absorbance at approximately 1605

cm—1, attributed to the stretching vibration of C=0 bonds in the amide, became stronger with

the increase in the concentration of M(TR/NAS). This indicated that amide bonds were formed

as a result of the reaction between the succinimide on M(TR/NAS) and primary amine on

M(NH?2). Interestingly, the mixture of 5 wt% M(TR/NAS) and 5 wt% M(NH2) showed almost

the same intensity as the mixture of 5 wt% M(TR/NAS) and 10 wt% M(NH2). The result

indicated that the number of amine groups on the M(NH2) was larger than that of the
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succinimide groups on M(TR/NAS), as calculated. Therefore, the ratio of the succinimide and

amine groups was considered important for the formation of the network structure.

Finally, in addition to the above discussion, the TR behavior of M(TR/NAS)[70/30] was
observed by changing the concentration of M(NH2) to 2 wt% to optimize the ratio for
developing hydrogel by heating (Figure 2.19). As the result, G* value of mixture became less
than 1 Pa which was almost the same as M(TR/NAS)[70/30] solution of ca 0.1 Pa. and the
temperature responsiveness of G* value was clearly observed by using 8 and 10 wt% of

M(TR/NAS)[70/30] solution.
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(A) 10wt% M(NH,) + 10wt% M(TR/NAS)

(B) 10wt% M(NH,) + 7wt% M(TR/NAS)
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Figure 2.18 IR spectra of mixtures of 10 wt% M(NH2) and (A) 10 wt%, (B) 7 wt%,
and (C) 5 wt% of M(TR/NAS), and (D) mixture of 5 wt% M(NH2) and 5 wt%

M(TR/NAS).
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Figure 2.19 Time sweep rheological measurement for sol-gel behavior of (A) 8 and (B) 10

Wt% of M(TR/NAS)[70/30] and 2 wt% of M(NH2) at 25 °C (0-20 min) and 45 °C (20-40 min).
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Table 2.4 The ratio of succinimide and amine group ([Succinimide]/[amine] (mol/mol)) in the
M(TR/NAS) and M(NH2) mixture. Concentration of M(NH2) is 10 wt%.

Concentration of M(TR/NAS) (Wt%) | M(TR/NAS)[70/30] | M(TR/NAS)[50/50] | M(TR/NAS)[30/70]
5 29 15.3 9.4
6 24.2 12.8 7.8
7 20.7 11.0 6.7
8 18.1 9.6 5.9
9 16.1 8.6 5.2
10 14.5 7.7 47
11 13.2 7.0 43
12 12.1 6.4 3.9
13 11.2 5.9 3.6
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2.4 Conclusions

In this study, we prepared a TR hetero-armed polymeric micelle using two different kinds of
amphiphilic block copolymer possessing amino-reactive or TR segments. The reactivity of the
succinimide group introduced on the shell of micelle was successfully controlled by thermally
induced conformation change of the temperature-responsive polymer. The reaction between
succinimide and amino group on the particles was significantly reduced when the outermost
surface of micelles was covered with extended TR polymer below the LCST. After shrinkage
of the TR polymer by heating, the succinimide group was expose to the surface of micelles,
and thus the coupling reaction between succinimide and amino group on the particles could
rapidly proceed. By utilizing TR reactivity change property, the high-concentration
nanoparticle solution could change the viscoelasticity and gelation was occurred only by
temperature control across the LCST of the TR polymer. The hetero-armed TR polymeric
micelle has potential for controlling the reaction of functional group through the morphological
change of TR chain. Thus, this TR micellar system is promising for further uses for
biomaterials. In particular, in situ gels for use as an embolization agent require injectability at
temperatures within the physiological range. The hetero-armed TR polymeric micelle can
potentially maintain its fluidity because of the shielding effect of the longer TR chain. In
addition, the polymeric micelle can potentially be used for controlling a wide range of chemical

reactions such as Michael addition for preparing TR responsive in situ hydrogels.
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3. Photo reactive polymers: PEG-based azide polymer for

surface modification

3.1 Introduction

Coating a material with a polymer alters its surface properties from those of the original
material to those of the applied polymer. In addition, stimuli-responsiveness,
superhydrophobicity, and ligands can be introduced through surface functionalization, which
is readily achieved by simply introducing a functional polymer onto the material.l3
Functionalization of a surface can facilitate control of target-material interactions while
suppressing non-specific interactions with the surface, thereby enhancing the signal to noise
ratio in a variety of detection techniques.* Consequently, functional surfaces have been used in

molecular detection and separation systems.> ©

Polymer-coated surfaces are prepared by introducing polymers onto surfaces through physical
or chemical interactions. In particular, chemical modification through covalent bonding is
beneficial when preparing stable polymer-coated surfaces. Generally, two techniques, namely
the “grafting-from” and the “grafting-to” methods, are widely used to introduce a polymer onto
a surface.” 8 Recently, the grafting-from approach has been used to prepare well-regulated
sophisticated surfaces that exhibit special functions by controlling the density of the polymer
on the surface.® 1° However, the grafting-from approach requires a specific functional group

on the surface to propagate the monomer from the surface.
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On the other hand, grafting-to is more convenient than grafting-from for immobilizing a
polymer onto a surface, although there can be limited control over some properties, such as
polymer density. The grafting-to approach conjugates a pre-synthesized polymer onto the
surface using a coupling reaction or an activated species generated by external energy (e.g.,
heat, UV light, electron beam). In particular, polymers possessing reactive functional groups
that are activated by external signals are highly useful when immobilized onto a material
because they can directly form covalent bonds between the polymer and a wide variety of

substrates. 11

A photo responsive functional group in a photoreactive polymer is activated by exposure to
light of a specific wavelength. Because physical shielding can be used to easily control the
exposure location, a photoreactive polymer can be activated and immobilized in a

predetermined area.

The phenylazide group is a well-known photoreactive functional group that is activated by UV
light. After irradiation, the phenylazide group produces an active nitrene that forms covalent
bond to a variety of materials.® 17 Our group and others have introduced phenylazide into
various natural and synthetic polymers in order to control non-specific interactions between
biomolecules and cells.** 12 Since radical polymerization is easy to perform, it provides
useful access to synthetic polymers. In addition, polymer characteristics, such as chain length,
composition, and functionality, are simply controlled by modifying the reaction conditions and
through copolymerization. Unfortunately, polymers bearing phenylazide groups prepared by
radical polymerization using acrylate or acrylamide monomers are highly hydrophobic due to
the hydrocarbon-based backbone and the hydrophobic phenylazide groups. Consequently,
phenylazide-introduced polymers become increasingly insoluble in aqueous media with

increasing numbers of phenylazide groups. Consequently, the main chain of the polymer needs
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to be constructed from monomers that are more hydrophilic in order to improve overall

polymer hydrophilicity.

Ethylene glycol is the most popular hydrophilic main-chain monomer, and is widely used in
the form of polyethylene glycol.?* In particular, polyethylene glycol is highly hydrophilic and
flexible, and can reduce non-specific interactions between biomolecules and cells.?® Thus, the
ethylene glycol structure is expected to increase the solubility of a polymer bearing

hydrophobic phenylazide groups and improve surface properties when applied on a substrate.

The furan group is a candidate photo responsive moiety that can be applied to polyethylene
glycol; furans become involved in photo responsive reactions when combined with
photosensitizers.?” Furan-introduced polyethylene glycol has already been developed;?
however, to the best of our knowledge, a furan-modified polymer has not been investigated as

a photoreactive system.

In this study, we designed phenylazide-modified polyethylene glycols as photo-responsive
polymers. The photoresponsivity of each polymer was investigated through its protein-
adsorption and cell-adhesion properties following immobilizing onto various substrates. In
addition, the function of the polymer was compared to that of a polyethylene-glycol-grafted

polymer prepared by radical polymerization of a methacrylate monomer.

3.2. Materials and methods
3.2.1 Materials

Sodium azide, 4-(hydroxymethyl)phenylboronic acid, tetrabutylammonium bromide (TABA),
epichlorohydrin, ethyl acetate, methanol, sodium bicarbonate, benzene, 50 wt% sodium

hydroxide, copper (Il) sulfate, methyltriphenylphosphonium bromide ([MePPh3]'Br’), n-
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hexane, and N,N-dimethylformamide were purchased from FUJIFILM Wako Pure Chemical
(Osaka, Japan). Lithium bromide ,ethylene oxide (EO, 1.2 mmol/L toluene solution), and
triisobutyl alminium (i-BusAl, 1.0 mol/L toluene solution) were purchased from Tokyo

Chemical Industry (Tokyo, Japan).

3.2.2 Instrumentation

'H NMR (400 MHz) spectra were recorded using a JNM-ECZ400R spectrometer (JOEL,
Tokyo, Japan). Gel permeation chromatography (GPC) analysis was performed by a GPC
system (Tosoh, Tokyo) with three columns (Shoedex KD802, KD804 and KD-806M) (Showa
Denko, Tokyo, Japan) at 45 °C using N,N-dimethylformamide (DMF) containing 10 mmol/L
lithium bromide as an eluent with a flow rate of 0.6 mL/min. IR spectra were recoded using an
FT-IR spectrophotometer (FT-IR 4100, JASCO, Tokyo, Japan). Substrates were cleaned using

a UV-ozone cleaner (ASM1101N, Asumi Giken, Tokyo, Japan)

3.2.3 Synthesis of 4-(hydroxymethyl)azidobenzene

The title compound was prepared using a copper(l1) catalyst.?® Sodium azide (3.9 g, 60 mmol),
4-(hydroxymethyl)phenylboronic acid (7.6 g 50 mmol), and copper(ll) sulfate (800 mg, 5
mmol) were dissolved in methanol (300 mL) and the mixture was stirred for 24 h at room
temperature. The solution was extracted with ethyl acetate and the extract was washed with
saturated sodium bicarbonate solution. The organic phase was dried over anhydrous
magnesium sulfate and the ethyl acetate was removed by evaporation using a rotary evaporator
at 25 °C to afford a light-yellow solid. Yield 40%. *H-NMR (399 MHz, D20): 6 =4.50 (d, J =

24.0 Hz, 2H), 6.98, 7.27, 7.30, 7.64 (d, J = 7.6 Hz, aromatic ring, 4H).

3.2.4 Synthesis of 4-(glycidyloxymethyl)azidobenzene (AzPheEQ)
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The title compound was prepared according to a previous report.>® Epichlorohydrin (3.7g, 40
mmol) and 4-(hydroxymethyl)azidobenzene (3.0 g 15 mmol) were partitioned between 50 wt%
sodium hydroxide (10 mL) and benzene (10 mL). After cooling to 4 °C, tetrabutylammonium
bromide (as a phase-transfer catalyst) was added, and the mixture was stirred for 72 h at room
temperature. The mixture was extracted with ethyl acetate and the extract was washed with
saturated sodium bicarbonate solution. The organic phase was dried over anhydrous
magnesium sulfate and the ethyl acetate was removed by evaporation at 25 °C to afford a
yellow liquid. Yield: 76%. *H-NMR (399 MHz, CDCls) § = 2.59 (dd, J = 2.8, 4.8 Hz, 1H,
epoxy methylene), 2.77 (dd, J = 4.0, 4.8 Hz, 1H, epoxy methylene), 3.16 (m, methine, 1H),
3.80 (dd, J = 2.8, 12.0 Hz, -CH-CH,-O-CHj, 2H), 4.54 (d, J = 4.4 Hz, benzyl, 2H), 7.37, 7.05

(d, J = 8.8 Hz, aromatic ring, 4H).

3.2.5 Polymerization of AzZPheEO with ethylene oxide

[MePPhs3]*Br (0.06 mmol) and AzPheEO were added to a Schlenk flask held under vacuum at
25 °C for 18 h. A solution of ethylene oxide and i-BusAl (0.6 mmol) were added to the flask at
-30 °C under argon and the solution was stirred at 25 °C in the dark for 18 h. Methanol (1 mL)
was added to the solution and the solvent was removed under reduced pressure. The crude
compound was dissolved in acetone and the precipitate was collected by filtration. The solution
was precipitated using hexane, and the precipitate was collected and dried under vacuum. The
obtained polymer, poly(4-azidobenzyl glycidyl ether-co-ethylene oxide), is referred to as
“AzPEG(x)”, where x is the phenylazide composition (mol%) as determined by *H NMR

spectroscopy. The conditions for polymerization are summarized in Table 3.1.
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Table 3.1 Characterization of AzPEG

Feed (mmol) Polymer (unit ratio)
Code ML M,p PDI?
EO AzPheEO  EO:AzPheEO (n:m)@
AzPEG(1.2)  5.85 0.15 0.988 : 0.012 2570 4000 1.54
AzPEG(3) 5.7 0.3 0.97 : 0.03 2700 5600 2.27
AzPEG(9) 5.4 0.6 0.91 : 0.09 3900 7100 1.81
AzPEG(14) 5.1 0.9 0.86:0.14 5500 15000 2.72
AzZPEG(30) 4.8 1.2 0.70 : 030 8400 44000 5.30

2 nand m indicate the molar ratio of monomer in poly(ethylene oxide) ,-co-(4-

azidobenzyl glycidyl ether),, determined by "H NMR, # Determined by GPC

3.2.6 Photo-immobilization

The polymer was dissolved in a 1:1 (v/v) methanol/water solution. The solution was dropped

onto a UV-ozone cleaned substrate and spin coated at 3000 rpm for 10 s. The substrate was

dried in an oven at 50 °C for 1 h. A stainless-steel punch sheet with 500 um holes (Yasutoyo

Trading, Tokyo, Japan) was subsequently placed on the substrate and the surface was exposed

to UV light at 45 mW/cm? (A: 270 nm) for 10 s using a photo irradiator (L5662 UV spot light

source, Hamamatsu photonics, Hamamatsu, Japan) at a distance of 10 cm from the substrate.

The surface was then washed with water and then immersed in water for more than 2 d. The

surface was then dried and the substrate was stored in a desiccator. The substrate was sanitized

by exposure to UV light for 1 h prior to any cell-culture experiments.
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3.2.7 Cell culturing

Mouse fibroblast (3T3) cells (Japanese Collection of Research Bioresources, Osaka, Japan)
were cultured in Dulbecco Modified Eagle’s Medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum, as well as penicillin and streptomycin as
antibiotics (Nakarai Tesque, Kyoto, Japan). The cells (1.0 x 10* cells/cm?) were seeded onto
the substrate and incubated for 24 h, after which they were examined using a phase-contrast

microscope.

3.2.8 Protein adsorption

A solution of Alexa488-conjugated albumin (Thermo Fisher Scientific, Waltham, MA, USA)
was dropped onto the substrate and left for 1 h at 25 °C. The surface was washed three-times
with Dulbecco’s phosphate buffer saline. Fluorescence images were acquired using a

fluorescence microscope (Olympus, Tokyo, Japan).

3.3 Results and discussion

3.3.1 Characterization of the photo reactive AzPheEO monomers

The photoreactive epoxide, AzPheEO, was synthesized by reacting epichlorohydrin with 4-
(hydroxymethyl)azidobenzene to produce a yellow solid (Figure 3.1). *H NMR spectroscopy
revealed signals clearly assignable to epoxy protons (2.59 and 2.77 ppm), benzylic protons
(4.54 ppm), and aromatic protons (7.37 and 7.05 ppm) (Figure 3.4). In addition, the absorption
band of the azido group was clearly observed at 2108 cm™ by FT-IR spectroscopy for both 4-
(hydroxymethyl)azidobenzene and AzPheEO, with the original hydroxyl stretching band
(3070-3500 cm?) absent after reaction (Figure 3.3). On the basis of these results, we conclude

that AzPheEO had been successfully synthesized.

73



Chapter 3

NaN3

PH 10mol% Cusoa
MeOH, RT, 24h

HO fo) TBAB
\ < > N, + )>—\ 50wt% NaOH /\
cl Benzene, RT, 72h \/
4-(glycidyloxymethyl)azidobenzene

(AzPheEQ)

i-Bu,Al

N, )
[MePPh3]*Br 0 ©
O O —— B\ * co N %H
%O + [\ Toluene m n
RT, Ar o
K@\ AzPhe group
N,

Poly(4-(azidobenzyl glycidyl ether-co-ethylene oxide)
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Figure 3.1 Synthesis of photo reactive epoxy azido monomer (AzPheEO) and PEG-based
photo reactive polymer (AzPEG)
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Figure 3.2 FT-IR spectra of epichlorohydrin (black), 4-(hydroxymethyl)azidobenzene (green),
and 4-(glycidyloxymethyl)azidobenzene (red).
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3.3.2 Characterizing AzPEG polymers

AzPheEO was copolymerized with ethylene oxide by monomer-activated ring-opening
polymerization using [MePPhz]"Br- and i-BusAl as the initiator and monomer activator,
respectively, to form polymers with various phenylazide unit contents (Table 3.1).3! 'H NMR
spectroscopy revealed the complete absence of signals corresponding to the epoxy protons in
the spectra of the products, while signals corresponding to the protons of the ethylenedioxy
units (3.4-3.8 ppm) were clearly evident (Figure 3.5). The proportion of monomer units in each
polymer was determined by comparing the integrated benzylic proton signal (2H, 4.5-4.6 ppm)
in the spectrum of AzPheEO with those of the ethylenedioxy, ethylene, and methine protons.
As shown in Table 3.1, the monomer-unit ratio in the synthesized polymer was regulated by

the feed-monomer ratio.
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Figure 3.3 'H NMR spectrum of 4-(hydroxymethyl)azidobenzene (Solvent: D20).
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Figure 3.4 'H NMR spectrum of 4-(glycidyloxymethyl)azidobenzene (Solvent: methanol-d4)
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Figure 3.5 'H NMR spectrum of poly(4-azidobenzyl glycidyl ether-co-ethylene oxide)
(AzPEG 9) (Solvent: CDCI3).
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The presence of phenylazide groups in the polymer was also confirmed by UV-absorbance
spectroscopy; the polymer exhibited an phenylazide-derived absorbance at 266 nm, similar to
that of the azidobenzoic acid (Figure 3.6). FT-IR spectroscopy revealed that the prepared
polymer clearly contains azide moieties, with the azide signal (2109 cm™) increasing in
intensity with increasing proportion of phenylazide unit in the polymer (Figure 3.7). On the
basis of these results, we conclude that phenylazide units were successfully introduced on the

side groups of the polyethylene glycol.
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Figure 3.6 UV absorbance spectra of AzZPEG(9) (black) and azido benzoic acid (gray) in DMF.
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Figure 3.7 FT-IR spectra of various poly(4-azidobenzyl glycidyl ether-co-ethylene oxide)s
(AzZPEG(1.2): black, AzPEG(3): gray, AzPEG(9): blue, AzZPEG(14): green, and AzPEG(30):
red).
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The polymers were next subjected to gel permeation chromatography (GPC) (Figure 3.8).
AzPEGs with small numbers of phenylazide units exhibited unimodal GPC traces; however,
the polydispersity index of the AzZPEG was observed to increase with increasing proportion of
phenylazide group. In this study, we only used KD series columns to analyze the polymers.
According to the manufacturer’s information, KD series columns interact strongly with
aromatic groups when DMF is used as the eluent. Hence, we speculate that the observed
increase in polydispersity index is due to strong interactions between the column beads and the
phenylazide groups of the polymers, resulting in increased GPC tailing and a (false) increase

in the polydispersity of the polymer.
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Figure 3.8 GPC traces of AzPEG(1.2) (black), AzPEG(3) (gray), AzPEG(9) (blue),
AzPEG(14) (green), and AzPEG(30) (red). Eluent: DMF containing 10 mmol/L LiBr.
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Finally, we examined polymer solubility. AzPEG(1.2) and AzPEG(3) readily dissolved in
water; however, polymer solubility was observed to decrease with increasing phenylazide
content in the in AzPEG, with AzPEG(14) and AzPEG(30) hardly soluble in water. While
AzPEG(14) dissolved in methanol and ethanol, AzPEG(30) hardly dissolved in any polar protic

solvent; AzPEG(30) did dissolve in aprotic solvents, such as acetone.

Table 3.2 Solubility of AzPEG polymers

Polymers Solubility
AzZPEG(1.2) Water O

AzZPEG(3) Water O

AzZPEG(9) Water O
AzZPEG(14) Water X, Methanol O, Ethanol O
AzPEG(30) Acetone O
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3.3.3 Protein adsorption

The polymer solution was cast onto various substrates and photo-immobilized using a stainless-
steel punched mask to localize the polymer-immobilized area on the surface. After exposure to
UV light, the highly active nitrenes produced from the phenylazide moieties randomly attacked
the polymer and substrate. As a result, a part of the AzZPEG became conjugated to the silanol
of the glass surface and was covalently immobilized on the substrate.’® After applying the
fluorescent protein (Alexa488-conjugated albumin) to glass, polycarbonate, and polystyrene
plates, protein fluorescence was examined by fluorescence microscopy (Figure 3.9).
Regardless of the type of plate, fluorescence was suppressed in the UV-exposed areas, while
green fluorescence was observed in the surrounding regions. We speculate that the weak
fluorescence on the glass substrate is due to low levels of protein adsorption because the glass
substrate is more hydrophilic than the other substrates. We therefore conclude that AzPEG was
successfully immobilized onto the surfaces through exposure to UV light, and that the
immobilized AzPEG suppresses protein adsorption by the substrate. Hence, AzPEG is
expected to exhibit strong antifouling properties due to the highly hydrophilic nature of the

polyethylene glycol main chain.
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(a) Photomask (b) Glass (c) Polycarbonate (d) Polystyrene

x5 I

Figure 3.9 (a) Phase contrast image of the photomask. Fluorescence microscopy images of
AzPEG(3)-coated micropatterned substrates: (b) glass, (c) polycarbonate, and (d) polystyrene
after adsorbing Alexa 488-conjugated albumin. Exposure times: (b) 1000, (c) 500, and (d) 500

msec. Scale bars: 500 um..
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3.3.4 Cell adhesion

Cell adhesion onto AzPEG-coated glass was evaluated using 3T3 cells (Figure 3.10-11). A
series of AzPEGs were spin-coated onto glass at different concentrations, and the polymers
were immobilized at locations where the UV light passed through the stainless-steel punch
sheet. After washing with water, 3T3 cells were cultured on the various coated surfaces for 24
h. The AzPEG(1.2)- and AzPEG(3)-immobilized glass showed cell adhesion at non-UV-
exposed areas and suppression at the UV-exposed areas due to the introduction of hydrophilic
PEG on the surface.?® The non-cell-adhered pattern was almost identical to the hole pattern in
the stainless-steel mask. However, cells were increasingly found in the UV-exposed areas at
lower applied-polymer concentrations. In contrast, the AzPEG(9)-coated surface exhibited a
clear cell pattern on the surface at low applied polymer concentrations, while cell adhesion at
non-UV-exposed areas was also suppressed with increasing applied polymer concentration.
Cell adhesion in the non-UV-exposed areas was completely suppressed on the AzPEG(14)

immobilized surface regardless of the applied polymer concentration.

Subsequently, cell adhesion to a polystyrene surface was examined (Figure 3.12). Cell
adhesion was suppressed on the UV exposed areas of the AzPEG(3)- and AzPEG(9)-coated
surfaces. In addition, AzZPEG(14) suppressed cell adhesion to the non-UV-exposed areas in a
similar manner to the glass surface. In contrast, cells were confirmed to be adhered to the UV-
exposed area of the AzZPEG(1.2)-coated surface. Thus, the concentration of the polymer coating

required to control cell adhesion was found to depend on the substrate.
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Concentration of polymer for spin coating
0.5 wt% 0.25 wt% 0.125 wt% 0.0625 wt%

AZPEG (1.2)

AzZPEG (3)

AzPEG (9)

AZPEG (14)

Figure 3.10 Phase contrast images of 3T3 cultured on AzPEG-coated micro-patterned glass.
Effect of composition: the surfaces were rinsed with water after photo-immaobilization.
Scale bars: 500 pm.
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Figure 3.11 Magnified image. Scale bar: 200 um.
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Concentration of polymers for spin coating

0.5 wt% 0.25 wt%

AZPEG (1.2)

AZPEG (3)

AzPEG (9)

AzPEG (14)

Figure 3.12 Phase contrast images of 3T3 cultured on AzPEG-coated micro-patterned
polystyrene dish. Seeding density: 5.0 x 10° cells/cm?, Incubation time: 24 h.
Scale bars: 500 pm.
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The surface conditions were investigated by FT-IR spectroscopy in order to examine the
suppression of cell-adhesion observing in the non-UV-exposed areas. In this study, the surface
was washed with water after photo-immobilization, and the polymer remaining on the surface
was analyzed after washing with water in the absence of UV exposure. The AzPEG(3) was
completely removed from the surface after washing with water (Figure 3.13). However,
AzPEG(9) shows unwashed residues remaining on the surface when the water was used to
wash. Subsequently, organic solvents were used to remove the polymer, and AzPEG(9) were
completely washed using methanol and the FT-IR peak associated with the azide group was
completely disappeared after washing (Figure 3.14). The AzPEG(14) were investigated using
methanol and acetone however the AzPEG(14) could not completely removed from the surface

even after washing with acetone, a rather good solvent. (Figure 3.15).

Cell adhesion was observed on the AzPEG(9) and AzPEG(14) surfaces by changing the rinsing
protocol (Figure 3.16-17). When the substrate was rinsed with water, cell adhesion was clearly
observed only at the low concentration, with cell adhesion suppressed at the high solution
concentration of 0.5 wt%. On the other hand, cell adhesion was clearly observed on the surface
rinsed with methanol, irrespective of the applied polymer concentration. In contrast, slightly
improved cell adhesion was observed at the non-UV-exposed areas of the AzPEG(14) surface
at low polymer concentration when washed with good solvents; however, cell adhesion was
still suppressed due to polymer remaining on the surface. We conclude that, once adsorbed
onto the substrate, the polymer becomes more difficult to remove with increasing phenylazide
composition due to strong interactions between the phenylazide units in the polymer and the
substrate. In addition, due to solubility issues, polymers with high azidophenyl contents are

difficult to completely remove from the surface and are unsuitable for controlling cell adhesion.
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Figure 3.13 FTIR spectra of AzPEG(3) coated glass surfaces before (gray line)and after

rinsing (black line) with water.

[
L

Transmittance

m:,::;;

4000

3500

3000 2500 2000

Wavenumber (cm™')

1500

Figure 3.14 FTIR spectra of AzPEG(9)-coated glass surfaces. Traces are before (black) and

after rinsing with water (blue) and methanol (red).
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Figure 3.15 AzPEG(14)-coated glass surfaces. Gray and black traces are before and after

rinsing with (A) methanol, (B) acetone
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Concentration of polymer for spin coating
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AZPEG (9)
Wash with water

AzPEG (9)
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AZPEG (14)
Wash with methanol

AzZPEG (14)
Wash with acetone

Figure 3.16 Phase contrast images of 3T3 cultured on AzPEG-coated micro-patterned glass.
The effect of washing solution: the surfaces were rinsed with water, methanol, or acetone
after photo-immobilization. Scale bars: 500 xm.
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Figure 3.17 Magnified image. Scale bar: 200 um.
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Natural polymers (e.g., polysaccharides, proteins) and synthetic polymers (e.g., vinyl
polymers) have been widely used to develop photoreactive polymers. Because the main chain
of a vinyl polymer is composed of a hydrophobic alkylene chain, polymer solubility in water
decreases with increasing number of hydrophobic units, such as azidophenyl units, in its side
chains. In our previous study, we prepared poly(pentaethylene glycol methacrylate-co-
azidophenyl methacrylate) as a photoreactive polymer.?® Although the polymer dissolved in
water, it hardly dissolved in protic solvents at a azidophenyl methacrylate composition in
excess of 10% (data not shown).?® In contrast, in this study, AzPEGs composed of less than
15% azidophenyl showed good solubilities in protic solvent, which is ascribable to the
polyethylene glycol main chain. In addition, the molar number of azidophenyl units in a unit
weight of AzPEG(9) was 1.5 mmol/g, which is more than five-times higher than that of
poly(pentaethylene glycol methacrylate)o.o-co-poly(azidophenyl methacrylate)o: (0.29
mmol/g). Figure 3.18 shows the cell-adhesion behavior of a poly(pentaethylene glycol
methacrylate)o.o-co-poly(azidophenyl methacrylate)oi-treated surface, which shows a similar
concentration dependence to that observed for the AzPEG(1.2)-immobilized surface. Because
the azidophenyl units in AzPEG(1.2) are present at 0.19 mmol/g, immobilization efficiency
appears to depend on the number of azidophenyl units in the polymer. Therefore, compared to
other photoreactive polymers, AzZPEG(1.2) is highly efficiently immobilized onto substrates

and is soluble in protic solvents.
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Concentration of polymer for spin coating
0.5 wt% 0.25 wt% 0.125 wt% 0.0625 wt%

Figure 3.18 Phase contrast images of 3T3 cultured on AzPEG(1.2)- and vinylic-polymer-

AZPEG (1.2)

Vinylic polymer!

coated micro-patterned glass. The surfaces were rinsed with water. The vinylic polymer is
poly(pentaethylene  glycol = methacrylate)0.9-co-poly(azidobenzyl  methacrylate)0.1.
Scale bar: 500 pm.
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3.4 Conclusions

Ethylene-glycol-based photoreactive polymers were successfully synthesized using the
AzPheEO monomer. The polymers were immobilized onto various substrates by exposure to
UV irradiation, and suppressed non-specific adhesion of a protein to the substrate. In particular,
the polymer possessing a low azidophenyl content was highly water solubility and suppressed
cell adhesion. The advantage of the AzPEG polymer is that it contains more photoreactive
functional groups on its side chains compared with an alkylene-main-chain polymer, while
maintaining water solubility. Consequently, this polymer is expected to be used to immobilize
bioactive molecules to substrates without the need for organic solvents. We expect that the

highly reactive AzPEG will be used as a photo responsive antifouling agent.
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Chapter 4

4. Conclusions and future perspective

4.1 Conclusions

This dissertation describes the development of polymeric materials based on thermal induced
responsive and photo induced-reactive polymers. Newly designed functional polymers were
synthesized and developed into polymeric materials that are regulated by external stimuli. The
prepared functional polymers were provided their applicable uses for biomedical applications

especially for in situ hydrogel and antifouling surface.

General introduction of stimuli responsive and reactive polymers is given in Chapter 1. The
TR polymer and photo reactive polymers are defined, and their properties and mechanisms of
each system are described in detail. In addition, the applications of stimuli induced reactive
polymeric materials, in situ hydrogel and antifouling coatings, are described. Finally, the

motivation, objectives and outline of this study are mentioned.

In Chapter 2, the design and synthesis of thermo-responsive polymer are addressed. It describes
a preparation method of TR polymer and hetero-armed TR reactive nanoparticle in different
ratio between two kinds of polymer is described. The reactivity of hetero-armed nanoparticle
was well-controlled by temperature in the presence of external reactive molecules, which is the
result of morphological change of nanoparticle induced by thermal stimulus. In addition, a
crosslinked hydrogel can be developed by using a highly concentrated solution. The sol-gel

change was confirmed by rheometric measurements.
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In Chapter 3, the novel design and synthesis of photo-induced reactive polymers are described
in detail. For the photo reactive polymer, a phenylazide-conjugated monomer was synthesized
and then copolymerized with EO to obtain the PEG-based phenylazide-photo reactive polymer.
The prepared photo reactive polymer sensitively responded and reacted by the UV irradiation
due to phenylazide compounds introduced in the side chain of polymer. Regardless of the type
of substrates, the polymer was well-coated on surfaces including glass, polystyrene, and
polycarbonate. All the prepared coated pattern surface showed good suppression of protein
adsorption and cell adhesion. The prepared PEG-based phenylazide photo reactive polymer
showed better solubility and improvement in hydrophilicity compared to that exhibited by
conventional phenylazide photo reactive polymer because of existence of PEC as main

backbone chain.

Based on newly proposed polymeric materials, this dissertation concludes with the future
applicable uses and providing a platform for fabrication of new materials based on stimuli-
induced reactive polymers. This study takes the advantages of thermal and photo-induced
systems which can be used for regulating the reactivity or interaction. Each system was
demonstrated into the thermally responsive reactive nanoparticle for developing in situ
hydrogel and the photo-induced reactive polymer for suppression of non-specific interactions.
A simple thermal responsive system controlling the reactivity using a little tiny change in
environmental condition provides a new aspect of hetero-armed polymeric micellar structure
to control the chemical coupling reaction or in-situ gelation. Newly designed PEG-based
phenylazide photo reactive polymer showed its simple ability of photo immobilization due to
presence of the phenylazide groups. Even though large amount of the phenylazide group had
been introduced into the side chain, the prepared photo reactive polymer showed good
solubility in aqueous solution and protic solvents compared to the conventional phenylazide

photo reactive polymers, which is attributed to the introduction of PEG as main backbone chain.
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Therefore, it provides a better understanding for polymeric structures for improvements of
hydrophilicity which will be advantageous to photo chemistry application including surface

coating, immobilization, functionalization, and modification.

4.2 Future perspective

This study shows that the stimuli-induced reactive polymers can be used for controlling the
reactivities with the external molecules. Despite the advantages of the newly polymeric systems,

each system still has some remaining discussing points and several additional studies.

For example, for the hetero-armed TR reactive particle, there are several factors that
significantly affect the sol-gel behavior including structure of polymeric materials, length of
TR polymeric chain, concentration of particle solution, pH of the system, and ratio of the TR
polymer to reactive polymer in nanoparticles. The results of the study indicated that the ratio
and the concentration of mixtures were key factors to optimize for controllable gelation by the
temperature signal. In addition, the external particle shape (amine particle in this study) was
also crucial to control the reaction, from the results of the experiments with a linear-type
polymer (Polyallylamine). Therefore, the exclusive volume effect of the polymer turned out
to greatly affect the controllability of the reaction between the succinimide and amine
according to the morphological change of TR chain on micelles. Even though the thermally
responsive reactive nanoparticles accelerated the reaction by temperature stimuli, more precise
conditions need to be investigated to accurately control the reactivity of the particles. The
system should be further studied by using different ratios, compositions, concentrations, chain
lengths of TR polymers (200 units were used in this study) and even the shape/structure of the

external reactive molecules.
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The hetero-TR reactive particle has great potential to be applied as a stable and irreversible in
situ hydrogel developed by chemically crosslinked structure. In situ gelation can be simply
induced by body temperature after the gel precursor is injected in body. The proposed TR
reactive particle possess the succinimide group as reactive sites and it reacts with the primary
amine on counter particle to develop crosslinking networks. Proteins have many amino groups
which can help the crosslinking formation or acceleration of reaction in body after injection.
However, to apply the hetero-armed TR reactive polymer as injectable polymer for in situ
hydrogel working in body system, cell cytotoxicity and biocompatibility experiments should

be performed in advance to investigate effects of protein and other biomolecules on the gelation.

For the photo reactive polymer, the novel design of main backbone structure using PEG chains
resulted in significant improvement in its solubility and hydrophilicity compared than that of
the conventional phenylazide photo reactive polymer. However, when the azide components
reach 15% of the total components, this polymer did not dissolve in protic solvents owing to
strong hydrophobicity from structure of the phenylazide. Introducing another long PEG chain
into side chain may be a possible solution for improving the overall solubility. Branched type
of phenylazide PEG polymer is expected to have better antifouling property because branched
PEG chain will be flexible so that it can show more resistance to fouling molecules. Also, it
will show high solubility in water and organic solvent owing to PEG chains existing as main
backbone chain and as brushes in the side chain of the polymer. In addition, the photoreactive
polymers has more than two photo reactive groups in one chain in current structure. This may
affect to thickness of the polymer coated surface because the crosslinking reaction may occur
not only between the polymer chain and the surface but also between the polymeric chains
themselves. Therefore, free end of PEG is favorable for preparing antifouling surface. The
phenylazide-PEG photo reactive polymer has shown its potential uses for antifouling surface,

and it will be highly useful for preparing polymer coated surface by utilizing photo reaction.
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The approaches presented in this dissertation provides a better understanding on new
functionalized polymeric materials with combination of stimuli-induced reactive system and
will be very useful for developing new research branch with a wide range of practical
applications. This study can be extended to other research fields including controlled drug
delivery, embolization agents, biosensor, actuator, photo functionalized surface, microarray

chips and diagnostic materials.
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