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Abstract

In order to develop devices for biomedical applications, various functional polymers are
required. Stimuli-responsiveness is an important property for the design of medical devices.
First, as a temperature-responsive material, a hydrogel was prepared using the dynamic
covalent bonds (DCBs) of a boronic ester formed by phenylboronic acid (PBA) and the diols
of poly(vinyl alcohol) (PVA) through mixing PBA-incorporated nanoparticles (PBA-NPs)
with PVA. PBA-NPs underwent three-dimensional (3D)-crosslinking with PVA and exhibited
a reversible gel—sol phase transition at 39.7 °C. The phenylboronic acid-diol DCBs were
controlled at temperatures slightly higher than body temperature. The prepared thermo-
hydrogel is promising for the development of smart materials in biomedical applications.

Secondly, template polymerization was applied for the preparation of strong hydrogel.
As the result, PBA-NPs can be fixed inside the hydrogel, to form a strong hydrogel and improve
its temperature-dependent viscoelasticity. The NP-type crosslinker with highly efficient
conjugation was prepared with backbone polymer (trishydroxymethyacrylamide). The
template polymerization was a useful approach for the recombination of crosslinking points of
self-healing and thermoplastic smart hydrogels. In this study, the smart hydrogel, with high
hysteresis, efficient thermal-plasticity, and self-healing properties was successfully prepared
using the DCB-introduced NPs as crosslinkers.

Thirdly, polyethylene glycol (PEG)-grafted photoreactive PEG polymers bearing
azidophenyl groups were synthesized and immobilized on the polystyrene surfaces by
photoirradiation, for the preparation of anti-biofouling surfaces which are important for
biomaterials. The prepared polymers were soluble in water and the photo-immobilization was
confirmed by micropatterning using a photomask. The polymers suppressed nonspecific
interactions with proteins and cells on the substrate. Considering that photo-immobilization
can be applied for covalent bond modification of various surfaces, the water-soluble and highly

anti-biofouling polymers will be very useful for biomedical applications.
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1. Stimuli-responsive polymers

Stimuli-responsive polymers have raised major attention in digital technology, sensors, and
biomedical applications owing to their quick response towards external stimuli, for example,
light, voltage, pressure, temperature, mechanical friction, and pH. Nevertheless, the action of
external stimuli on organic materials affects their internal physicochemical properties and
facilitates improved thermal/photostability, tuning detection sensitivity, accuracy, and
biocompatibility. They show a dramatic change in their physical and/or chemical properties
upon exposure to external stimuli. This unique and interesting property allows them to be
applied in smart and intelligent responsive materials [1].

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

proteins, ligands, and glucose [2].
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Figure 1. Classification of stimuli based on physical, chemical, and biochemical triggers

Traditional organic polymer-based materials have shown great applications in sensors
and digital technologies during the past few decades. These polymers are found to be non-
renewable and resistant to environmental changes due to the presence of irreversible covalent

bonds. As a result, it is more practicable to alter the intrinsic properties of polymers by external



General Introduction Chapter |

stimuli, making them suitable for use in artificial machines, biocomputers, and medicinal
applications [3].

The “Stimuli” phenomenon is ubiquitous in current technology because tuning the
physicochemical properties affects the electronic nature of materials thereby improving the
detection sensitivity and biocompatibility for in-vitro/vivo clinical testing [4]. Nonetheless,
stimuli-responsive polymers exhibit miscellaneous applications such as memory devices, drug
delivery/release, and electrochromic/photochromic materials that respond to external stimuli
in an intelligent manner [5]. For example, pressure, temperature, light, mechanical friction, and
chemical stimulus are utilized for the generation of mixed valence species, viologens formation,
sol-gel transformation, and varying pH of the smart materials [6,7].

Considering the biomedical fields, temperature variations can be applied through
thermal heating or photoillumination. Contrary to other stimuli like changes in pH and redox
potential, these strategies do not involve altering the medium composition. Because of this,
temperature-responsive polymers are the ideal choice when the stimulus needs to be delivered
artificially rather than by utilizing the particular characteristics of the targeted tissues or organs
[8]. Photo-technology significantly contributes to multifield including biotechnology and the
manufacturing of medical devices. By using the photo-immobilization method, various types
of biological components can be immobilized on the surface. The applications of photo-
sensitive polymers for biomaterials to create bio-inactive and bioactive surfaces that provide a
platform for the fabrication of new biomaterials for surface modifications, including

immobilization, functionalization, and modification [2].

2. Temperature-responsive polymers
Among the several stimuli, the temperature is the most versatile stimulus for medical and
engineering applications. Temperature-responsive polymers are very useful in biomaterial
applications since the average human body temperature is constantly about 37 °C. Additionally,
because it is so simple to adjust the external temperature using a variety of heating devices, the
temperature is a stimulus that is used frequently in the biomedical sector [8].
Temperature-responsive polymers exhibit a phase transition temperature in
correspondence with which a drastic change in solubility occurs. Temperature-responsive
polymers exhibit a unique property called critical-solution temperature (CST). Typically, there
are two critical-solution temperatures: the upper critical-solution temperature (UCST) and the

lower critical-solution temperature (LCST). Thermo-responsive polymers that show a UCST
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behavior are less common compared to the LCST ones because of their higher sensitivity to
environmental properties such as ionic strength and concentration [9].

The LCST is the temperature at which phase separation occurs. Among water-soluble
temperature-responsive polymers, those showing an LCST are the most common. Polymers
exhibiting LCST can 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. However, when the temperature is increased, the hydrogen bonds weaken and the
polymer chains begin to dehydrate, resulting in the aggregation of polymer chains. Moreover,
above the LCST, the hydrogen bonding between polymers and water becomes unfavorable,
and a transition occurs and quickly dehydrates and changes into a hydrophobic. For example,
the temperature-responsive polymer, Poly(N-isopropyl acrylamide) (PNIPAAm) exhibits an
LCST behavior at 32 °C. It has been widely studied because its LCST is close to the body
temperature [9,10].

2.1. Medical applications of temperature-responsive polymers

In the last few decades, temperature-responsive polymers have recently come under increasing
consideration for their use in the biomedical field as nanovectors for controlled drug delivery,
scaffolds promoting cell growth, and biomedical hydrogels. Thus, they impart a “smart”
behavior to the final product to give it a specific dynamic and an advanced function [8].

One of the most extensively studied applications of thermo-responsive polymers in the
biomedical area is the development of “smart” micelles to encapsulate pharmaceuticals and
control their release both in space and time. The instability of the thermo-responsive micelles
in response to temperature accelerates the release rate of the payload. This technique may be
utilized to conveniently localize the medicine release to the target tissue. This would increase
the bioavailability of the drugs and minimize the side effects connected with taking drugs that
are encapsulated [11-14].

Examples are given by temperature-responsive polymers for the formulation and
controlled release of therapeutics. These devices can be in the form of nanoparticles (NPs) for
intravenous administration [15,16], microparticles for oral delivery [17,18], and hydrogels for
subcutaneous and localized delivery [19-21]. The aim in each situation is to adjust the
pharmacokinetics and pharmacodynamics of the payload to keep its concentration between
therapeutic and toxic levels. By doing so, both repeated administrations and undesirable side

effects would be avoided, and patient compliance would increase [22]. In particular, medical
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treatments, such as cartilage regeneration and support, which were considered extreme
complications, have become feasible thanks to the advance of these temperature-responsive
materials. As an example, a thermo-responsive formulation of doxorubicin has reached Phase
I and II clinical trials [23].

Recently, thermo-responsive polymers are utilized for thermo-responsive surfaces for
cell culture. Cell sheet engineering enables the growth of continuous cell films that can be
further layered to obtain tissue-like and organ-like structures. Numerous studies have shown
that cell sheet transplantation is superior to single-cell injection in the treatment of a variety of
illnesses, including lung air leak sealants, limbal stem-cell deficiency, bone fractures, and
cardiac repair [24-27]. A new development in the field consists of the exploitation of thermo-
responsive modified microcarriers for the smart culturing of cells in 3D. Microcarriers provide
a higher specific surface compared to conventional 2D cell culture and make the culturing
process easier to monitor, favoring the scaling up to industrial processes. The functionalized
microcarriers offered the perfect environment for cell growth, and the cells multiplied similarly
kinetically to the control group while maintaining high viability [28].

The unique properties and versatile tailored structures of temperature-responsive
polymers allow them to be applied in a wide range of biomedical fields for various applications,
including drug delivery, biosensing, and tissue engineering, and for fabricating wound-healing

hydrogels [22].

2.2. Temperature-responsive polymers for preparation of thermo-hydrogels

One of the most important medical applications of temperature-responsive polymers is the
preparation of temperature-responsive hydrogels. Hydrogel is a hydrophilic polymer with a
three-dimensional crosslink network. It can absorb the surrounding water from 10 percent to a
thousand times its net weight without degrading. Hydrogel has unique properties that make it
resemble human soft tissues even though it is technically neither a solid nor a liquid. These
characteristics include the capacity to maintain volume and shape like a solid while also
exhibiting solute diffusion and liquid exchange. As a result, the hydrogel has become one of
the most popular subjects in the modern biomedical research [29]. Traditional hydrogels are
typically crosslinked chemically or physically from their crosslinking structure (e.g., hydrogen
bonds, n-m stacking force, hydrophobic effect, electrostatic interaction, molecular chain

winding, etc) or chemical crosslinking (i.e., crosslinking via covalent bonds) [30].
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Physically crosslinked hydrogels utilize weak intermolecular forces and are randomly
arranged at crosslinking points, so they are structurally unstable and have poor mechanical
properties [31].

Chemical crosslinking, as opposed to physical crosslinking, significantly enhances the
stability and mechanical properties of hydrogels by introducing strong homogeneous covalent
bonds; however, these bonds cannot be recovered spontaneously after being irreversibly broken.
Therefore, their life span expectancy is drastically reduced due to the structural irreversibility
[32].

In both cases, the main drawback is their irreversibility, which prevents a non-invasive
subcutaneous application or the easy recovery of the cells when these gels are used as scaffolds
for cell housing [33].

In addition, numerous drawbacks such as lack of robustness, lethargic response, weak
gesture recognition, and limited capability to self-healing properties in the temperature-
responsive polymeric-based hydrogel. Moreover, sensitivity and stability are the important
parameters that determine the temperature response of action. Consequently, the latest
development in material and biological areas of temperature response hydrogels and their
applications suggest that research progress in this area helps to resolve the existing
issues/drawbacks and find the solutions for futuristic challenges such as improvement in
sensing performance, enhanced stability, better exploitation of self-healing for biomedical
applications [34,35].

In the case of conventional thermo-responsive polymers such as PNIPAAm, a
significant drawback is the broad hysteresis between the heating and the cooling behaviors,
justified by the formation of intramolecular hydrogen bonds after the polymer collapse above
the transition temperature, which in turn hampers the polymer rehydration and dispersion when
the temperature is lowered [36,37]. Additionally, PNIPAAm notoriously shows acute
cytotoxicity, which requires a careful purification of the synthesized polymer, especially when
aimed at biomedical applications [38,39]. These aspects are currently limiting the interest
towards PNIPAAm, in favor of other categories of thermo-responsive biomaterials.

I can solve these current drawbacks, enhance the thermo-sensitivity, and improve the

stability as well as the self-healing of hydrogels by applying dynamic covalent bonds (DCBs).
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2.3. Dynamic covalent bonds (DCBs) for the advancement of hydrogels
Dynamic covalent bonding (DCB) can endow hydrogels with very special characteristics, such
as self-healing, responsiveness, injectability, and mechanical strength recoverability. DCBs
conceived to be applied in various biomedical areas own not only the sensitivity and
reversibility but also the improved stability and prolonged life span of the hydrogel [32].
Dynamic bonds reversibly break and reform, which can occur autonomously or in
response to external stimuli (Figure 2). DCBs are usually static at ambient conditions but
dynamic under stimuli such as light, temperature, or pH. As a result, polymeric materials with
DCBs are both robust and adaptable. The dynamic nature of these bonds has been used in

organic synthesis, material science, and biomedical applications [40].

EREREREREY

Figure 2. Dynamic association/dissociation equilibrium of the crosslinks upon application of

external stimuli

Thermal-responsive dynamic covalent bonds (TDCBs) have received significant
interest over the past decade. These are covalent bonds, which are capable of exchanging or
switching between several molecules by temperature changes. Particular focus has recently
been on utilizing these TDCBs in polymeric materials. Polymer materials gain strong
thermoresponsive properties when TDCBs are added to them. These properties include self-
healing capacity, shape memory, increased toughness, capacity to relax stresses, and capacity
to switch from one macromolecular architecture to another [41].

Recently, many advances in polymeric materials containing TDCBs have been
developed, introducing unprecedented properties such as malleability, self-healing, shape-
memory, adaptability, stress relaxation, and responsiveness [42,43]. Due to the ability to tune
the response of TDCBs and the resulting structure through specific chemistry, various TDCBs
have been integrated into macromolecules and materials. Interestingly, many of these bonds

are formed via widely known simple organic reactions, which are often “click” in nature [41].
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Self-healing and responsiveness make the TDCB-based hydrogels unique, which lay
the foundation for the relations between TDCB hydrogels and their biomedical application
prospects. Additionally, these characteristics are correlated in some way with the physiological
or pathological surroundings of the human body. Therefore, it is still an intriguing topic to
research how to use these qualities to promote the actual application [44]. Moreover, TDCB
improves the self-healing capability that makes the TDCB-based hydrogel injectable, which is
of great significance considering its application [45,46].

However, considering the biomedical applications, the thermal dissociation of TDCB
is difficult to achieve in mild conditions because high temperature is generally required to
dissociate these bonds (e.g., ester bond (> 100 °C). Moreover, covalent bonds that dissociate
at low temperatures (e.g., azo and peroxide bonds) are generally unstable. Therefore, a stable
thermal cleavage bond that dissociates under a mild environment such as body temperature is
extremely difficult to develop [45]. Furthermore, the unexpected exchange of TDCBs
facilitates these materials often being unstable and they can creep [46].

Therefore, in this study, I developed a new thermal-cleavage polymer using boronic
ester dynamic covalent bonding (PBA-DCB). The PBA-DCB-based polymer was applied for
the fabrication of thermo-responsive hydrogel that dissociates at a mild temperature near body
temperature. The prepared smart hydrogel can be promising for the development of many

applications in several biomedical fields.
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3. Photo-responsive polymers

Light is another important external stimulus because it can be precisely controlled in terms of
its wavelength and intensity, which affects the electronic properties of photoresponsive systems.
Additionally, light exhibits an ability as restricted to time and area of interest and is essential
to trigger the dynamic photo-switching process due to the generation of photoinduced radicals.
The chromophore attached to the system also contributes to photoisomerization and
polymerization. Azobenzene, spiropyran, o-nitrobenzoyl esters, and diarylethene have all been
widely applied up to this point. Additionally, smart materials with shape memory capabilities
have been produced, allowing them to return to their initial state when the characteristics used
in photo-actuators, sensors, microfluidic chips, and bioseparations are modulated [47,48].

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, 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. Owing to the distinctive properties imparted by the
spatiotemporal control of gels, photoreactions are widely used in numerous applications
varying from lithography to in-vivo polymerized biomedical applications [49]. Light is also a
noncontact and noninvasive stimulus. Hence, it affords easier access to body parts such as the
eyes and skin as a transdermal DDS [50].

To design the photo-responsive polymers, a photo-responsive or photo-reactive
functional group is needed to be introduced into polymer chains. Depending on the type of the
photoreactive group, the photoresponsive system can be classified into a reversible or
irreversible (photo-reactive) system. Several photo-sensitive moieties, such as o-
nitrobenzylesters, may undergo irreversible transformations during irradiation, whereas others
can react reversibly (e.g., azobenzenes) [51].

Photoreaction is considered an effective method to prepare a polymer-coated surface
through grafting. The photo-reactive polymers can react with light stimuli and can easily and
covalently immobilize various types of organic molecules and biomolecules on the surface.
Photoimmobilization enables random immobilization of all molecules; hence, the activity of
such an immobilized surface can be calculated by determining the average of each immobilized

molecule [51,52].
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Azidophenyl groups have gained considerable attention because of their high reactivity.
UV light irradiation of azidophenyl groups generates nitrenes, which react with various organic
materials to form covalent bonds (Figure 3). Highly active nitrene molecules can react with
saturated or unsaturated hydrocarbon chains or undergo cycloaddition reactions with alkynes.
Hence, azidophenyl groups are useful for application in the fields of chemistry and material
science for preparing functionalized surfaces. For example, a methacrylate-based polymer

containing an azidophenyl group in the side chains was prepared for a photo-immobilized

A/

Substrate

Photo-

surface modification [50].

irradiation

9
: (.

Substrate

Figure 3. Photoimmobilization of azidophenyl group containing polymers

3.1. Medical applications of photo-reactive polymers

Photo-reactive polymers are being widely utilized and continuously developed for a variety of
biological and medical applications. In fact, they have revolutionized the field of medicine,
including the subject areas of oncology, molecular biology, drug delivery, and surgery. For
instance, photo-reactive polymers used to create bioadhesives and biosealants have made
significant progress. In general, the amount of light delivered can be used to regulate the degree
of crosslinking, and the light can be turned off to halt the process. For example, they offer the

potential to be used as a tissue sealant in situ during surgery [53].
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In the development of drug delivery systems, photo-reactive polymers have been
exploited for the encapsulation of drugs in matrices as well as their photo-controlled release.
photo-reactive polymers can be used for both “targeted release,” in which the space is regulated,
and the other is “controlled release,” wherein materials are regulated in response to time [54—
56]. Additionally, for preparation of photo-cross-linkable hydrogels which can be utilized as
localized drug delivery depots, cell encapsulation materials, and tissue engineering scaffolds
[57]. One of the distinct applications in this field is the fabrication of medical microdevices
[58,59].

Photo-reactive polymers are utilized to prepare a wide variety of materials that have
been studied in terms of diagnostic purposes, as well as therapeutic purposes. All these types
of materials have been examined chiefly for cancer treatments (be they therapeutic, diagnostic,
or both) such as dendrimers [60], liposomes [61], and polymeric micelles [62].

The photo-immobilization has been used for the immobilization of various photo-
reactive polymers on various substrates extending from protein immobilization to cell and virus
immobilizations [63]. Another good example is various types of allergen microarrays that have
been prepared [64]. The detection of autoantibodies that act as diagnostic markers, surrogate
markers, and prognostic factors has also been used to characterize autoimmune diseases like
rheumatoid arthritis, multiple sclerosis, and autoimmune diabetes through autoantigen
microarray technology [65].

Additionally, an important biomedical application of photo-reactive polymers is the
preparation of biologically active surfaces. These surfaces have been used for cell adhesion
enhancement [66] and also have been utilized for cell growth enhancement through

immobilization of growth factors [67,68].

3.2. Photo-reactive polymers as antibiofouling agents

Fouling is an undesirable adhesion of molecules, living organisms, and suspended particles on
a surface. It is a serious issue in many industries, including marine, food, and medical industries,
and causes problems such as high energy consumption and high maintenance costs [69].
Fouling becomes even more serious for biomedical applications because it can cause various
health problems. Nonspecific interactions are also a problem 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-

11
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contacting biomaterials and medical devices. These issues may result in the formation of a
thrombus, which leads to platelet formation and ultimately to the failure of the implanted device
failures and fatal complications [70].

Advanced polymer synthesis and technologies have enabled the development of several
polymer-coating methods to fabricate antifouling surfaces. Surface coating using has been
widely used to prevent biofouling in medical devices and implants. Surface modification,
immobilization, and functionalization can be achieved [50,71].

Because biofouling is mediated by proteins, prevention of protein adsorption has been
proposed as an effective solution to the biofouling [72]. Many antifouling strategies have been
developed, which can be categorized into three groups: fouling-degrading/killing, fouling-
release, and fouling-resistant [73,74] (Figure 4). 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 kill microorganisms. However, due to the complicated, time-consuming
synthetic conditions and high cost, it remains a challenge to create an efficient antimicrobial
surface for the anti-biofouling [75]. In addition, the disadvantages such as biocompatibility and
biosafety, and stability have not been further studied [76]. The fouling-release mechanism
requires the application of external force which require expensive techniques and
uncontrollable leaching of microbial growth and multiplication [69]. Thus, the fouling-resistant
should be considered a superior strategy and has gained significant attention for antibiofouling
surface modifications.

A PEG-coated hydrophilic surface is the most common example of a fouling-resistant.
The PEG-coated surface shows 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 highly hydrated water layer that hinders the
approaching protein and other biomolecules. When a protein approaches the hydrated layer,

the compression of the layer decreases the entropy of the polymer chains, resulting in the

12
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repulsion of the approaching proteins. The high mobility of the PEG chain also contributes to
the overall antifouling properties [50,77].

Fouling-degrading Fouling-release Fouling-resistant

Figure 4. Illustration of antifouling strategies based on different mechanisms

Photoimmobilization is considered an effective method to prepare a polymer-coated
anti-biofouling surface modification. The photoreactive PEG can react with light stimuli and
can easily covalently immobilize various types of organic molecules and biomolecules on the
surface [49,51,78,79].

In a previous study, methacrylate-PEG and acryloyl 4-azidobenzene were
copolymerized to create photo-reactive PEG. However, the water solubility of these polymers
was relatively low due to the minor hydrophilicity of the polymethacrylate backbone, and it
further declines as the number of azidophenyl groups increases [50,80]. In order to increase the
water solubility and photoreactivity, coimmobilization with PEG-carrying ethylene oxide was
done in this thesis. The resulting antibiofouling properties were then investigated. The created
photo-reactive grafted PEG polymer can therefore be used for surface modification in

biomedical applications because it has desirable antibiofouling properties.

13
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4. Objectives and outlines

The objectives of this study were to design and synthesize new stimuli-responsive and fabricate
stimuli-reactive polymers, which can provide a platform for the development of new
biomaterials. For this purpose, temperature-responsive and photo-reactive polymers were
designed and synthesized, and their properties were evaluated for their potential biomedical
applications.

The first target was the preparation of temperature-responsive systems. As mentioned
earlier in this chapter, a stable thermal cleavage bond that dissociates under a mild environment
such as body temperature is extremely difficult to develop. This is because a higher temperature
is generally required to dissociate covalent bonds (> 100 °C). Moreover, bonds that dissociate
at low temperatures are generally unstable. Furthermore, the acute cytotoxicity of conventional
temperature-responsive polymers such as PNIPAAm polymer. These aspects are currently
limiting the interest towards conventional thermo-responsive polymers in favor of other
categories of thermo-responsive materials especially when aimed at biomedical applications.
In addition, numerous drawbacks such as lack of robustness, lethargic response, weak gesture
recognition, and limited capability to self-healing properties in the temperature-responsive
polymeric-based hydrogel.

In this study, I solved these current drawbacks, enhanced the sensitivity and stability,
and improved the self-healing of hydrogels by applying DCB. DCB endows hydrogels with
very special characteristics, such as self-healing, responsiveness, injectability, and mechanical
strength recoverability. I described the design and synthesis of temperature-responsive
polymers using boronic ester dynamic covalent bonding. The DCB-based polymers were
applied for the fabrication of thermo-responsive hydrogel that dissociated at a mild temperature
near body temperature.

To meet the practical requirements in biomedical applications such as drug delivery,
wound dressing, tissue engineering, 3D cell culture, biosensors, and others, DCB hydrogels are
being built. DCB hydrogels may be the next paradigm as a result of their demand-oriented
design.

The next target was the preparation of photo-reactive polymers. In some previous
studies, photo-reactive PEG was synthesized via the copolymerization of methacrylate-PEG
and acryloyl 4-azidobenzene. However, owing to the low hydrophilicity of the
polymethacrylate backbone and the hydrophobic nature of the azidophenyl group, the water

solubility of these polymers is low and decreases further upon an increase in the number of

14
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azidophenyl groups. These aspects are currently limiting the effective surface modification and
lowering the antibiofouling-capabilities of azidophenyl-containing polymers.

In this study, to enhance the water solubility thus enhancing the surface coating and
anti-biofouling effect, 1 designed azidophenyl-modified and PEG-grafted PEGs as
photoreactive polymers for surface anti-biofouling modifications. The PEG-grafted photo-
reactive polymers were successfully synthesized and significantly reduced the interactions with
biological components, such as proteins and cells. Hence, PEG-grafted photo-reactive
polymers, with desirable antibiofouling properties, can be used for surface modification in
biomedical applications.

Finally, this thesis discusses the application of the polymeric material developed and
provides a platform for the fabrication of new materials based on stimuli-responsive and
stimuli-reactive polymers. This study demonstrated the advantages of thermal and photo-
induced systems for future biomedical applications. Each system can be used as a temperature-
responsive polymer for developing self-healing hydrogels and photo-reactive polymers for

surface chemistry, including immobilization, functionalization, and modification.
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1. Introduction
Smart hydrogels have been used in a variety of fields including biomaterials, polymeric
actuators, energy devices, and molecular sensing [1-4]. They exhibit controllable physical
properties in response to changes in the external environment, such as different physical and
chemical stimuli. Smart gels based on dynamic covalent bonds (DCBs) have recently been
developed [5,6]. These gels exhibit reversible bond dissociation in response to changes in the
surrounding environment. The covalent properties of DCBs are extremely stable, and they also
reach equilibrium and partially dissociate in response to external stimuli (such as heat and light)
and subsequently reform bonds when the stimulus is removed. Because external stimuli can
encourage their dissociation, DCBs can be used as crosslinkers to change the internal structure
of hydrogels [7,8]. Because external stimuli can encourage their dissociation, DCBs can be
used as crosslinkers to change the internal structure of hydrogels. After the stimulus is removed,
these DCB-derived non-bonding free functional groups can randomly recombine with their gel
counterpart functional groups, allowing recombination of the crosslinking points and enabling
adhesion between gels due to a self-healing function [9,10].

Different dynamic covalent bondings have different properties and characteristics.
These unique properties make dynamic covalent bondings have diverse application prospects
in the biomedical field. Several stimuli such as pH and temperature enable the cleavage of

DCBs for the preparation of self-healing hydrogel (Figure 1).

R4
Rz
Acylhydarzone
Ry R4 Ra2
R2
DCBs for preparation of
Imine Bond self-healing hydogel Disulfide
Bond

Boronate
Ester Bond

Figure 1. Dynamic covalent bonds used for the preparation of self-healing hydrogel
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Temperature is a particularly common stimulus in the biomedical field because of the
ease of external temperature control that can be achieved using various heating devices. The
Schiff bases (amine-aldehyde) [11,12], acylhydrazone (hydrazine-aldehyde) [13], Diels-Alder
reaction (ene-diene) [14,15], dithioesters (thiol-thiol) [16], and alkoxyamines (styryl-radical-
nitroxyl-radical) [17] are examples of DCBs that dissociate with heat. The physical properties
and structure of a gel can be drastically altered using these DCBs because the crosslinking
points that support its morphology can be directly cleaved by heating. Controlling the binding
and dissociation caused by thermal stimuli can make it possible for the functional groups that
make up the DCBs to recombine, giving the gel self-healing properties [18]. However, high-
temperature treatment is typically needed to break these bonds and promote polymer chain
mobility in the gel and subsequently allow the crosslinking structure to recombine. For instance,
to regulate the functionality of the hydrogel, Schiff bases are only heated to 67 °C or higher,
which are thought of as relatively low temperatures [8,12].

The high-temperature processes used to create smart hydrogels have a significant
impact on their physical characteristics, particularly concerning surface drying and water
evaporation. Therefore, DCBs that are in equilibrium at room temperature and passively
exchange their functional groups are used to create hydrogels that have self-healing qualities
in ambient environments [19,20]. DCBs should be stable at room temperature and dissociate
at mild temperatures to actively induce the exchange of DCB-derived functional groups.
However, these DCBs have been rarely reported. As a result, regulating the bonding of DCB-
type smart hydrogels at room temperature can greatly facilitate their biomedical applications.

Phenylboronic acid (PBA), which forms boronic ester DCBs with diol compounds
[21,22], is extensively used in biomedical applications, especially as a glucose sensor owing to
its high binding affinity to sugars [23,24]. Moreover, PBA can form a hydrogel with diol-
containing polymers, such as poly(vinyl alcohol) (PVA), at high concentrations; the resulting
hydrogel has biomedical applications as glucose sensors and a cell-coating material, for
instance [25].

The DCBs of boronic esters are widely used in the biomedical field due to the high
biocompatibility of PBA, but it is unknown how temperature affects these boronic esters at this
time. The phase transition of the thermoresponsive polymers occurs at temperatures close to
room temperature or higher, making it difficult to analyze the thermal effects of boronic esters
under ambient conditions even though temperature responsiveness has been added to PBA

using these polymers [26,27].
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In order to determine whether it would be possible to take advantage of the thermal
dissociation of its bonds in the creation of functional hydrogels, the thermochemical properties
of a boronic ester were clarified in this study. In particular, PBA was combined with cationic
poly(N,N-dimethylaminopropyl acrylamide) (PDMAPAAm) because the presence of cationic
polymers significantly increases the dissociation constant of boronic esters [28].

Additionally, PBA was added to the surface of cationic nanoparticles in order to
multivalently bind with diol compounds. This multivalence effect enabled control of the
bonding and dissociation states of the DCBs via a thermal stimulus, thus permitting the
recombination of hydrogel samples in terms of position and crosslink density to impart self-

healing properties.
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2. Materials and methods

2.1. Materials

The n-butyl methacrylate (BMA), N,N-dimethylaminopropyl acrylamide (DMAPAAm), and
4-acryloylmorpholine (ACMO) were provided by FUJIFILM Wako Pure Chemicals (Tokyo,
Japan), and they were subsequently purified by distillation under reduced pressure. PVA
(polymerization degree: 1000), 2,2'-azobisisobutyronitrile (AIBN), 2-ethanolamine, alizarin
red S (ARS), acetone, hexane, 1,4-dioxane, sodium hydroxide, hydrochloric acid,
sulforhodamine B, and glutaraldehyde were also bought from FUJIFILM Wako Pure
Chemicals. 3-(acrylamido) phenylboronic acid (APBA; Combi-Blocks, San Diego, CA, USA),
2-cyano-2-propyl dodecyl trithicarbonate (CPDT; Sigma-Aldrich, St. Louis, MO, USA), and
tris(2-carboxyethyl) phosphine hydrochloride were used as received (TCEP; Tokyo Chemical
Industry, Tokyo, Japan).

2.2. Synthesis of PBA-terminated block copolymer

BMA (75 mmol), CPDT (3 mmol), and AIBN (0.3 mmol) were dissolved in 1,4-dioxane (100
mL) and bubbled with nitrogen gas for 30 min at 25 °C. After that, polymerization was carried
out for 24 hours at 80 °C. The resulting mixture was dissolved in acetone and the unreacted
monomer was completely evaporated at 100 °C for one hour under vacuum. For use in the
ensuing copolymerization, the obtained PBMA was dissolved in 1,4-dioxane. Then, 1,4-
dioxane (10 mL) was used to dissolve PBMA (0.1 mmol), DMAPAAm (10 mmol) or ACMO
(10 mmol), and AIBN (0.01 mmol). The solution was bubbled with nitrogen gas for 20 min
and subsequently reacted at 80 °C for 24 h under a nitrogen atmosphere. Dropwise addition of
the reactant solution to an excess of hexane produced the yellow compound, which was then
dialyzed for two days against water using a dialysis membrane (Spectra/Por 6, MWCO 3500,
Spectrum Laboratories, Rancho Dominguez, CA, USA). By lyophilization, a block copolymer
was obtained. Following the dissolution of the diblock copolymer, APBA (10 molar
equivalents of the diblock copolymer), and TCEP in 1,4-dioxane (10 mL), the
dodecyltrithiocarbonate (DTC) group on the block copolymer's terminus was converted into
APBA by slowly adding 2-aminoethanol (10 molar equivalents of the diblock copolymer). The
solution was stirred for 12 h at 25 °C. After the reaction, a dialysis membrane (MWCO 3500)
was used to dialyze the reactant solution against water for 72 hours, producing polymers that
could then be freeze-dried. The cationic PDMAPAAm or nonionic PACMO-containing block
polymers with DTC- and PBA-terminations are referred to as PBMA-b-PDMAPAAmM-DTC,
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PBMA-b-PDMAPAAmM-PBA, and PBMA-H-PACMO-PBA, respectively (Scheme 1). The
obtained polymers were characterized using a gel permeation chromatography (GPC; JASCO)
system outfitted with a refractive index detector (R1-2032, JASCO, Tokyo, Japan) and two
columns (SB-803 HQ and SB804 HQ; Showa Denko, Tokyo, Japan), as well as '"H-NMR
spectroscopy (JNM-ECZ400R, 400 MHz, JEOL, Tokyo, Japan). A UV-vis spectrometer
(model V750, JASCO) was used to measure UV absorbance.

DTC s NH
14 74 2-ethanolamine 4 74 \/\l\/
CPDT DMAPAAM TCEP —0 (o) (0]
AIBN AIBN APBA

(@) HN
-, B
1,4-dioxane 1,4-dioxane % DMF % HO”
N
7 N\

BMA PBMA PBMA-b-PDMAPAAM-DTC PBMA-b-PDMAPAAM-PBA

B pans

"go Q

PBMA-b-PACMO-PBA

Scheme 1. (A) Scheme for preparing PBMA-b-PDMAPAAmM-PBA and (B) chemical
structure of PBMA-b-PACMO-PBA.

2.3. Preparation of nanoparticles

Acetone (1 mL) was added after each block copolymer (1-100 mg) had been dissolved in water
(1 mL). Using a rotary evaporator at 100 hPa, the acetone was completely removed under
vacuum at room temperature. The block copolymer solution was diluted with water to adjust
the polymer concentration from 0.1 to 100 mg/mL. The terms NP(PDMAPAAm)-PBA,
NP(PDMAPAAmM)-DTC, and NP(PACMO)-PBA, respectively, are used to denote
nanoparticles made using PBMA-b-PDMAPAAmM-PBA, PBMA-b-PDMAPAAmM-DTC, and
PBMA-b-PACMO-PBA.

2.4. Transmission electron microscopy (TEM)
One drop of each nanoparticle solution (1 mg/mL) was placed on a carbon-coated TEM grid

(COL-C10, 100 um grid pitch, Okenshoji, Tokyo, Japan). Subsequently, the samples were
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negatively stained with 2% samarium acetate, and excess liquid was removed with filter paper.

The samples were dried for 1 h and examined by TEM (JEOL).

2.5. Dynamic light scattering (DLS) and (-potential measurements

For the DLS and (-potential measurements, the NP(PDMAPAAm)-PBA solution was diluted
to 1.0 and 0.5 mg/mL, respectively. A NaOH solution (1 mol/L) was used to adjust the pH of
the solution. Measurements were performed using the ELSZ-2PL device (Otsuka Electronics,

Osaka, Japan).

2.6. Fluorescence measurements

The NP(PDMAPAAm)-PBA solution was mixed with an equimolar mixture of ARS. A
fluorimeter (FP-6500, JASCO, Tokyo, Japan) was used to measure the fluorescence intensities
in the 480—650 nm range with an excitation wavelength of 468 nm. A sample-cell thermostat

was used to regulate the solution's temperature (ETC-717, JASCO).

2.7. Differential scanning calorimetry (DSC)

PVA (5§ mg/mL) and NP(PDMAPAAmM)-PBA (5 mg/mL) were combined, and the pH of the
mixture was adjusted by adding either HCI or NaOH solutions. Water and the sample were
placed in the reference and sample cell holder of the micro-CAL VP DSC apparatus,
respectively (GE Healthcare, Chicago, IL, USA). The DSC peaks were measured between 15
and 70 °C.

2.8. Changes in thermo-viscoelasticity of PBA-modified-nanoparticle/PVA system

A vial was placed with NP(PDMAPAAm)-DTC, NP(PDMAPAAm)-PBA, or
NP(PACMO)-PBA (1-5 wt.%), and the pH of the mixture was adjusted using HCI or NaOH
solutions. The same volume of 10 wt.% of PVA solution was then added, and the mixture was
gently stirred at 25 °C. At 25 and 45 °C, the vial was inverted to examine how the PBMA-b-
PDMAPAAmM-PBA/PVA mixtures changed in viscosity.

A rheometer (AR-G2, TA Instruments, New Castle, DE, USA) was used to measure
the thermo-viscoelastic changes in NP(PDMAPAAm)-PBA/PVA. The NP(PDMAPAAm)-
PBA and PV A solution or hydrogel was then put on the rheometer plate after being thoroughly
mixed. In order to stop the water from evaporating, silicone oil was applied to it. Time sweep

measurements were then taken with a fixed frequency ( ® = 1 Hz) and strain (y = 1%)).
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After the hydrogel had been fixed with 0.3% glutaraldehyde, which was added to the
PVA solution to crosslink the PVAs, colored cubic hydrogels were created by adding
NP(PDMAPAAm)-PBA and sulforhodamine B or methylene blue to the mixture. On a hot
plate, these hydrogels were combined at 45 °C, and the heated hydrogels were subsequently
cooled to room temperature. For each procedure, the hydrogel connections were visually

verified.
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3. Results and discussion

3.1. Synthesis of PBA-terminated block copolymer

Sequential reversible addition-fragmentation chain transfer (RAFT) polymerization was used
to synthesize PBMA-b-PDMAPAAm-DTC. Hydrophobic PBMA was synthesized using
CPDT as the RAFT agent. Based on the trithiocarbonate unit's UV absorbance at 310 nm (g =
11000 L/mol/cm), the average molecular weight of PBMA was calculated to be 2600 g/mol
[29]. DMAPAAm was subsequently propagated from PBMA to produce PBMA-b-
PDMAPAAm-DTC. Using 'H-NMR spectra, the DMAPAAm unit in the block copolymer was
verified by contrasting the proton intensities of the methylene protons of BMA (-OCHz—, 2H,
3.84-4.05 ppm) and DMAPAAm (—N-CH>—, 2H, 2.94-3.42 ppm). The units of BMA and
DMAPAAmM monomers in the block copolymer were determined to be 14 and 74, respectively.
Additionally, the GPC chart showed a monomodal peak derived from the block copolymer,
indicating the formation of the PBMA-b-PDMAPAAmM-DTC diblock polymer.

The DTC group on the terminus of the diblock copolymer was converted into the PBA
unit by its aminolysis, followed by Michael's addition of APBA. The terminal conversion was
determined to be greater than 95% by comparing the aromatic protons of PBA at 6.98 ppm and
the methylene protons of BMA at 3.84-4.05 ppm in the 'H-NMR spectrum. The aromatic
protons of PBA in PBMA-b6-PDMAPAAm-PBA were confirmed at 6.98 and 7.51 ppm (Figure
2). A monomodal peak similar to that of PBMA-b-PDMAPAAmM-DTC was visible on the GPC
chart of PBMA-b-PDMAPAAmM-PBA (Figure 3). Additionally, the terminal conversion of the
PBA was confirmed by UV absorbance (Figure 4). The PBA-free diblock copolymer, which
was synthesized without the use of APBA in the terminal conversion reaction, had a low UV
absorbance in the 280-330 nm range, which matched the absorbance of PBA. Thus, the
successful conversion of the PBA substitution at the block copolymer was confirmed.

Nonionic PBMA-h-PACMO-PBA was synthesized similarly to PBMA-b-
PDMAPAAmM-PBA. The units of BMA and ACMO monomers in the block copolymer were
14 and 89, respectively, and the block copolymer showed a monomodal peak in the GPC profile
(Figure 3).

31



Results and discussion Chapter Il

® [T SR ssambly i water \%gff?
e

NP(PDMAPAAmM)-PBA
B)
s NH
W \/Y (d)
. o T NH ’ (e)\©
(@) (b) HO/B\OH

(c)

—
(¢
~
148.32
—
()
~

]

| | | | | | | | |

8 7 6 5 4 3 2 1 0
Chemical shift (ppm)

Figure 2. (A) Preparation of NP(PDMAPAAm)-PBA and (B) the '"H-NMR spectrum of
PBMA-b-PDMAPAAmM-PBA (solvent: CDCls).
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Figure 3. GPC charts of polymers. Eluent: N,N-dimethylformamide continuing 10 mmol/L
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Figure 4. UV spectra of block copolymers and 4-aminophenyl boronic acid in water.
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3.2. Preparation and characterization of synthesized nanoparticles

Nanoparticles with a PBA surface, hydrophobic core, and hydrophilic corona
[NP(PDMAPAAmMm)-PBA] were prepared by the assembly of PBMA-b-PDMAPAAmM-PBA in
water (Figure 2). Although PBMA-)-PDMAPAAmM-PBA was soluble in water, a higher
concentration (5 wt.%) prevented it from dissolving easily. As a result, acetone was used to
completely dissolve the PBMA-b-PDMAPAAmM-PBA compound before water was added.
After preparing the polymer solution, the acetone was removed from the mixture under reduced
pressure.

DLS analysis showed that NP(PDMAPAAm)-PBA exhibited a unimodal peak, with a
volume-average diameter of 54 + 0.16 nm (Figure 5A). The morphology of the nanoparticles
was confirmed by TEM, which revealed uniformly dispersed ~30-nm-sized spherical dots
(Figure 5B).

To determine the ideal pH range for the ionization of PBA and PDMAPAAm in the
formation of the boronic ester, the effect of pH on the C-potential of NP(PDMAPAAm)-PBA
was examined (Figure 6). The {-potential of NP(PDMAPAAm)-PBA at pH 7.4 (39.5 £ 1.1
mV) decreased as pH increased and turned negative at pH > 11.5. PBA and DMAPAAm are
two pH-dependent molecules found in NP(PDMAPAAm)-PBA. The dissociation constant
(pKa) of PBA is 8.6, and boron atoms form tetrahedral negative ions at higher pH levels [30].
However, DMAPAAmM has a pKa of 10.35, and deprotonation proceeds above this pH. Because
NP(PDMAPAAm)-PBA has a PDMAPAAm chain, protonation of DMAPAAm is suppressed
because of the adjunct protonated DMAPAAm unit, and the pKa of PDMAPAAm decreases
by ~1 compared to that of the DMAPAAmM monomer (10.35) [31]. When the pH was 8.6 or
higher, PBA on the particle surface was ionized and PDMAPAAm was deprotonated
simultaneously, which led to a decreased C-potential. The effect of protonated PDMAPAAmM
was hardly observed as the pH rose above 11, and the influence of boronate ions on the surface

increased, causing a negative shift in the C-potential.
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Figure 5. (A) DLS chart and (B) TEM image of NP(PDMAPAAm)-PBA.
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Figure 6. (-potentials of NP(PDMAPAAm)-PBA at different pH values (n = 3).
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3.3. Thermal properties of boronic ester

PBA is used to prepare a variety of biomedical materials by forming boronic esters with diols.
Except for the temperature-response behavior of thermoresponsive polymers for glucose
sensing that contains PBA, the temperature responses of these boronic esters have not yet
undergone a thorough analysis. As a result, the thermal properties of the boronic ester under
investigation in this study were assessed using the fluorescent molecule ARS which has been
catechol-functionalized and has a high affinity for PBA. When ARS binds to a PBA, it turns
fluorescent, acting as a fluorescent reporter that makes it possible to figure out binding
constants [28, 32].

From 20 to 50 °C, temperature-dependent fluorescence changes were seen in ARS and
NP(PDMAPAAm)-PBA (Figure 7). The PBA-conjugated ARS displayed strong fluorescence
at 20 °C. With the rising of temperature, the fluorescence intensity decreased and was hardly
ever seen above 40 °C. According to these findings, the boronic ester gradually dissociated in
a mild environment as it went from room temperature to body temperature.

DSC measurements were carried out using PBA-modified nanoparticles and PVA at
various pH values to examine the thermal sensitivity of the DCBs made by NP(PDMAPAAm)-
PBA and PVA diols (Figure 8) because the pKa of the boronic ester was affected by pH (Figure
9A). The NP(PDMAPAAmM)-PBA and PVA solution displayed a small exothermal peak at pH
7.4 that began at 25-30 °C and peaked at 46 °C. However, at pH 9.5 and 11.5 the heat capacities
of the NP(PDMAPAAmM)-PBA and PVA solution were six times greater than at pH 7.4.
Furthermore, the peaks terminated between 65 and 70 °C. However, the DSC curves were
almost identical except for the value regardless of pH. Additional DSC measurements were
performed using the nonionic NP(PACMO)-PBA/PVA system at pH 9.5 to confirm the
influence of PDMAPAAmM on PBA.

Interestingly, the resulting exothermic peak was nearly identical to the
NP(PDMAPAAm)-PBA/PVA exothermic peak at pH 7.4. Additionally, the DSC analysis
showed that the boronic ester could be thermally dissociated and that the DCB dissociation was
triggered from 25 to 30 °C, regardless of the pH change. In particular, the fact that almost
identical peak temperatures appear regardless of pH and whether cationic segments are present
or not suggests that the boronic ester is generally easily dissociated by heating.

However, the stability of the bonds was found to be highly dependent on pH; DSC
analysis revealed the higher diol binding strength of PBA ionized at a high pH and the high
thermodynamic stability in the high-pH region.
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Figure 7. Fluorescence intensity changes of ARS and NP(PDMAPAAm)-PBA.
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Figure 8. DSC thermograms of NP(PDMAPAAm)-PBA/PVA and NP(ACMO)-PBA/PVA at
different pH values. Green, red, and blue profiles represent data of NP(PDMAPAAm)-
PBA/PVA atpH 7.4, 9.5, and 11.5, respectively. The black profile represents NP(ACMO)-
PBA/PVA data at pH 9.5. A nanoparticle/PVA system concentration of 0.5 wt.% was used.
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Amines cause PBA to become strongly ionized, which stabilizes the ionic state of boron
(Figure 9). The coordination of the nitrogen center and boron to form a tetrahedral boronate is
a distinctive property of the family of boronic acids that contain an adjacent coordinating amine
center [33]. Additionally, the presence of an amino group makes the polymer more soluble in
water and makes it easier to form complexes with PVA. In addition, the amino group works
with boronate to stabilize it in its ionized form, resulting in a powerful boronate-diol
complexation [34]. The presence of NP(PDMAPAAm)-PBA involving a PBA unit on the
nanoparticle surface decreased the density of the polymer chains at the outermost layer.
However, PBA was connected to the PDMAPAAmM chain, and numerous DMAPAAm units
surrounded the PBA unit. As a result, coordination bonds between the boron and nitrogen
atoms were successfully formed by the PBA and DMAPA Am units.

The optimal pH of boronic esters is between the pK. values of PBA and diols [pHoptima
= (pKa-acid TpKa-dio1)/2] [35-37]; therefore, the optimal pH was assumed to be 12.6 in the present
study. Therefore, the ionic boron was stabilized in NP(PDMAPAAm)-PBA and at the high-pH
region, the boronic ester showed higher thermochemical stability.

In contrast, at pH 9.0, which was slightly higher than the pKa of PBA, PBA did not
sufficiently form the boronic ester in the absence of the cationic segment on the particles. As a

result, changes in boron's ionization state may have had a significant impact on bond stability.
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Figure 9. (A) Influence of pH on the charge of DMAPAAm and PBA. Illustration of possible
changes in interactions of PVA with (B) nonionic NP(PACMO)-PBA and (C) cationic
NP(PDMAPAAm)-PBA at different pH values.
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3.4. Preparation and characterization of PBA-nanoparticle/PVA hydrogel

The DCBs of the boronic ester initiated temperature-responsive binding and dissociation under
mild conditions from room temperature to close to body temperature, according to the
fluorescence and DSC results. Following that, the circumstances for hydrogel formation using
NP(PDMAPAAm)-PBA and PVA were investigated. To ionize the PBA, 1-5 wt.% of
NP(PDMAPAAm)-PBA and PVA were combined at a pH of 9.5, and the viscosity of the
resulting solution was measured. As a control, NP(PDMAPAAm)-DTC and PVA were
prepared and mixed; regardless of the solution concentration or the NP(PDMAPAAmM)-
DTC/PV A mixing ratio, the viscosity of this solution did not rise.

Contrarily, when NP(PDMAPAAm)-PBA and PVA were added, the viscosity of the
resulting solution increased and gelation started to take place at a solution concentration of 5
wt.% (Table 1). Due to the PBA unit only existing at the terminus of the block copolymer,
which reduced the molar concentration of PBA in comparison to other PBA and PVA
hydrogels [25], the concentration of NP(PDMAPAAm)-PBA was higher than that of
conventional PBA and PV A hydrogels.

Table 1. Viscoelastic properties of synthesized nanoparticle/PV A mixtures at 25 °C (pH 9.5)

NP [NP] (Wt.%) | [PVA] (Wt.%) | G'(Pa) | G" (Pa)
5 1 4.75 5.89
5 25 14.4 19.3
NP(PDMAPAAm)-PBA
5 5 68.4 50.4
2.5 5 30.0 21.1
NP(PACMO)-PBA 5 5 0.114 1.20
NP(PDMAPAAm)-DTC 5 5 5.48 8.17

A glucose solution (1 mol/L) was used to demonstrate the bonding between the PBA
on the nanoparticles and the PVA diols in the hydrogel, which was made possible by the
boronic ester. The hydrogel quickly degraded because the boronic ester at the PVA diols was
replaced with glucose after the addition of the glucose solution [38]. The crosslinking points
of the boronic ester between PBA on the nanoparticles and PVA were therefore dissociated,
indicating hydrogel formation by the DCBs of the boronic ester (Figure 10).

The viscoelasticity of the hydrogel was then studied concerning pH (Figure 11). The

mixture remained in sol form at a pH of 7.4. When the pH was raised, the viscoelasticity
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increased, resulting in the formation of hydrogel, and peaked at pH 9.5. Nonetheless, starting
at pH 9.5, the viscoelasticity gradually decreased, producing a sol at a pH greater than 11.
These findings suggest that if the pH of the solution is higher than the pKa of PBA and lower
than the pKa of PDMAPAAm, a stable hydrogel can be prepared using PVA and the
PDMAPAAmM nanoparticles, with PBA being ionized and further stabilized by protonated
DMAPAAmM.

(A) : (B)
SN |

Figure 10. Photos of NP(PDMAPPAm)-PBA/PVA (A) before and (B) 30 s after adding 1

mg/mL glucose solution.
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Figure 11. Effect of pH on the viscoelasticity of NP(PDMAPAAm)-PBA/PVA hydrogel.

Red and blue circles indicate G" and G”, respectively.
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The addition of PBA to the nanoparticle surface produced multivalent binding between
the PVA diols and PBA on the nanoparticles. By preparing linear P(DMAPAAm-co-PBA)
(DMAPAAmM/PBA = 475/25 (unit) as determined by "H-NMR spectroscopy) and mixing it
with PVA, this multivalent binding effect was assessed. Similar to the mixture of
NP(PDMAPAAm)-PBA and PVA, linear P(DMAPAAm-co-PBA) and PVA showed the
highest value in a region with values higher than the pKa of PBA, though it failed to form a
hydrogel (Table 2). These results suggest that the introduction of PBA to the nanoparticle
surface is critical to the preparation of stable hydrogels because the multivalent-bond-formation
characteristic of the boronic ester; furthermore, the formation of the boronic ester on the

nanoparticle surface in 3D enables efficient nanoparticle-PVA bonding.

Table 2. Viscoelasticity change of P(DMAPAAm-co-APBA)/PVA(S wt.%/5 wt.%) solution

pH G’ (Pa) G" (Pa)
8.5 1.9 2.7
9.5 2.7 42
10.5 2.9 46

3.5. Thermally induced formation and dissociation of crosslinking points in hydrogel

The thermal characteristics of NP(PDMAPAAm)-PBA/PVA hydrogel at pH 9.5 were
subsequently examined using a rheometer (Figure 12). As the temperature rose above 25 °C,
the viscoelasticity of the gel gradually decreased. At 39.7 °C, G" surpassed G’, indicating a
gel-sol phase transition. In contrast, as the solution temperature dropped from 50 °C, the
viscoelasticity gradually increased. In addition, at 21.3 °C, G’ overtook G" and gelation took
place, demonstrating the reversibility of the sol-gel transition of the PBA-nanoparticle/PVA
mixture. According to the DSC measurements, bond dissociation was almost complete at 65 °C.
In order to study the viscoelasticity of the sol phase, the solution temperature was elevated to
more than 50 °C. Viscoelasticity gradually decreased as the temperature rose above 50 °C,
resulting in G' and G" values of less than 1 Pa above 65 °C. These findings show that the
crosslinking points formed by the PBA-PVA bonds, gradually dissociated with rising
temperature. The structure of the hydrogel containing 5 wt.% NP(PDMAPAAm)-PBA at pH
9.5 collapsed at a temperature below that at which half of the bonds dissociated, turning the
hydrogel into a sol, according to DSC analysis. When the temperature was raised to 65 °C or

higher, almost all of the PBA-diol bonds broke down, and the PBA particles and PVA
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molecules were thought to exist independently. As a result, the PBA-diol bonds dissociated at
mild temperatures, and it was simple to control the crosslinking state of the gel by adjusting
the temperature. The hydrogel's restoration effectiveness was finally verified by varying the
temperature (between 25 and 50 °C). The hydrogel's G’ and G" values were 145 and 82 Pa,
respectively, at 25 °C. Following 10 minutes of heating at 50 °C and 10 minutes of cooling at
25 °C, the sample had G’ values for the hydrogel of 119 and 66 Pa, respectively. The restoration
efficiency, which was estimated to be 82%, gradually declined with repeated heating and

cooling, becoming only 70% after the fifth cycle.
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Figure 12. Changes in thermo-viscoelasticity of NP(PDMAPAAm)-PBA/PVA. (A)
Preparation of hydrogel using NP(PDMAPAAm)-PBA and PVA. (B) Images of a mixture of
NP(PDMAPAAmM)-PBA (5 wt.%) and PVA (5 wt.%) at 25 and 45 °C. Sol-gel phase
transition occurred reversibly in response to temperature variations. (C) Changes in
viscoelasticity of NP(PDMAPAAm)-PBA (5 wt.%) and PVA (5 wt.%) at pH 9.5. Red and
blue profiles indicate G' and G”, respectively. Solid and dashed profiles indicate heating and
cooling processes (5 °C/min), respectively. (D) G' and G” data and (E) restoration efficiency
of NP(PDMAPAAmM)-PBA (5 wt.%) and PVA (5 wt.%) at 25 and 50 °C. The temperature
was alternated between 25 and 50 °C every 10 min.
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By crosslinking the hydrogel with glutaraldehyde, the self-healing capability of the
material was examined. The NP(PDMAPAAm)-PBA/PVA hydrogel was crosslinked with
glutaraldehyde to maintain its structure at higher temperatures because the hydrogel turned
into a sol at temperatures over 39 °C. The hydrogel maintained its structure at 45 °C, as
shown in Figure 13. The Young's moduli of the hydrogel were calculated using the following
equation before and after thermal cycling:

E=2G'(1+v),
where E and v represent Young’s modulus and Poisson’s ratio, respectively.

The Young’s moduli of the unheated, heat-treated (50 °C), and cooled (25 °C) hydrogel
were determined to be 321, 33, and 119 Pa, respectively. As shown in Figure 12D, the stiffness
of the hydrogel was not sufficiently restored after 10 min of cooling. However, the boronic
ester was gradually formed at a low temperature, which increased the stiffness of the hydrogel.

Using colored hydrogel samples, the hydrogel's capacity to reestablish connections was
examined in order to verify its self-healing ability. The hydrogels were prepared, formed into
cubes, and tested for adhesion by changing the temperature (Figure 13B). At first, no adhesion
was seen when the cut surfaces of the gels were brought into contact with one another at 25 °C.
The hydrogel cubes were then heated on a hot plate at 45 °C, which caused them to soften and
significantly raise G”; at 25 °C, G" and G” values were 128 and 81 Pa, respectively, and changed
to 7 and 11 Pa at 50 °C. Furthermore, under heated conditions, no adhesion between the cut
surfaces was seen. However, adhesion was observed when these gels were cooled to room
temperature with the cut surfaces in contact. The strong connections due to the self-healing
ability of the NP(PDMAPAAm)-PBA/PVA hydrogel were confirmed by stretching it to more
than two-fold (Figure 13).

45



Results and discussion Chapter i

(A)
25°C 25°C 25 °C No self-healing

LA

(8)

(25°C

—&9
a N
HC CBN—
[}
~eC
B\
470
A SE—
Q|0
/\B\E BN

L Boronic ester

(25 °C OH(P\{A)\

[Got] |
?

B
B

B

Boronic ester

(©
25°C 45°C
®F @ L@ S
J@%L@H‘%@ s %H%é@%
@® e
[ B— OH )
B=ZOH (@ B—OH /N ©) —OH
/\ B—OH -4 &4 oH ,BZOH
g o 7/ \ O/H / \ OH OH

Figure 13. Self-healing properties of NP(PDMAPAAm)-PBA/PV A hydrogel. (A) Photos of

hydrogels at each step of the thermal investigation. Red and blue hydrogels were stained with

sulforhodamine B and methylene blue, respectively. (B) Possible changes in surface
chemistry of the NP(PDMAPAAmM)-PBA/PVA hydrogel at each investigated temperature.
(C) Nlustration of possible changes in interactions between PVA and NP(PDMAPAAm)-

PBA at different temperatures.
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Overall, by defining the thermochemical characteristics of PBA-diol bonds, a hydrogel capable
of undergoing sol-gel transition under incredibly mild conditions was successfully synthesized.
It is known that the thermal dissociation of various DCBs causes gels to acquire thermal
properties. Schiff bases, which are frequently thermally dissociable DCBs, must still withstand
temperatures above 67 °C to undergo thermal dissociation [8]. Through the evaporation of
water and drying of the surface, high temperatures have a significant impact on the
characteristic of hydrogels. However, in contrast to other DCBs, the PBA-diol bonds can start
to break down at 30 °C and completely do so at 60 °C. As a result, using mild temperature
treatments, the PBA-diol hydrogel can easily acquire self-healing properties. Furthermore,
functional control of this hydrogel made of boronic esters was shown to work at temperatures
close to body temperature. Although a high pH is needed for its preparation, this hydrogel is
anticipated to have a wide range of applications and be suitable for use as a medical material
on skin surfaces. Basically, this boronic-ester-DCB-based hydrogel can be used as a substance
that can express its functions in ambient environments, like body surfaces, because it works

well in conditions of mild temperature changes.

4. Conclusion

In contrast to other temperature-responsive DCBs, the thermal cleavage of the boronic ester
DCBs was found to start at a low temperature of 25-30 °C and dissociate (half of the DCBs)
at 46 °C. With rising temperatures, the viscoelasticity of the hydrogel, which uses a boronic
ester for crosslinking, changed significantly. In particular, the hydrogel transformed into a sol
at temperatures over 39.7 °C because of the dissociation of its boronic- ester-based cross-
linking points. The hydrogel recovered after cooling at 25 °C because the boronic ester was
rebuilt. By lowering the temperature, the thermally cleaved boronic ester inside the hydrogel
or on its surface could be randomly reconjugated. As a result, exchange between the boronic
ester on the hydrogel surfaces allowed for their connection, demonstrating its capacity for self-
healing. The boronic ester could be controlled under gentle conditions at temperatures slightly
higher than body temperature, and the self-healing property was demonstrated without
changing the properties of the hydrogel derived via water evaporation, for instance. As a result,
the NP(PDMAPAAm)-PBA system, based on boronic esters, has the potential to be a
promising hydrogel crosslinker for the creation of intelligent hydrogels for biomedical

applications.
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STRONG AND EFFICIENT SELF-HEALING
HYDROGEL BY TEMPLATE POLYMERIZATION
AROUND 3D NANOPARTICLE COMPOSED OF

DYNAMIC COVALENT BOND
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1. Introduction

As described in chapter II, self-healing and thermoplastic hydrogels were prepared using DCB,
which exhibits reversible dissociation and bonding through stimuli as the crosslinking points
in the hydrogels [1-3]. By controlling the bonding and dissociation of the DCBs, the DCB-
derived functional groups can be reconnected with their counterparts to recover the
crosslinking points in the hydrogel, allowing the hydrogel to exhibit self-healing characteristics
[4,5]. In addition, the dissociation of DCBs can drastically affect the structural stability of the
hydrogel, thus imparting thermoplastic properties to the hydrogel [6,7]. Because the DCBs
between the functional groups that form the crosslinking points are in equilibrium, they are
temporally dissociated at the cracking or fracture point of the hydrogel.

In contrast, such broken gel surfaces are gradually restored through contact under
appropriate conditions because the DCBs reach equilibrium to form new connections to re-
adhere and strengthen the hydrogel [8,9]. The recovery of the crosslinked structure occurs when
the functional groups on the polymer come into contact with each other; thus, the diffusion of
molecules is the most important factor in determining the re-adhesion performance of the
hydrogel [10,11]. Because recombination between functional groups is time- and temperature-
dependent, functional groups can recombine when their density becomes high. Thus, polymer
diffusion and mobility highly depend on the improvement of the gel-to-gel re-connection
[12,13].

Generally, DCB-based hydrogels are prepared by mixing polymers to connect them via
chemical or physical interactions. After mixing the polymers, DCB-derived functional groups
form DCBs to crosslink the polymers [1]. The crosslinking formation is highly dependent on
the diffusion of molecules [10,13]. However, the diffusivity of a polymer is significantly lower
than that of small molecules owing to its high molecular weight, limiting its contact with DCB-
derived functional groups [14,15]. In addition, the steric hindrance of a polymer also limits
DCB formation [1,15]. Thus, some of the DCB-derived functional groups remain free in the
gel, and the reaction rate is low. Moreover, the structure of the hydrogel becomes non-uniform
because of the free functional groups, delaying the recombination of the hydrogel in the self-
healing reaction [16]. Indeed, some self-healing hydrogels exhibit instantaneous reattachments.
When a large number of functional groups exist on the surface of a hydrogel, the formation of
new crosslinking points on surfaces of hydrogel causes fast adhesion between the gels; however,
not all functional groups are reconnected to completely recover the physical properties of the

hydrogel. Thus, the diffusion, mobility, and exclusion volume effects of a polymer must be
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reduced to promote the recombination of crosslinking points to completely recover the
hydrogel properties [16—18].

In this study, DCB bonds, which become the crosslinking points of a hydrogel, were
formed in advance between nanoparticles (NPs) and small molecules, and the NPs were
polymerized through “template polymerization” to enhance the recombination ability of the

DCBs.
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2. Materials and Methods

2.1. Materials

PBA-NPs were prepared as the previously reported method [1]. N-
[Tris(hydroxymethyl)methyl]acrylamide (THMAAm) was purchased from Thermo Fisher
Scientific (Horsham, UK). N,N-dimethylaminopropyl acrylamide (DMAPAAm) was
purchased from FUJIFILM Wako Pure Chemicals (Tokyo, Japan) and was purified by
distillation under reduced pressure. N,N,N’,N'-tetramethyl ethylenediamine (TEMED),
Ammonium persulfate (APS), 2-ethanolamine, 2,2'-azobisisobutyronitrile (AIBN), hexane,
and 1,4-dioxane, were also bought from FUJIFILM Wako Pure Chemicals. 3- (acrylamido)
phenylboronic acid (APBA; Combi-Blocks, San Diego, CA), tris(2-carboxyethyl) phosphine
hydrochloride (TCEP; Tokyo Chemical Industry, Tokyo, Japan). 2-cyano-2-propyl dodecyl
trithiocarbonate (CPDT; Sigma-Aldrich, St. Louis, MO) was used as received.

2.2. Preparation of TempGel(NP)

The PBA-NPs were prepared as previously described [1]. PBA-NP and THMAAm were
dissolved in water and the resulting solution was bubbled with N> gas for 10 min. Ammonium
persulfate (APS) and N,N,N’,N'-tetramethyl ethylenediamine (TEMED) were then added to the
solution in an ice bath. After 10 min, the hydrogel was collected from a vial and put into a mold

at 50 °C. For visual observation, the hydrogel was stained with methylene blue.

2.3. Preparation of TempGel(LN)

P(APBA-co-DMAPAAm) diblock copolymer (LN) was prepared by sequential RAFT
polymerization. Briefly, DMAPAAm, CPDT, and AIBN were dissolved in 1,4-dioxane and
then bubbled with N> for 20 min at 25 °C. The solution was reacted at 80 °C for 24 h.
Subsequently, APBA and TCEP were added. Then, 2-aminoethanol was slowly added to the
preceding solution to convert the dodecyl trithiocarbonate (DTC) group into APBA on the
terminus of the block copolymer. The solution was stirred at 25 °C for 12 h. After the reaction,

the reactant solution was dialyzed against water for 72 h using a dialysis membrane (MWCO
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3500), yielding polymers upon freeze-drying. TempGel(LN) was prepared as the above
protocol of TempGel(NP).

—=
o b Y \012H25
s
Q
CPDT 2-ethanolamine ©
HN

\
NH  AIBN N APBA, TCEP
§ 1,4 dioxane NH 1.4 dioxane
N B
7\ N N ’\OH
VRN s\ Mo
DMAPAAM PDMAPAAmM P(APBA-co-DMAPAAmM)

Scheme 1. Preparation of linear P(APBA-co-DMAPA Am) diblock copolymers

2.4. Viscoelasticity measurements

The hydrogel was then placed on a rheometer plate (AR-G2, TA Instruments, New Castle, DE,
USA). The solution was covered with silicon oil to avoid water evaporation, and time sweep
measurements were performed at a fixed frequency (o = 1 Hz) and strain (y = 1 and 1000%).
The measurements were taken in a temperature range of 20—80 °C.

To confirm the self-healing property of the hydrogel, colored and non-colored cubic
hydrogels were brought together at 50 °C using a hot plate. Subsequently, the heated hydrogels
were cooled to room temperature, and the hydrogel connection was visually confirmed for each
process.

In addition, the thermoplastic properties of the hydrogels were confirmed. First, the
cubic hydrogel was maintained at room temperature. Then, the hydrogel was heated to 50 °C
to soften and sealed in a star-shaped mold. After cooling to 25 °C, the hydrogel was recovered

from the mold and the shape of the hydrogel was observed.
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3. Results and discussion

3.1. Preparation of THMAAm hydrogel

PB surface NPs (PBA-NPs) were prepared by the assembly of w-PBA-poly(butyl
methacrylate)14-b-poly(N,N-dimethylaminopropylacylamide)4 (PBMA-b-PDMAPPAmM-
PBA), as previously reported [1]. PBA-NPs and N-[Tris(hydroxymethyl)methyl] acrylamide
(THMAAmMm) were mixed in water to form a boronic ester bonding between PBA on the surface
of the NPs and the hydroxyl groups on THMAAm in advance. Subsequently, THMAAmM was
polymerized using ammonium persulfate (APS) and N,N,N’,N'-tetramethyl ethylenediamine
(TEMED) to obtain a hydrogel (Figure 1), which is denoted as TempGel(NP). Furthermore, a
hydrogel prepared using the conventional method of mixing PBA-NPs and poly (N-
[Tris(hydroxymethyl)methyl] acrylamide) (PTHMAAmMm) is denoted as MixGel(NP)) (Figure

1.

OH
e=B ZOH

e

NP(PDMAPAAM)-PB

. Q
%gﬁf;} APS
O TEMED
T ANNAN %:o -
W/\f Template
ﬁ% polymerization

PB-Diol bond

Figure 1. Schematic illustration of hydrogel preparation by mixing a PTHMAAm chain and
PBA-NP (MixGel(NP)) and the template polymerization of THMAAm using PBA-NP as the
crosslinker (TempGel(NP)).
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3.2. Optimization of hydrogel preparation

3.2.1. The effect of preparation methods

Changes in the thermal viscoelasticity of the hydrogels were investigated using a rheometer. In
the case of MixGel(NP), the elasticity modulus (G') gradually decreased with increasing
temperature above 25 °C. Furthermore, the fluidity modulus (G”) of the hydrogel slightly
increased up to 60 °C and then decreased from 60 °C (Figure 2A). The temperature was
decreased from 80 °C, and the G’ and G” of the hydrogel recovered with decreasing temperature,
confirming the hysteresis. However, the values of G’ and G” were not the same as those of the
original hydrogel at 25 °C, and the value of G’ of MixGel(NP) after four thermal cycles was
90% of the original hydrogel.

In contrast, the G' of TempGel(NP) was nearly constant with increasing temperature
up to 60 °C and then gradually decreased over 60 °C. Interestingly, the G” of TempGel(NP)
increased with increasing temperature up to 60 °C (Figure 2B). A high hysteresis was observed
during the cooling of the hydrogel. To confirm the thermoresponsive behavior, changes in
viscoelasticity of the hydrogels at the temperature cycles of 25 and 50 °C were observed
concerning time (Figure 2C-D). While TempGel(NP) exhibited a significant change in thermal
viscoelasticity, MixGel(NP) did not recover its original G’ value by leaving a low temperature
for 10 min after high-temperature treatment. In chapter I, a hydrogel was prepared by mixing
PBA-NPs and poly(vinyl alcohol) instead of PTHMAAm. In the mixing method, regardless of
the polymer composition, once the crosslinking point is dissociated by high temperatures,
hydrogels cannot reorganize the crosslinking points as the temperature decreases [1]. The
results indicated that the properties of a hydrogel had significant effects on the hydrogel
preparation method, and TempGel(NP) exhibited high hysteresis and structural stability.

As mentioned earlier, MixGel(NP) was prepared using a conventional method of
mixing two macromolecules, PBA-NPs and PTHMAAm, to form a boronic ester as the
crosslinking point. To form this boronic ester, PBA on the surface of NPs and diol molecules
on the PTHMAAm must be diffused in the resulting solution. The low diffusion, motility, and
steric hindrance of the PTHMAAm molecules reduce the formation efficiency of the boronic
ester, resulting in the low viscoelasticity of the hydrogel.

In chapter I, the thermoresponsive behavior of a boronic ester between PBA-NPs and
poly(vinyl alcohol) (PVA) was investigated. The boronic ester was found to be dissociated at
25-30 °C and almost completely dissociated at temperatures above 60 °C (half dissociated

temperature was 46 °C) [1]. Therefore, the crosslinking point of the boronic ester in

58



Results and discussion Chapter Il

MixGel(NP) gradually collapsed with increasing temperature. In addition, the motility of
PTHMAAmM, which forms the skeleton of the gel, increased, and the hydroxyl groups on
PTHMAAm shifted away from PBA on the surface of NPs. As a result, NPs and PTHMAAm
chains independently existed as a solution when all the boronic acid esters were dissociated at
above 60 °C. Once the PTHMAAm chains are separated from the NPs, each functional group
on the diffused molecule must contact again to reform the boronic ester. PBA on the NPs and
hydroxyl groups on PTHMAAm were randomly conjugated during this recombination. Thus,
the reformation of the boronic ester was suppressed and incomplete, owing to the excluded
volume effect of PTHMAAm. In addition, not all the PBA on the NPs formed boronic esters
with PTHMAAm, resulting in low viscoelasticity of the MixGel(NP).

TempGel(NP) was prepared via template polymerization using PBA-NPs and
THMAAm. The THMAAm molecule has a low molecular weight and is mixed with PBA-NPs
before polymerization; therefore, all the PBAs on the surface of NPs formed boronic ester.
After polymerization, the PTHMAAm chains densely surrounded the NPs with a multivalent
boronic ester, which gradually dissociated with increasing temperature. Although the number
of boronic esters between PTHMA Am and the NPs decreased, the PTHMAAm chains did not
diffuse from the NPs because the boronic ester partially remained between the NPs and
PTHMAAmM. As shown in Figure 2B, the G” of TempGel(NP) increased with increasing
temperature without changing its G’, indicating that TempGel(NP) can modify the fluidity
parameter G” with a temperature change without changing the elastic parameter G'. That is, the
number of crosslinking points in the hydrogel, which was determined by the number of NPs,
remained unchanged at temperatures up to 60 °C. Moreover, the number of boronic esters on
the NPs decreased concerning temperature to increase the mobility of the NPs inside the gel.
In the case of TempGel(NP), above 60 °C, G” remained constant, and G’ gradually decreased
with increasing temperature. Because almost all the boronic esters in hydrogel dissociated over
60 °C, the mobility of NPs was saturated. In addition, the PTHMAAm chain of MixGel(NP)
can diffuse from the NP due to the loss of the boronic ester.

Interestingly, TempGel(NP) exhibited considerably high hysteresis under the
temperature cycles of 25-50 °C. At 60 °C, TempGel(NP) lost the boronic ester on the surface
of NPs. However, at 50 °C, approximately 50% of the boronic ester remained to connect NPs
and PTHMA Am, as discussed in the previous differential scanning calorimetry (DSC) analysis
(Figure 3) [1]. Thus, the dissociated boronic ester quickly reconnected to form a boronic ester.

3

This behavior is almost the same as the “zipper mechanism” of reactions between
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macromolecules. Therefore, after the temperature-induced dissociation of the boronic ester,

numerous hydroxyl groups closely surrounded PBA to reform rapidly and efficiently the

boronic ester in the hydrogel.
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Figure 2. Changes in thermal viscoelasticity of (A) MixGel(NP) and (B) TempGel(NP). Red

and blue lines represent changes in G" and G”, respectively, concerning temperature. Solid

and dashed lines indicate heating and cooling processes (5 °C/min), respectively. Changes in
G'" and G" of (C) MixGel(NP) and (D) TempGel(NP) at 25 and 50 °C concerning time. The

temperature was alternated between 25 and 50 °C every 10 min. Red and blue dots indicate

G’ and G", respectively.
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Figure 3. DSC thermograms of NP(PDMAPAAm)-PBA/PVA. A nanoparticle/PVA system

concentration of 0.5 wt. % was used.
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3.2.2. The effect of nanoparticles as crosslinker
To investigate the possible mechanism of the high hysteresis of TempGel(NP), the influence of
hydrogel density, the diffusion effect of molecules, and the multivalency effect were further
analyzed.

First, the density of the hydrogel was confirmed through scanning electron microscopy
(SEM) imaging. As shown in Figure 4, MixGel(NP) had a dense porous structure similar to
that of conventional hydrogels prepared via a polymer reaction [19]. In contrast, TempGel(NP)
exhibited a packed structure; the NPs were dense and completely covered by PTHMAAm.
These results indicate that numerous hydroxyl groups derived from the PTHMAAmM chain
existed on the surface of the NPs; therefore, the PBA groups nearby permitted rapid
reconjugation of the boronic ester by decreasing the temperature. The viscoelasticity of
TempGel(NP) was recovered rapidly when heated at 80 °C to completely dissociate the boronic
ester. Furthermore, the NPs and PTHMAAm chains were supposed to be completely isolated
owing to the dissociation of the boronic ester. However, quick recovery was confirmed by
decreasing the temperature from 80 °C. Thus, the dense packing structure of TempGel(NP)
facilitates the reformation of the boronic ester to completely recover its viscoelastic property

after a short-term temperature treatment.

(B)

Figure. 4: SEM images of (A) MixGel(NP) and (B) TempGel(NP). Scale bar: 1 um. The

scale bar in the inset of (B) is 200 nm.

The internal mobility of TempGel(NP) was investigated. Because TempGel(NP) uses
NPs as the crosslinker of PTHMAAm, the diffusion of NPs was smaller than that of small
molecules. TempGel was also prepared using linear polymer, P(APBA-co-DMAPAAmMm)
(APBA/DMAPAAmM=475/25 (units) figure 5) which is denoted as (TempGel(LN).
TempGel(NP) and TempGel(LN) were left in the water at 25, 50, and 80 °C (Figure 6). In the
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case of TempGel(LN), the hydrogel was completely dissociated after one day of incubation,
regardless of the temperature change. In contrast, TempGel(NP) maintained its structure for
more than 60 days at 25 °C. At 50 °C, TempGel(NP) partially maintained its structure for the
long term. However, it gradually swelled, and a long-term disintegration process was observed.
At 80°C, the swelling of TempGel(NP) was faster than that at 50 °C, and it completely
decomposed after 3 days.

TempGel(LN) was crosslinked using a linear polymer of P(APBA-co-DMAPAAm)
and PTHMAAmMm. Thus, the linear polymers were considered to gradually diffuse from the
hydrogel. Generally, because the boronic ester is in equilibrium, a part of the boronic ester is
dissociated even at 25 °C. Once the boronic ester was dissociated, the distance between PBA
and hydroxyl groups became significantly large to reconnect with the same functional group.
In addition, the mobility of the linear polymers inside the hydrogel increased (Figure 6). As a
result, the linear polymers diffused outside the hydrogel, which was insufficient to maintain
the hydrogel structure. In contrast, TempGel(NP) was crosslinked using NPs, and the
crosslinking points became a three-dimensional structure. Therefore, the diffusion of the NP
crosslinker was smaller than that of the linear polymer. At 50 °C, half of the boronic esters were
dissociated, and the other half remained to maintain the cross-linking structure. Thus, the NPs
hardly diffused from the hydrogel at low temperatures. In contrast, the recombination of
boronic esters gradually occurred under a low dissociation constant at high temperatures,

thereby disassembling the hydrogel.
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Figure 5. '"H-NMR spectra of P(APBA-co-DMAAm) (LN) (solvent: D,0).
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Figure 6. Photos of TempGel(LN) and TempGel(NP) in water at 25, 50, and 80 °C.

3.2.3. The effect of multivalency

The effect of multivalent boronic ester formation between the NPs and PTHMAAm on the
stability of the TempGel(NP) was investigated (Figure 7). Because PBA-NPs contained various
PBA units on the surface, they connect to PTHMAAm chains in a multivalent manner. To
control the amount of PBA units on the surface of PBA-NPs, PBMA-6-PDMAPAAmM-PBA,
and PBMA-6-PDMAPAAmM-DMAPAAm, which do not contain a PBA unit at its o-terminus
(Figure 8), were assembled to prepare the NPs.

As shown in Figure 7, the G’ and G” values of the TempGel(NP) decreased with
decreasing amounts of PBA on PBA-NPs. In particular, gel-sol phase transition was observed
when the amount of PBA on the surface of the NPs was less than 50%. In this experiment, the
amount of PBA on the surface of the NPs was reduced. Thus, the number of NP crosslinkers in
the hydrogel remained unchanged, regardless of the amount of PBA on the PBA-NPs. As
shown in Figure 2, G’ of the hydrogel remained unchanged while G” increased with increasing

temperature. Thus, when approximately half of the boronic ester was dissociated, the G’ of
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TempGel(NP) did not change. However, the G’ and G” values of TempGel(NP) decreased when
the number of PBA on the PBA-NPs was reduced, suggesting that the density of boronic acid
on the NP surface significantly affected the viscoelasticity of the hydrogel. Considering the
equilibrium state of boronic esters, when the boronic acid density on the NP surface was high,
the diols on PTHMA Am could rebind to surrounding PBA. However, as the density of PBA on
the surface of NPs decreased, the formation of boronic esters was suppressed because of the
decrease in the concentration of PBA on the surface of NPs. Thus, the viscoelasticity of the gel
decreased owing to the destabilization of the crosslinking points caused by a decrease in the
local boronic acid density. These results suggest that the multivalency effect is influenced by
the number of boronic acid ester bonds on the particle surface and the density of functional

groups on the surface of the NPs.
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Figure 7. (A) Changes in thermal viscoelasticity of TempGel(NP) containing 100% (red),
75% (blue), 50% (green), and 25% (yellow) PBA on the surface of PBA-NPs. Solid and
dotted lines indicate the G' and G”, respectively. (B) G’ (red dots) and G” (blue dots) of

TempGel(NP) with different PBA densities on the surface of PBA-NPs at 25 °C.
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Figure 8. Preparation NP-PBA prepared by mixing PBA-b-PDMAPAAm-PBA and PBA-b-
PDMAPAAmM-DMAPAAmM.

3.3. Reformation effect

Finally, the reformation efficiency of a boronic ester was investigated by adding physical
distortions to the hydrogels. The hydrogels were set on a rheometer plate, and then the strain
was periodically alternated between 1% and 1000% at 25 °C. By changing the strain from 1%
to 1000%, the G" and G" values were reversed, confirming the structural collapse of the
hydrogels (Figure 9). In the case of MixGel(NP), both G’ and G" values were restored after
approximately 100 s when the gel returned to a low-strain state. However, the recovery rate,
which is the change in the G" and G"” values from that of the original hydrogel, decreased with
an increase in the number of strain cycles and was approximately 72% after four cycles. In
contrast, TempGel(NP) exhibited a high and rapid recovery against physical stress. The
recovery rate after four cycles was approximately 90% and the restoration of G’ and G”
occurred within 60 s.

When the hydrogel physically disintegrated, a part of the boronic ester was forcibly
dissociated. Once physical stress was removed, the exposed PBA and hydroxyl groups nearby
reformed boronic ester, and the hydrogel can be restored its mechanical properties.
TempGel(NP) had numerous hydroxyl groups surrounding PBA on the NPs, allowing the
reformation of the boronic ester in the static state. However, PBA and hydroxyl groups in the
hydrogel did not return to their original state in response to physical stress. Therefore,
TempGel(NP) also gradually decreased its recovery rate against repeated physical brakes,
although TempGel(NP) recovered more than MixGel(NP).
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Figure 9. (A, B) G’ and G"” data and (C-F) the change of G' and G" against original hydrogel
of (A, C, E) MixGel(NP) and (B, D, F) TempGel(NP). The strain was alternated between 1
and 1000% every 3 min. Red and blue dots indicate G’ and G”, respectively.
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3.4. Application of THMAAm hydrogel for shape re-modeling

TempGel(NP) exhibited high thermal hysteresis of viscoelasticity and could change the
formation of boronic ester on the NP crosslinker without affecting the elasticity of the hydrogel
by temperature change. To confirm the thermal recombination of the crosslinking points, the
self-healing ability of TempGel(NP) was confirmed by connecting the hydrogels. The gels were
formed into cubes, and an adhesion test of the gels was conducted by changing the temperature.
Initially, the surfaces of the gels were brought into contact with each other at 25 °C; however,
no adhesion was observed between the gels. Subsequently, the hydrogel was heated on a hot
plate at 50 °C (Figure 10A). The hydrogel softened upon heating, and the loss modulus values
increased significantly as the G' and G" values changed from 483 and 60 Pa at 25 °C to 390
and 124 Pa at 50 °C. No adhesion of the surfaces was observed under the heating conditions.
Immediately after sufficient cooling of the hydrogel at 25 °C, the connection was confirmed,
indicating the recombination of the crosslinking point of the hydrogel on the surface. Thus,
TempGel(NP) exhibited a high thermal self-healing ability.

Subsequently, the thermoplasticity of TempGel(NP) was confirmed from the
recombination of the crosslinking point of the hydrogel with changing temperature. The cubic
hydrogel was heated to 50 °C to soften and then sealed in a star-shaped mold. After cooling to
25 °C, the hydrogel was removed from the mold, and the shape of the star was maintained. The
new structure was quickly stabilized once the hydrogel was cooled. Thus, TempGel(NP) can
easily change the original structure of the hydrogel through thermal treatments (Figure 10B).
In addition, the thermoplasticity of TempGel(NP) can be induced at ambient temperatures.
Thus, TempGel(NP) was effective in reforming the crosslinking point and changing the shape
of the hydrogel.
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Figure 10. Photographs of TempGel(NP) at different temperatures. (A) Photographs of
TempGel(NP) illustrating its self-healing properties. The blue hydrogel was stained with
methylene blue dye. (B) Illustration of the thermoplastic property of TempGel(NP) and
possible mechanism of shape-change of the hydrogel. Increasing the temperature collapsed
the crosslinking point formed by the boronic ester, and it was reformed by decreasing the

temperature to form a new permanent shape.
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As mentioned, some studies have already reported self-healing hydrogels that can be
connected to different hydrogels in a few seconds. Although the hydrogel connections occur in
a short time, the bonding reformation on the surface of the hydrogel is dominated by the
diffusion of functional groups. Thus, full self-healing of a hydrogel with a complete
reformation of covalent bonds is difficult because of the limited diffusion of molecules or steric
hindrance of polymers to promote coupling reactions on the hydrogel. In the case of
TempGel(NP), the diffusion of molecules was highly suppressed, supporting a high thermal
hysteresis. Thus, TempGel was supposed to complete the conjugation of the boronic ester
immediately after decreasing the temperature to exhibit its self-healing and thermoplastic
properties (Figure 11). In this study, no direct evidence of instant thermal reformation of
boronic ester on TempGel(NP) has been provided because TempGel(NP) exhibited rapid and
complete recovery. However, the study, in particular, the high hysteresis of TempGel(NP)
strongly supports the quick and complete reformation of boronic esters by temperature

treatment.
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Figure 11. Differences between the MixGel(NP) hydrogel and TempGel(NP) regarding the
temperature effect. The PB-Diol bonds can be collapsed by the temperature increase and re-
connected by cooling to form new crosslinking points. In the MixGel(NP), the polymer
chains are diffused outward of PB with temperature elevation. After cooling, the newly
formed crosslinking points were slowly and partially re-connected. In the TempGel(NP),
only around half of the crosslinking points are dissociated by temperature and display

rapid, complete re-connection by cooling.
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In this study, a hydrogel was prepared via template polymerization using boronic ester-
coated NPs. Because template polymerization is a general method, other DCBs can also be
used to prepare high-hysteresis hydrogels. In addition, this study is focused on controlling the
equilibrium of the DCBs through temperature. The equilibrium of other DCBs can be
controlled by other stimuli such as pH and light. Thus, the method proposed in this study can
be widely applied to prepare stimuli-responsive smart hydrogels. The factors that are necessary
to induce high hysteresis in a hydrogel are the equilibrium of DCBs, three-dimensional
crosslinker with multivalent conjugation, and densely packed structure with template

polymerization.

4. Conclusion

In this study, a highly thermally sensitive smart hydrogel was successfully prepared through
template polymerization using DCB-introduced NPs as the crosslinker. The bonding state of
the boronic ester on the crosslinking points of the hydrogel was changed by changing the
temperature. Moreover, temperature changes markedly reduced the G” of the hydrogel without
changing the G'. Consequently, the mobility of crosslinking points can be freely controlled by
changing the temperature, allowing the hydrogel to exhibit high hysteresis, efficient
thermoplasticity, and self-healing properties. Particle-type crosslinkers are expected to connect
polymers in multivalent three-dimensional structures. However, high hysteresis was never
achieved by crosslinking them with the polymer, owing to the incomplete formation of DCBs.
Thus, template polymerization improves the formation of DCBs on the surface of NPs. As a
result, NPs can be fixed inside the hydrogel, increasing the strength of the hydrogel and
changing its viscoelasticity by changing its temperature. The NP-type crosslinker with highly
efficient conjugation with the backbone polymer via template polymerization is a useful
approach for the recombination of crosslinking points of self-healing and thermoplastic smart

hydrogels.
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1. Introduction

Surface functionalization can command the interactions between target materials while
simultaneously inhibiting nonspecific interactions with the surfaces. Non-biofouling surfaces,
in particular, thwart the adsorption of proteins and/or cell adhesion. This is because proteins
generally have a strong propensity to adsorb on almost all surfaces, which causes cell adhesion.
Surfaces that deter protein adsorption also deter cell adhesion [1,2].

To date, a variety of polymers, such as polyethylene glycol (PEG) [3—7], zwitterionic
species [8—11], peptides [12], polypeptides [13], and glycocalyx [14], have been used to
suppress nonspecific interactions in cells. These polymers have a high degree of flexibility and
hydrophilicity, and they impart antifouling and nonadherent characteristics. Additionally, these
polymers have been immobilized on antibiofouling surfaces using a variety of techniques, such
as self-assembly [15], electro-grafting [16], and polymerization. More recently, atom transfer
radical polymerization [17] and reversible addition-fragment chain transfer polymerization
have also been used in this context [18]. The covalent immobilization of the antibiofouling
layer is made possible by various methods, including photoimmobilization, which is intriguing
[19]. In order to create antibiofouling surfaces, a variety of photoimmobilizable (reactive)
polymers have been used, including those containing PEG [20,21], zwitterions (such as
phosphorylcholine) [22-24], sulfobetaine [25], carbobetaine [26], pullulan [27], sulfated
hyaluronic acid [28], polyvinyl alcohol [29], and polyacrylate derivatives [30].

Regarding photoreactive polymers, photoreactive antifouling acrylic polymers grafted
with PEG have been used as microarray matrixes [31-37] and are currently being used
commercially in allergy diagnosis (DropScreen®) [38,39]. In a previous study, methacrylate-
PEG and acryloyl 4-azidobenzene were copolymerized to create photoreactive PEG. For
surface modification to prevent biofouling, the photoreactive polymer was photoimmobilized
on titanium, glass, and plastic surfaces [20]. Due to its convenience, this immobilization
method is actually very helpful for surface antibiofouling modification. The modified surface
can be used to immobilize proteins via photo-induced crosslinking and significantly reduces
the interaction with proteins [20].

However, the water solubility of these polymers is relatively low due to the low
hydrophilicity of the polymethacrylate backbone and declines further with an increase in the
number of azidophenyl groups [7,21]. A PEG-based photoreactive polymer made of ethylene
oxide and azidophenyl-coupled ethylene oxide was prepared to increase the water solubility.

Nevertheless, its water solubility was still only moderate. In order to increase the water
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solubility and photoreactivity, coimmobilization with PEG-carrying ethylene oxide was done

in this study. The resulting antibiofouling properties were then investigated.
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2. Materials and Methods

2.1. Materials

4-(Glycidyloxymethyl)azidobenzene (AzPheEO) was synthesized in accordance with the prior
report [21]. From Biochempeg Scientific (Boston, MA, USA), methyl-PEG epoxide (mPEG-
EPO, Mn = 350 and 750) was purchased. Ethanol, methanol, hexane, tetrabutylammonium
bromide (TBAB), and dimethylformamide were bought from FUJIFILM Wako Pure Chemical
(Osaka, Japan). Triisobutyl aluminum (i-BusAl, 1.0 mol/L toluene solution), lithium bromide,
4-azidobenzoic acid, and ethylene oxide (EO, 1.0 mmol/L toluene solution) were bought from
Tokyo Chemical Industry (Tokyo, Japan). Iwaki (Tokyo, Japan) provided polystyrene dishes
for tissue culture. Fetal bovine serum (FBS), trypsin, and Alexa488-conjugated
immunoglobulin G (Alexa488-IgG) were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Penicillin-streptomycin solution was purchased from Nacalai Tesque (Kyoto,

Japan).

2.2. Copolymerization of EO, AzPheEO, and mPEG-EPO
EO was first copolymerized with mPEG-EPO and AzPheEO (Scheme 1). To achieve this,
TBAB, AzPheEO, and mPEG-EPO were vacuum-dried for two hours before being exposed to
dry nitrogen. The toluene was added to the flask to dissolve the mPEG-EPO. The EO solution,
AzPheEOQ, and i-BuzAl were then added to the flask while it was submerged in an ice bath. The
mixture was stirred for 18 hours at 25 °C in the dark in order to copolymerize. Methanol was
added, and then under reduced pressure, it was taken out of the mixture. The unrefined
substance was dissolved in acetone, and the resulting mixture was dialyzed for three days
against water. After being freeze-dried, the resulting polymer is known as AzPEGx[y], where
x and y stand for the Mn and feed ratio of mPEG-EO, respectively. The obtained polymer
AzPEGx[y] was characterized using 'H-nuclear magnetic resonance (NMR) spectroscopy
(JNM-ECZ400R, 400 MHz, JEOL, Tokyo, Japan) in chloroform. Additionally, gel permeation
chromatography (GPC; JASCO, Tokyo, Japan) was performed. The apparatus included two
columns in dimethylformamide (DMF) containing 10 mM lithium bromide (SB-803 HQ and
SB804 HQ; Showa Denko, Tokyo, Japan) and a refractive index detector (R1-2032, JASCO).
Further, the ultraviolet (UV) absorbance spectra of the polymers and 4-azidobenzoic

acid were measured. The polymer and 4-azidobenzoic acid were dissolved in a mixture of
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ethanol/water (0.1 wt.%.). The UV absorbance of each solution was measured between 200

and 400 nm.

o O
TBAB
O / Bu3Al
A + o + Q Toluene
N2

Scheme 1. Preparation of photoreactive polyethylene glycol-grafted polyethylene glycol.

20—

2.3. Contact angle measurements

A drop of water (0.1 uL) was applied to the sample surface of an unpatterned AzPEGx[y]-
coated plate that had been set up on the stage of CA-W Automatic Contact Angle Meter
(Kyowa Interface Science, Co. Ltd, Saitama, Japan). At room temperature, the contact angle
of the drop with the surface was measured. At least ten angles were measured in various

locations, and the results were expressed as the average values with the standard deviation.

2.4. Photoimmobilization of AZPEGx]y]
In Scheme 2a, the photoimmobilization process is depicted. On polystyrene dishes (for tissue
culture, Iwaki, Tokyo, Japan), the prepared polymer AzPEGx[y] (0.25 wt.% in water, 100 L)
was placed. These dishes were then vacuum-dried at 40 °C. As a photomask, a stainless steel
punch sheet with 500 m holes from Yasutoyo Trading in Tokyo, Japan, was placed on the
substrate. A photoirradiator (45 mW/cm? at 270 nm, L5662 UV spotlight source from
Hamamatsu photonics in Hamamatsu, Japan) was then used to expose the surface to UV light
for 20 seconds. After that, the surface was washed with water and submerged in water for a
day. The plates were vacuum-dried and kept in a dark desiccator until use.

To confirm the photoimmobilization of the polymer on a polystyrene substrate, the
AzPEGx[y] (0.25 wt.%, 90 puL) solution was mixed with Alexa488-I1gG (0.25 wt.%, 10 uL)
and coimmobilized on the plate (Scheme 2b). Further, fluorescence images were obtained using

a fluorescence microscope (Olympus, Tokyo, Japan).
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Scheme 2. Micropatterning of the prepared polymer AzPEGx[y] (a) without and (b) with

fluorescent-labeled IgG. The circular micropattern was identical to the diameter of the

photomask holes.

2.5. Protein adsorption

The AzPEGx([y]-coated surfaces were treated with a solution of Alexa488-IgG (0.25 wt.%,
100 L) and left to stand for 2 hours at 25 °C. Following a water wash, the substrates were
submerged in water for the entire night. Following vacuum-drying of the substrates,

fluorescence images were captured using a fluorescence microscope (Olympus).

2.6. Cell adhesion

Mouse fibroblast (3T3) cells (Japanese Collection of Research Bioresources, Osaka, Japan)
were grown in Dulbecco's modified Eagle's medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10 % FBS and antibiotics (penicillin (100 units/mL) and streptomycin (100
ng/mL)) (Nacalai Tesque). A 0.25% trypsin-ethylenediaminetetraacetic acid solution (Nacalai
Tesque) was used to harvest the cells. After being seeded onto the AzZPEGx[y]-coated dishes,
the cells (1.0 x 10 cells) were incubated for 24 hours at 37 °C in a humid environment with
5% CO.. After incubation, the dishes were rinsed three times with phosphate-buffered saline,

and a phase-contrast microscope was used to view the cells (Olympus, Tokyo, Japan).
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3. Results and discussion

3.1. Synthesis of photoreactive PEG (AzPEGx]y])
EO was copolymerized with AzPheEO and mPEG-EPO via activated ring-opening
polymerization. TBAB was used as an initiator and i-BuzAl as the monomer activator to
generate polymers with various PEG chain lengths and azidophenyl group contents.

The AzPEGx[y] polymers synthesized through the copolymerization of AzPheEO with
EO and two different molecular weights of mPEG-EPO are summarized in Table 1. The
presence of azidophenyl groups was confirmed using UV absorbance spectroscopy. The
molecular weights and polydispersity indices (PDIs) of the polymers were investigated using
GPC. AzPheEO and mPEG-EPO contents of the copolymers were found to be lower than those
of the feed. The decline in the ratio of mPEG-EPO was greater than that of AzPheEO. This is
caused by the high steric hindrance of the PEG moiety in mPEG-EPO. The PDI increased at a
lower proportion of the azidophenyl group due to the steric interference of mPEG-EPO. When
mPEG-EPO was not present, the polymer did not dissolve in pure water. Az[10] was not used

for further investigation as a result.

Table 1. Characterization of the prepared polymers.

Code Feed (mol%) Composition (mol%) ? Mw?' | PDIP
AzPhe | EO mPEG- mPEG- AzPhe EO mPEG-
EO EPO EPO EO EPO
MW
Az[10] ¢ 10 90 0 - 9.6 90.4 0 8700 1.6
AzEG3s50[10] 10 80 10 350 8.4 85.8 5.8 7800 1.7
AzZPEG?750[5] 10 85 5 750 7.4 89.8 2.8 13000 1.9
AzZPEG?750[ 1] 10 89 1 750 9.9 89.5 0.6 12000 1.7

a Determined via 'H-NMR. ® Determined via GPC. ¢ No PEG-grafted polymer

Figure 1 displays the synthesized AzZPEG7s0[5] '"H-NMR spectrum. Peaks at 3.6 and
3.35 ppm, respectively, were found to correspond to the protons of the PEG ethylene group
units and the methyl protons of the grafted PEG chain. In addition, peaks at 4.54 ppm, 7.37
ppm, and 7.05 ppm, respectively, were found to correspond to benzylic protons, aromatic

protons, and azidophenyl units.
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Figure 2 shows the UV absorbance spectrum of 4-azidobenzoic acid and AzPEG7s0[5].
The azidophenyl group's peak slightly shifted to a shorter wavelength. It was thought that the
azidophenyl group was located in the hydrophobic region of the polymer.

The molecular weight and distribution of AzZPEGx[y] were determined via GPC (Figure
3). The prepared AzPEGx[y] polymer appeared as a unimodal trace. This revealed an almost

complete polymerization between mPEG-EPO and AzPheEO.
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Figure 1. 'H-NMR spectrum of AzPEGy7s0[5] (solvent: chloroform-d).
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Figure 2. UV absorbance spectra of AzZPEG?7s0[5] (red) and 4-azidobenzoic acid (blue) in
ethanol/water (0.1 wt.%).
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Figure 3. GPC charts of AzPEG350[10] (green) and AzPEG?7s0[5] (blue), prove that the
azidophenyl group was successfully synthesized via the copolymerization of AzPheEO with

EO and mPEG-EPO. Eluent: DMF containing 10 mmol/L LiBr. Flow rate 1 mg/mL.

3.2. Contact angle measurements

As mentioned, measurements of the water contact angle were made to examine the surface
characteristics of AZPEGx[y] immobilized without a photomask (unpatterned surfaces). Table
2 shows that the photoimmobilized surface had a lower contact angle than the non-immobilized
surface. PEG coverage was thought to be the cause of this change in the contact angle. The

hydrophilicity of the immobilized surface was almost independent of the copolymer.

Table 2. Contact angles on different surfaces.

Surface Contact angle (°) + standard deviation
Polystyrene (for tissue culture) 70.7 £2.1
Polystyrene with AzPEG3s0[10] 41.1£ 1.8
Polystyrene with AzPEG?750[5] 412+1.6

3.3. Formation of micropatterns

AzPEGx[y] was micropatterned on the polystyrene surface in accordance with Scheme 2b. As
shown in Figure 4, mixed Alexa488-IgG was coimmobilized with AzPEGx[y], and the
immobilized pattern matched the pattern on the photomask. Notably, the highly active nitrenes

produced from the azidophenyl moieties randomly attacked the polymer, proteins, and
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substrate when exposed to UV irradiation. As a result, polymer-polymer crosslinks of
AzPEGx[y]-AzPEGx[y], AzPEGx[y]-Alexa488-I1gG, and AzPEGx[y]-Polystyrene substrate

were produced (Scheme 2b).

(b) ()

Figure 4. (a) Phase-contrast image of the photomask. (b) Micropatterning test of
AzPEGs350[10] and (c) micropatterning test of AzPEG7s0[5] performed using a photomask.
The micropattern plate had two different regions, indicated by green and dark. In the
photomask, the green section allowed UV light to enter the AzPEGx[y]-Alexa4881gG

complex, resulting in photoimmobilization, which was not possible in the dark sections.

83



Results and discussion Chapter VI

3.4. Protein adsorption

A fluorescent protein (Alexa488-conjugated 1gG) was added to the surface made according to
Scheme 2a, and the resulting structure was examined using fluorescence microscopy to gauge
the nonspecific adsorption of proteins on immobilized PEG surfaces (Figure 5). The
fluorescent-labeled proteins were prevented from adhering by the immobilized AzPEGx[y].
The suppression effect did not depend significantly on the nature of AzPEGx[y]. These
findings demonstrated that non-specific protein adsorption is suppressed by the immobilized

surface.

(a) (b)
Figure 5. Fluorescence microscopy images of (a) AzZPEG3s0[10] and (b) AzPEG?7s0[5] coated

micropatterned polystyrene plates after adsorption of Alexa488-conjugated IgG. Scale bars:
500 pm.
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3.5. Cell adhesion

The adhesion of 3T3 mouse fibroblast cells to the AzPEGx[y]-coated polystyrene substrates
was assessed (Figure 6). 3T3 cells were cultured for 24 hours on the micropatterned surfaces
for this purpose. It was discovered that the hole pattern of the stainless-steel photomask and
the non-cell adhered pattern were identical. The cells only adhered to the non-UV exposure
regions. Due to the addition of hydrophilic PEG, the prepared AzPEGx[y] polymer almost
completely suppressed cell adhesion. The suppressive effect on cell adhesion did not depend

on AzPEGx[y].

()

Figure 6. Phase-contrast images of 3T3 mouse fibroblast cells cultured on the
AzPEG350[10] (a), (c) and AzPEG?750[5] (b), (d) coated micropatterned polystyrene plates at
0.25 wt.%. Scale bars: (a), (b) 500 pm, (c), (d) 200 pm.
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Notably, PEG is a good example of an antibiofouling polymer. PEG immobilization on
biomaterial surfaces is typically done for several reasons. A PEG-based polymer with
azidophenyl groups in the side chains had previously been developed [21]. However, pure
water did not completely dissolve the polymer. As a result, mPEG-EPO was used for
copolymerization, and the resulting copolymer was discovered to be entirely soluble in pure
water. It was then combined with a fluorescent protein and immobilized as a mixture on the
substrate. The hydrophilicity and repellency of the amphiphilic and flexible grafted polymer
chains were thought to be responsible for the antibiofouling effect. A copolymer like this one
might be helpful for micropatterning of water-soluble proteins and biomacromolecules with

mixing.

4. Conclusion

AzPEGx[y] is a PEG-grafted and azidophenyl-modified PEG that I developed for this study to
act as photoreactive polymers for surface antibiofouling modifications. AzPheEO
copolymerized with mPEG-EPO and EO allowed for the successful synthesis of photoreactive
polymers. The interactions with biological elements, such as proteins and cells, were greatly
diminished by AzPEGx[y]. This polymer can be used for surface modification in biomedical

applications because it has desirable antibiofouling properties.
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1. Conclusions

In order to develop devices for biomedical applications, various functional polymers are
required. This thesis describes the development of polymeric materials based on temperature-
responsive and photo-reactive polymers. Newly designed functional polymers were

synthesized, and their properties were evaluated for biomedical applications.

Chapter I describes the general introduction to stimuli-responsive polymers. Stimuli-
responsive polymers have attracted significant attention in digital technology, sensors, and
biomedical applications. Upon response to external stimuli, they exhibit a drastic change in
their physical or chemical properties, which can be used in smart materials. Temperature is the
most common and well-studied stimulus in the fields of bioengineering and biotechnology.
Several systems comprising temperature-responsive polymers that are sensitive to a small
change in the human body temperature have been developed. This property can be used to
develop a more delicate and accurate responsive system. On the other hand, light is not only
noncontact and noninvasive stimulus but also induces covalent bonding using photo-reactive
species. Photo-reactive polymers have been widely investigated in numerous applications
varying from lithography to in-vivo polymerized biomedical applications. In this thesis, new
types of temperature-sensitive polymers and photo-reactive polymers were designed to be used
for a variety of purposes, including medication delivery, tissue engineering, biosensing, and

the creation of hydrogels for wound healing.

Chapter II describes the design and production of a novel type of temperature-responsive
polymer system using dynamic covalent bonds (DCBs) for the biomaterials. I investigated the
thermal control of hydrogel crosslinking by DCBs of boronic ester formation between
phenylboronic acid (PBA) and diol of poly(vinyl alcohol) (PVA) at temperatures close to body
temperature. Diblock copolymers comprising hydrophobic poly(n-butyl methacrylate) and
hydrophilic poly(N,N-dimethylaminopropylacrylamide) were synthesized and conjugated with
PBA. The polymers were self-assembled in water to form reactive phenylboronic nanoparticles
(PBA-NPs). With the use of a transmission electron microscope, dynamic light scattering, and
zeta potential, the produced PBA-NPs were characterized. The boronic ester completely
dissociated above 60 °C and did so at a lower temperature than other DCBs. PBA-NPs
displayed a reversible gel-sol phase transition at 39.7 °C after three-dimensional (3D)
crosslinking with PVA to create a hydrogel. The bonding/dissociation of the boronic-ester-

based crosslinking points by the application of heat produced a change in viscoelasticity.
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Therefore, easy recombination of the crosslinking points in the hydrogel was achieved via mild
temperature changes in order to avoid potential water evaporation during high-temperature
treatment. When the temperature was lowered from 45 to 25 °C, PBA-NPs crosslinked
hydrogels also exhibited self-healing properties. These boronic-ester-DCB functionalized
nanoparticles can enable the recombination of crosslinking sites in hydrogels for use in

biomedical applications.

Chapter III discusses the design and evaluation of tough hydrogel using the template
polymerization technique. The performance of the hydrogel in terms of recovery is greatly
influenced by molecular diffusion. The molecular weight of the polymer is too high to contact
DCB-derived functional groups each other because of the lower diffusivity of the polymers
than that of small molecules. Furthermore, DCB formation has strong limitations due to the
steric hindrance of the polymers. High hydrogel hysteresis could not only be produced by
combining the polymers and PBA-NPs crosslinkers. Therefore, template polymerization was
used to create a robust hydrogel (TempGel). Actually, PBA-NPs were cemented inside the
hydrogel and enhanced its temperature-dependent viscoelasticity. The backbone polymer of N-
[Tris(hydroxymethyl)methyl] acrylamide (THMAAm) was used to create the PBA-NPs
crosslinker with extremely effective conjugation. For the recombination of crosslinking points
of self-healing and thermoplastic properties, the template polymerization method was useful.
By changing the temperature, the TempGel was able to alter the bonding state of the boronic
ester and exhibited a complete recovery rate to examine how the temperature change affected
their thermal viscoelastic characteristics. In this study, the PBA-NPs were successfully used as
a template to formulate the smart hydrogel, which has high hysteresis, effective thermal

plasticity, and self-healing capabilities.

Chapter IV describes the design and synthesis of photo-reactive polymers for their anti-
biofouling applications. Antibiofouling means suppression of nonspecific interactions with the
surfaces. Polyethylene glycols (PEGs) are flexible, highly hydrophilic, and exhibit nonadherent
and non-biofouling properties. The immobilization of PEGs on the surfaces is common for the
preparation of antibiofouling surfaces. However, specific treatments of surfaces were usually
required for the chemically covalent immobilization of PEGs on the surfaces. Therefore, the
photo-immobilization method was employed as a convenient and applicable method for any
materials. I designed photo-reactive PEG-grafted polyethylene glycols (AzPEGs) as

antibiofouling surface modifiers. 4-(Glycidyloxymethyl)azidobenzene was copolymerized
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with methoxy-PEG epoxide (mPEG-EPO) and ethylene oxide (EO) for AzZPEGs. AzPEGs were
found to be highly soluble in water and showed photo-reactivity. UV exposure induced nitrene
production from azidophenyl groups in the side chain, and the polymer crosslinked each other
and with the polystyrene surface. On the polystyrene substrate, the prepared AzPEG layers
prevented nonspecific interactions between proteins and cells. AZPEGs can be employed for
various surface modifications in biomedical applications due to the applicability of photo-

immobilization.

Chapter V concluded the thesis and discussed future perspectives.

This work suggested new designs for fabricating mild or tough temperature-responsive and
self-healing hydrogel systems. The photo-reactive PEG can be employed for various surface
treatments for antibiofouling. These studies on functional polymer designs can be extended to
other medical applications, such as tissue engineering, controlled drug delivery, sensors, and

diagnostics.
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2. Future perspectives

Stimuli-responsive polymeric materials have gained significant momentum in highly
developed industries such as biomaterials, automobiles, electronics, aerospace, and
construction. Biotechnology has been continuously developing toward integrating nanoscale,
sophisticated, and more complicated systems in recent times. Consequently, industries need to
be reliable, sensitive, and efficient. However, rapid technological and industrial advances have
led to some problems that cannot be solved using current technologies and materials. Therefore,
the demand for smart and intelligent materials, devices, and technologies is continuously
increasing. The stimuli-responsive polymer is a powerful tool to overcome the limitations and
challenges of the current systems. The current technological problems or limitations can be
solved by applying well-controlled polymers. In this regard, stimuli-responsive and stimuli-
reactive polymers can be powerful tools for providing solutions. Because such polymers are
highly versatile, they can be tailored depending on the target application, such as for developing
intelligent biomaterials and smart drug-delivery systems. Temperature- or light-responsive
polymer materials can also be utilized as smart sensors and actuators. polymers with well-
controlled properties owing to minor environmental variations have great potential in the
development of innovative systems to resolve the current technological limitations. In this
thesis, 1 describe stimuli-responsive and stimuli-reactive polymers, the preparation of
polymeric materials, and their potential biomedical applications.

As mentioned in chapter 11, I explored a new thermal cleavage system that controls the
equilibrium state of dynamic covalent bonds (DCB) by utilizing the dynamics and
physicochemical properties of polymers. 1 designed and prepared a thermo-responsive
hydrogel using dynamic covalent bonding by mixing three-dimensional crosslinking PBA-NPs
with PVA. The thermo-responsive hydrogel was successfully prepared and exhibited a
reversible gel—sol phase transition at 39.7 °C. The developed hydrogel can be utilized for a
variety of biomedical applications, including medication delivery, tissue engineering [1-3],
biosensing [4,5], and the creation of hydrogels for wound healing [6,7].

Additionally, the prepared hydrogel can incorporate epidermal growth factor (EGF) and
fibroblast growth factor-2 (FGF-2) to be applied as a transdermal drug delivery system. By the
effect of body temperature, the release of the incorporated growth factors can be controlled and
can conduct an accelerated wound healing effect [8,9].

Injectable hydrogels have aroused much attention for their advantages such as

minimally invasive surgery, avoidance of surgical trauma, and filling and repairing irregularly
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shaped tissue defects [10]. Because of its simplicity of administration and low level of
invasiveness, which improve patient compliance, the injectable hydrogel has attracted a lot of
attention as one of the most successful approaches in the biomedical field, particularly for
embolic agents [11-13]. DCB significantly improves the DCB hydrogel's capacity for self-
healing, making it injectable given its biomedical applications. The injectability increases the
DCB-based hydrogels' delivery options and creates the possibility of biomedical applications
[14,15].

I think my prepared hydrogel can be easily injected so it might have great potential as
tissue repair material and ease of administration to suit different shapes and this can be utilized
for wound care management and articular cartilage repair.

Despite these advantages and promising applications, these hydrogels still require
additional studies. For example, the mechanism of thermal cleavage of PBA-diol is not clear.
One possibility for checking the mechanism is the conjugation of the diblock copolymer
(PBMA-b-PDMAPAAmM-PBA) with a conventional thermo-responsive polymer as poly(N-
isopropyl acrylamide) (PNIPAm). PNIPAm drastically changes the conformation of the
polymer in response to the applied heat across the phase transition temperature [16]. By
controlling the exposure and shielding of dynamic covalent functional groups through
conformation changes in the polymer, the formation of DCBs can be physically disturbed in
response to temperature signals. Thus, the equilibrium state of DCB can be actively and
sensitively controlled compared with normal DCBs.

Additionally, several factors affect sol-gel behavior and should be further studied. For
example, more PVA to PBA-NPs crosslinker ratio should be considered. Moreover, the
preparation of the hydrogel should be further studied by using different molecular weights of
PVA (1000Da was used in this study), several sizes of the PBA-NP crosslinkers, and chain
lengths of PDMAPAAmMm polymers (74 units were used in this study). The effects of all these

parameters on sol-gel transition temperature should be further verified.

As mentioned in chapter III, I designed and prepared a robust and tough DCB-based
thermo-responsive hydrogel. The prepared hydrogel can undergo shape re-modeling by
temperature changes. The dynamic covalent nature of boronic acid-based hydrogels would
allow for 3D cell culture within this synthetic matrix to proliferate. The ability of boronic acid-
based hydrogels to dissociate by mild temperature could allow for the construction of more

complex material geometries for creating 3D cultures. I contend that these hydrogels made of
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boronic acid are appropriate for dynamic 3D cell culture and the development of intricate
material geometries. Future research examining the role of cell-matrix and cell-cell interactions
in more complicated biological processes or even the delivery of cells in-vivo could make use
of the approaches established here [17,18].

Additionally, thermo-responsive gels work well as scaffolds for tissue regeneration and
stem cell encapsulation. This strategy is becoming one of the potential treatments for cartilage
defects, which is still an issue due to the low vascularization and poor chondrocyte migration
ability. As a result, cell therapies using mesenchymal stem cells with the ability to produce
chondrocytes have been successful in repairing cartilage [19].

With the development of this thermos-responsive hydrogel, upcoming research tracking
the movement of cells or cell-cell signaling molecules within these materials may be able to
learn interesting things about the mechanisms and regulators of cell migration as well as other
functions that are important for the investigation of disease or regenerative processes.
Analyzing mechanotransduction and related cell responses in this temporally evolving
hydrogel structure for comparison to its physically or irreversibly degradable hydrogel
counterparts could be one of the fundamental studies of cell response to cell-matrix interactions
within this dynamic covalent system. This dynamic covalent chemistry and cell-degradable
cross-links could be combined to create new types of material systems that have emergent
properties for a range of applications.

However, some other further studies are required for this hydrogel. For example, the
safety and cytotoxicity of the hydrogel should be confirmed. Additionally, stress relaxation of
that synthetic extracellular matrices, in addition to other matrix properties, is emerging as an
important regulator of cell fate [20,21]. Moreover, fundamental studies of cell response to cell-
matrix interactions within this dynamic covalent hydrogel could be intuitive.

To meet the practical requirements in biomedical applications such as drug delivery,
wound dressing, tissue engineering, cell culture, biosensors, and so forth, DCB hydrogels are
being built. As a result, the next paragon might be the demand-oriented design of DCB
hydrogels [22].

Because template polymerization is a general method, other DCBs can also be used to
prepare high-efficient hydrogels. In addition, my study is focused on controlling the
equilibrium of the DCBs through temperature. The equilibrium of other DCBs can be
controlled by other stimuli such as pH and light. Thus, the method proposed in this study can

be widely applied to prepare stimuli-responsive smart hydrogels. The factors that are necessary
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to induce high hysteresis in a hydrogel are the equilibrium of DCBs, three-dimensional
crosslinker with multivalent conjugation, and densely packed structure with template

polymerization.

In chapter IV the photo-induced reactive polymer was developed into a polymeric
surface coating by using photo-stimuli, and the prepared coated pattern showed excellent
nonspecific suppression ability, which is attributed to its PEG backbone chain. When the novel
PEG chain was used as the main backbone structure combined with grafted PEG side chain,
the photoreactive polymer showed significant improvement in its solubility than that shown by
the conventional azide photoreactive polymer. However, some other concentrations of the
AzPEG (0.25 wt.% used in this study), as well as some other grafted-PEG molecular weights
(350 and 750 used in this study), should be considered in future studies.

Despite these encouraging results, it is important to keep in mind that PEG may cause
immunogenicity and ultimately lead to the production of anti-PEG antibodies, which may limit
the use of PEG coatings for in-vivo sensing or drug delivery and force the investigation of
alternative antifouling chemistries [23-25].

Finally, this thesis suggests new designs for fabricating stimuli-induced reactive
polymers and provides useful information for the preparation of novel polymeric materials with
a combination of stimuli systems. This study can also be extended to other research fields, such

as controlled drug delivery, sensors, and diagnostics.
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ABSTRACT: Self-healing properties can be bestowed to hydrogels by recombina-
tion of crosslinking points. This study was aimed at controlling these crosslinking
points using the dynamic covalent bonds (DCBs) of a boronic ester formed by
phenylboronic acid (PBA) and the diols of poly(vinyl alcohol) (PVA) under
temperature changes. Interestingly, boronic ester dissociated at a lower temperature
than that of other DCBs and completely dissociated above 60 °C. PBA-incorporated
nanoparticles underwent three-dimensional (3D) crosslinking with PVA to form a
hydrogel and exhibited a reversible gel—sol phase transition at 39.7 °C. The
viscoelasticity changed in response to the bonding/dissociation of the boronic-ester-
based crosslinking points. The viscoelasticity of the hydrogel decreased rapidly upon
heating at 50 °C and recovered to 82% of the original value after 10 min of cooling.
Therefore, facile recombination of the crosslinking points in the hydrogel was
achieved via mild temperature changes to avoid possible water evaporation in high-

[25°C ]

[[45°C ]

Self-healing

temperature treatment. Additionally, hydrogels crosslinked with glutaraldehyde showed self-healing properties upon lowering the
temperature from 45 to 25 °C. These boronic-ester-DCB-functionalized nanoparticles can enable the recombination of crosslinking

points in hydrogels for biomedical applications.

KEYWORDS: dynamic covalent bonds, hydrogels, thermal cleavage, self-healing, phenylboronic acid

1. INTRODUCTION

Smart hydrogels exhibit controllable physical properties in
response to external environmental changes, such as various
physical and chemical stimuli, and have been applied in several
areas involving biomaterials, polymeric actuators, energy
devices, and molecular sensing.'~* Recently, smart gels based
on dynamic covalent bonds (DCBs) that exhibit reversible
bond dissociation in response to changes in the surrounding
environment have been developed.”® DCBs exhibit highly
stable covalent properties; moreover, they achieve equilibrium
and partially dissociate upon external stimulation (e.g., heat
and light) and subsequently reform bonds upon removal of the
stimulus.”® The internal structure of hydrogels can be
transformed using DCBs as crosslinkers because external
stimuli can promote their dissociation. These DCB-derived
nonbonding free functional groups can randomly recombine
with their counterpart functional groups in the gel upon
removal of the stimulus, thereby permitting the recombination
of the crosslinking points, which enables adhesion between gels
owing to a self-healing function.”"’

Several stimuli such as light and temperature enable cleavage
of DCBs, with temperature being a particularly common
stimulus in the biomedical field because of the ease of external
temperature control that can be achieved using various heating
devices. DCBs that dissociate with heat are typically

© 2022 American Chemical Society
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considered, such as imine bonds and those in Schiff bases
(amine—aldehyde),'""* acylhydrazone (hydrazine—alde-
hyde),"” the Diels—Alder reaction (ene—diene),'®"” dithioest-
ers (thiol—thiol),"® and alkoxyamines (styryl-radical—nitroxy-
radical).'” The physical properties and structure of a gel can be
drastically altered using these DCBs because the crosslinking
points that support its morphology can be directly cleaved by
heating. Controlling the binding and dissociation due to
thermal stimuli can enable recombination of the functional
groups that form the DCBs, thereby imparting self-healing
characteristics to the gel.'® However, high-temperature treat-
ment is generally required to dissociate these bonds and
facilitate polymer chain mobility in the gel to enable
recombination of the crosslinking structure. For instance,
Schiff bases are dissociated via heating at 67 °C or higher,
which are considered relatively low temperatures, to control

the functionality of the hydrogel.*">
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The high-temperature treatments adopted for preparing
smart hydrogels significantly affect their physical properties in
terms of surface drying and water evaporation. Therefore,
hydrogels that exhibit self-healing properties under ambient
conditions are being synthesized using DCBs that exist in
equilibrium at room temperature and passively exchange their
functional groups.'””” DCBs should be stable at room
temperature and dissociate at mild temperatures to actively
induce the exchange of DCB-derived functional groups.
However, these DCBs have been rarely reported. Therefore,
controlling the bonding of DCB-type smart hydrogels at
ambient temperatures can significantly facilitate their bio-
medical applications.

Phenylboronic acid (PBA), which forms boronic ester DCBs
with diol compounds,”"** is extensively used in biomedical
applications, especially as a glucose sensor owing to its high
binding affinity to sugars.”>** Additionally, PBA can form a
hydrogel with diol-containing polymers, such as poly(vinyl
alcohol) (PVA), at high concentrations; the resulting hydrogel
has biomedical applications as a cell-coating material, for
instance.”

Owing to the high biocompatibility of PBA, the DCBs of
boronic esters are extensively applied in the biomedical field;
however, the influence of temperature on these boronic esters
has yet to be reported. Although temperature responsiveness
has been imparted to PBA using thermoresponsive polymers,
the thermal properties of these boronic esters have not been
elucidated because the phase transition of the thermores-
ponsive polymers occurs at temperatures close to room
temperature or higher, hindering analysis of the thermal
effects of boronic esters under ambient conditions.”*’

Therefore, the thermochemical properties of a boronic ester
were clarified in this study to determine the possibility of
exploiting the thermal dissociation of its bonds in the
preparation of functional hydrogels. In particular, PBA was
used in combination with cationic poly(IN,N-dimethylamino-
propyl acrylamide) (PDMAPAAm) because the dissociation
constant of boronic esters considerably increases in the
presence of cationic polymers.””

Furthermore, PBA was introduced to the surface of cationic
nanoparticles to bind with diol compounds in a multivalent
manner. This multivalence effect enabled control of the
dissociation and bonding states of the DCBs via a thermal
stimulus, thus permitting recombination of hydrogel samples in
terms of crosslink density and position to impart self-healing
properties.

2. MATERIALS AND METHODS

2.1. Materials. n-Butyl methacrylate (BMA), N,N-dimethylami-
nopropyl acrylamide (DMAPAAm), and 4-acryloylmorpholine
(ACMO) were purchased from FUJIFILM Wako Pure Chemicals
(Tokyo, Japan) and were purified by distillation under reduced
pressure. PVA (polymerization degree: 1000), 2,2'-azobisisobutyroni-
trile (AIBN), 2-ethanolamine, alizarin red S (ARS), acetone, hexane,
1,4-dioxane, sodium hydroxide, hydrochloric acid, sulforhodamine B,
methylene blue, and glutaraldehyde were also purchased from
FUJIFILM Wako Pure Chemicals. Tris(2-carboxyethyl) phosphine
hydrochloride (TCEP; Tokyo Chemical Industry, Tokyo, Japan), 3-
(acrylamido) phenylboronic acid (APBA; Combi-Blocks, San Diego,
CA), and 2-cyano-2-propyl dodecyl trithiocarbonate (CPDT; Sigma-
Aldrich, St. Louis, MO) were used as received.

2.2. Synthesis of PBA-Terminated Block Copolymer. BMA
(75 mmol), CPDT (3 mmol), and AIBN (0.3 mmol) were dissolved
in 1,4-dioxane (100 mL) and bubbled with nitrogen gas for 30 min at
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25 °C. Polymerization was subsequently performed at 80 °C for 24 h.
The resulting solution was dissolved in acetone, and the unreacted
monomer was completely evaporated under vacuum at 100 °C for 1
h. The obtained PBMA was dissolved in 1,4-dioxane for use in the
subsequent copolymerization. Next, PBMA (0.1 mmol), DMAPAAm
(10 mmol) or ACMO (10 mmol), and AIBN (0.01 mmol) were
dissolved in 1,4-dioxane (10 mL). The solution was bubbled with
nitrogen gas for 20 min and subsequently reacted at 80 °C for 24 h
under a nitrogen atmosphere. The reactant solution was added
dropwise to an excess amount of hexane, and the obtained yellow
compound was dialyzed against water using a dialysis membrane
(Spectra/Por 6, MWCO 3500, Spectrum Laboratories, Rancho
Dominguez, CA) for 2 days. A block copolymer was recovered by
lyophilization. Subsequently, the diblock copolymer, APBA (10 molar
equivalents of the diblock copolymer), and TCEP were dissolved in
1,4-dioxane (10 mL), and 2-aminoethanol (10 molar equivalents of
the diblock copolymer) was slowly added to the preceding solution to
convert the dodecyl trithiocarbonate (DTC) group into APBA on the
terminus of the block copolymer. The solution was stirred at 25 °C
for 12 h. After the reaction, the reactant solution was dialyzed against
water for 72 h using a dialysis membrane (MWCO 3500), yielding
polymers upon freeze-drying. The DTC- and PBA-terminated block
polymers possessing cationic PDMAPAAm or nonionic PACMO are
denoted as PBMA-b-PDMAPAAmM-DTC, PBMA-b-PDMAPAAm-
PBA, and PBMA-b-PACMO-PBA (Figure S1). The obtained
polymers were characterized by 'H NMR spectroscopy (JNM-
ECZ400R, 400 MHz, JEOL, Tokyo, Japan) and a gel permeation
chromatography (GPC; JASCO) system equipped with a refractive
index detector (RI-2032, JASCO, Tokyo, Japan) and two columns
(SB-803 HQ and SB804 HQ; Showa Denko, Tokyo, Japan).
Ultraviolet (UV) absorbance was recorded using a UV—vis
spectrometer (V—750, JASCO).

2.3. Preparation of Nanoparticles. Each block copolymer (1—
100 mg) was dissolved in acetone (1 mL), followed by the addition of
water (1 mL). The acetone was completely removed under vacuum at
room temperature using a rotary evaporator at 100 hPa. The polymer
concentration was adjusted to 0.1—100 mg/mL by adding water to
the block copolymer solution. Nanoparticles prepared using PBMA-b-
PDMAPAAm-PBA, PBMA-b-PDMAPAAm-DTC, and PBMA-b-
PACMO-PBA are denoted as NP(PDMAPAAm)-PBA, NP-
(PDMAPAAmM)-DTC, and NP(PACMO)-PBA, respectively.

2.4. Transmission Electron Microscopy (TEM). One drop of
each nanoparticle solution (1 mg/mL) was placed on a carbon-coated
TEM grid (COL-C10, 100 yum grid pitch, Okenshoji, Tokyo, Japan).
Subsequently, the samples were negatively stained with 2% samarium
acetate, and excess liquid was removed with filter paper. The samples
were dried for 1 h and examined by TEM (JEM-1230, JEOL).

2.5. Dynamic Light Scattering (DLS) and ¢-Potential
Measurements. The NP(PDMAPAAm)-PBA solution was diluted
to 1.0 and 0.5 mg/mL for the DLS and {-potential measurements,
respectively. The pH of the solution was adjusted using a NaOH
solution (1 mol/L). Measurements were performed using an ELSZ-
2PL instrument (Otsuka Electronics, Osaka, Japan).

2.6. Fluorescence Measurements. An equimolar ratio of ARS
to PBMA-b-PDMAPAAm-PBA was added to the NP(PDMAPAAm)-
PBA solution. Fluorescence intensities were recorded in the 480—650
nm range using a fluorimeter (FP-6500, JASCO, Tokyo, Japan) at an
excitation wavelength of 468 nm. The temperature of the solution was
controlled using a sample-cell thermostat (ETC-717, JASCO).

2.7. Differential Scanning Calorimetry (DSC). NP-
(PDMAPAAm)-PBA (5 mg/mL) and PVA (S mg/mL) were
mixed, and the pH of the solution was adjusted by adding HCI or
NaOH solutions. Water and the sample were placed in the reference
and sample-cell holder of the micro-CAL VP DSC apparatus,
respectively (GE Healthcare, Chicago, IL). The DSC peaks were
recorded in the 15—70 °C range.

2.8. Changes in Thermo-Viscoelasticity of the PBA-
Modified-Nanoparticle/PVA System. NP(PDMAPAAm)-DTC,
NP(PDMAPAAm)-PBA, or NP(PACMO)-PBA (1-5 wt %) was
placed in a vial, and the pH of the solution was adjusted using NaOH
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Figure 1. (A) Preparation of NP(PDMAPAAm)-PBA and (B) the 'H NMR spectrum of PBMA-b-PDMAPAAm-PBA (solvent: CDCL;).

or HCI solutions. Subsequently, an identical volume of 10 wt % PVA
solution was added and gently mixed at 25 °C. Changes in viscosity of
the PBMA-b-PDMAPAAm-PBA/PVA mixtures were examined at 25
and 45 °C by inverting the vial.

The thermo-viscoelastic changes in NP(PDMAPAAm)-PBA/PVA
were measured using a rheometer (AR-G2, TA Instruments, New
Castle, DE). After mixing NP(PDMAPAAm)-PBA and PVA, the
solution or hydrogel was placed on the rheometer plate. Silicone oil
was placed on the solution to prevent water evaporation, and time
sweep measurements were performed at a fixed frequency (w = 1 Hz)
and strain (y = 1%).

The self-healing properties of the hydrogel were investigated after
fixing it with 0.3% glutaraldehyde, which was added to the PVA
solution to crosslink the PVAs. NP(PDMAPAAm)-PBA and
sulforhodamine B or methylene blue were subsequently added to
the solution to prepare colored cubic hydrogels. These hydrogels were
reintegrated at 45 °C on a hot plate, and the heated hydrogels were
cooled thereafter to room temperature. The hydrogel connections
were visually confirmed for each process.

3. RESULTS AND DISCUSSION

3.1. Synthesis of PBA-Terminated Block Copolymer.
PBMA-b-PDMAPAAmM-DTC was synthesized by sequential
reversible addition—fragmentation chain-transfer (RAFT)
polymerization. Hydrophobic PBMA was synthesized using
CPDT as the RAFT agent. The average molecular weight of
PBMA was determined to be 2600 g/mol from the UV
absorbance of the trithiocarbonate unit at 310 nm (& = 11 000
L/mol/cm).”” Subsequently, DMAPAAm was propagated
from PBMA to yield PBMA-b-PDMAPAAm-DTC. The
DMAPAAm unit in the block copolymer was confirmed
using 'H NMR spectra by comparing the proton intensity of
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the methylene protons of BMA (—OCH,—, 2H, 3.84—4.0S
ppm) with that of the methylene protons of DMAPAAm
(=N—=CH,—, 2H, 2.94—3.42 ppm). The number of BMA and
DMAPAAmM monomers in the block copolymer was
determined to be 14 and 74, respectively. Additionally, the
GPC chart showed a monomodal peak derived from the block
copolymer, indicating the formation of the PBMA-b-
PDMAPAAM-DTC diblock polymer (Figure S2).

The DTC group on the terminus of the diblock copolymer
was converted into the PBA unit by its aminolysis, followed by
the Michael addition of APBA. From the '"H NMR spectrum,
the aromatic protons of PBA in PBMA-b-PDMAPAAm-PBA
were confirmed at 6.98 and 7.51 ppm, and the terminal
conversion was determined to be greater than 95% by
comparing the aromatic protons of PBA at 6.98 ppm and
the methylene protons of BMA at 3.84—4.0S ppm (Figure 1).
The GPC chart of PBMA-b-PDMAPAAm-PBA showed a
monomodal peak similar to that of PBMA-b-PDMAPAAm-
DTC (Figure S2). Additionally, the PBA-derived UV
absorbance after the terminal conversion was confirmed
(Figure S3). The UV absorbance of the PBA-free diblock
copolymer, which was synthesized without APBA in the
terminal conversion reaction, was low in the 280—330 nm
range, which corresponded to the absorbance of PBA. Thus,
the substitution of PBA at the terminus of the block copolymer
was successfully confirmed.

Nonionic PBMA-b-PACMO-PBA was synthesized similar to
PBMA-b-PDMAPAAmM-PBA. The number of BMA and
ACMO monomers in the block copolymer were 14 and 89,
respectively, and the block copolymer showed a monomodal
peak in the GPC profile (Figure S2).

https://doi.org/10.1021/acsapm.2c00581
ACS Appl. Polym. Mater. 2022, 4, 5047—5055


https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00581/suppl_file/ap2c00581_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00581/suppl_file/ap2c00581_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00581/suppl_file/ap2c00581_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.2c00581/suppl_file/ap2c00581_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00581?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00581?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00581?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00581?fig=fig1&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00581?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

3.2. Preparation and Characterization of Synthesized
Nanoparticles. Nanoparticles with a PBA surface, hydro-
phobic core, and hydrophilic corona [NP(PDMAPAAm)-
PBA] were prepared by the assembly of PBMA-b-PDMA-
PAAm-PBA in water (Figure 1). Although PBMA-b-
PDMAPAAmM-PBA was soluble in water, it did not readily
dissolve at a higher concentration (S wt %). Therefore, PBMA-
b-PDMAPAAm-PBA was first completely dissolved in acetone,
and water was subsequently added to the solution. The
acetone was evaporated from the solution under reduced
pressure, followed by the preparation of the polymer solution.

DLS analysis showed that NP(PDMAPAAm)-PBA exhibited
a unimodal peak, with a volume-average diameter of 54 + 0.16
nm (Figure S4). The morphology of the nanoparticles was
confirmed by TEM, which revealed uniformly dispersed ~30-
nm-sized spherical dots (Figure S4).

The influence of pH on the (-potential of NP-
(PDMAPAAmM)-PBA was investigated to determine the
optimal pH range for ionization of PBA and PDMAPAAm in
the formation of the boronic ester (Figure 2). The {-potential

pKa (PB)=8.6 pKa (DMAPAAM)=10.35

]

¢ potential (mV)

pH

Figure 2. {-potentials of NP(PDMAPAAm)-PBA at different pH
values (n = 3).

decreased with increasing pH and became negative at pH >
11.5. NP(PDMAPAAm)-PBA contains two pH-dependent
molecules: PBA and DMAPAAm. The dissociation constant,
pK,, of PBA is 8.6, and boron atoms form tetrahedral negative
ions at higher pH values.”> However, DMAPAAm has a pK, of
10.35, and deprotonation proceeds above this pH. Because
NP(PDMAPAAm)-PBA has a PDMAPAAm chain, protona-
tion of DMAPAA is suppressed due to the adjunct protonated
DMAPAAm unit, and the pK, of PDMAPAAm decreases by
~1 compared to that of the DMAPAAm monomer (10.35).”'
Therefore, the ionization of PBA on the particle surface and
deprotonation of PDMAPAAm proceeded simultaneously
when the pH was 8.6 or higher, resulting in a decreased {-
potential. As the pH increased to above 11, the effect of
protonated PDMAPAAm was hardly observed; moreover, the
influence of boronate ions on the surface increased, resulting in
a negative shift in the {-potential.

3.3. Thermal Properties of Boronic Ester. PBA forms
boronic esters with diols and is used to prepare various
biomedical materials. However, the temperature responses of
these boronic esters have not been comprehensively analyzed,
except for the temperature-response behavior of PBA-
incorporated thermoresponsive polymers for glucose sensing.
Therefore, the thermal properties of the boronic ester
investigated in this study were determined using a catechol-
functionalized fluorescent molecule ARS, which demonstrates

of NP(PDMAPAAm)-PBA at pH 7.4 (39.5 + 1.1 mV)
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a high affinity for PBA. As a fluorescent reporter, ARS becomes
fluorescent upon binding to a PBA and enables the
determination of binding constants with ARS.”***

Temperature-dependent fluorescence changes in ARS and
NP(PDMAPAAm)-PBA were observed from 20 to 50 °C
(Figure SS). Strong fluorescence was observed from the PBA-
conjugated ARS at 20 °C. The fluorescence intensity of ARS
decreased with increasing temperature and was hardly
observed above 40 °C. These results indicate that the boronic
ester gradually dissociated in a mild environment from room
temperature to body temperature.

DSC measurements were performed using the PBA-
modified nanoparticles and PVA at different pH values to
investigate the thermal sensitivity of the DCBs constructed by
NP(PDMAPAAm)-PBA and PVA diols (Figure 3) because the
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o
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Figure 3. DSC thermograms of NP(PDMAPAAm)-PBA/PVA and
NP(ACMO)-PBA/PVA at different pH values. Green, red, and blue
profiles represent data of NP(PDMAPAAm)-PBA/PVA at pH 7.4,
9.5, and 11.5, respectively. The black profile represents NP(ACMO)-
PBA/PVA data at pH 9.5. A nanoparticle/PVA system concentration
of 0.5 wt % was used.

dissociation constant of the boronic ester was affected by pH
(Figure 4A). At pH 7.4, the solution containing NP-
(PDMAPAAm)-PBA and PVA showed a small exothermal
peak that started at 25—30 °C and peaked at ~46 °C. In
contrast, the heat capacities of the NP(PDMAPAAm)-PBA
and PVA solutions at pH 9.5 and 11.5 were 6 times greater
than that at pH 7.4. Additionally, the peaks terminated at 65—
70 °C. However, the DSC curves were almost identical except
for the value regardless of pH. Additional DSC measurements
were performed using the nonionic NP(PACMO)-PBA/PVA
system at pH 9.5 to confirm the influence of PDMAPAAm on
PBA. Interestingly, the resulting exothermic peak was almost
identical to that of the NP(PDMAPAAm)-PBA/PVA system at
pH 7.4. Moreover, the DSC analysis indicated that the boronic
ester could be thermally dissociated and the DCB dissociation
was initiated from 25 to 30 °C, regardless of the change in pH.
In particular, the appearance of almost identical peak
temperatures regardless of the pH and the presence or absence
of cationic segments indicate that, in general, the boronic ester
readily dissociated by heating.

However, the stability of the bonds was found to be highly
dependent on pH; DSC analysis revealed the higher diol
binding strength of PBA ionized at a high pH and the high
thermodynamic stability in the high-pH region.
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Figure 4. (A) Influence of pH on the charge of DMAPAAm and PBA. Illustration of possible changes in interactions of PVA with (B) nonionic
NP(PACMO)-PBA and (C) cationic NP(PDMAPAAm)-PBA at different pH values.

PBA is strongly ionized in the presence of amines, which
stabilizes the ionic state of boron (Figure 4). The family of
boronic acids containing an adjacent coordinating amine
center is characterized by the coordination between the
nitrogen center and boron to form a tetrahedral boronate.*
Additionally, the presence of an amino group increases the
water solubility of the polymer and facilitates complex
formation with PVA; moreover, the amino group coordinates
to boronate to stabilize its ionized form, leading to strong
boronate—diol complexation.®* The presence of NP-
(PDMAPAAm)-PBA involving a2 PBA unit on the nanoparticle
surface decreased the polymer chain density at the outermost
layer. However, PBA was connected to the PDMAPAAm
chain, and numerous DMAPAAm units surrounded the PBA
unit. Consequently, the PBA and DMAPAAm units efficiently
formed coordination bonds between boron and nitrogen
atoms.

The optimal pH of boronic esters is between the pK, values
of PBA and diols [pHoptimal = (pKa—acid + pI<a»diol)/2];35_37
therefore, the optimal pH was assumed to be 12.6 in the
present study. Therefore, the ionic boron was stabilized in
NP(PDMAPAAm)-PBA and showed the high thermochemical
stability of the boronic ester in the high-pH region.

In contrast, PBA did not sufficiently form the boronic ester
in the absence of the cationic segment on the particles at pH
9.0, which was slightly higher than the pK, of PBA. Therefore,
changes in the ionization state of boron possibly had a
significant effect on bond stability.

3.4. Preparation and Characterization of PBA-nano-
particle/PVA Hydrogel. Based on the fluorescence and DSC
results, the DCBs of the boronic ester initiated temperature-
responsive binding and dissociation under mild conditions
from room temperature to near body temperature. The
conditions for hydrogel formation using NP(PDMAPAAm)-
PBA and PVA were subsequently explored. First, 1—5 wt %
NP(PDMAPAAm)-PBA and PVA were mixed at pH 9.5 to
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ionize the PBA, and the viscosity of the solution was
monitored. NP(PDMAPAAm)-DTC and PVA were mixed
and prepared as a control; the viscosity of this solution did not
increase, regardless of the solution concentration or the mixing
ratio of NP(PDMAPAAm)-DTC and PVA. In contrast, the
viscosity of the solution containing NP(PDMAPAAm)-PBA
and PVA increased upon mixing, and gelation occurred at a
solution concentration of 5 wt % (Table 1). The concentration

Table 1. Viscoelastic Properties of Synthesized
Nanoparticle/PVA Mixtures at 25 °C (pH 9.5)

[NP] [PVA] G’
NP (wt %) (wt %) G’ (Pa) (Pa)
NP(PDMAPAAm)-PBA s 1 475 5.89
s 2.5 14.4 19.3
s s 68.4 50.4
2.5 s 30.0 21.1
NP(PACMO)-PBA s s 0.114 1.20
NP(PDMAPAAm)- s s 5.48 8.17
DTC

of NP(PDMAPAAm)-PBA was hlgher than that of conven-
tional PBA and PVA hydrogels™ because of the presence of
the PBA unit only at the terminus of the block copolymer,
which decreased the molar concentration of PBA compared to
that of other PBA and PVA hydrogels.

A glucose solution (1 mol/L) was used to confirm the
bonding enabled by the boronic ester between PBA on the
nanoparticles and the PVA diols in the hydrogel. After the
addition of the glucose solution, the hydrogel rapidly
decomposed because the PBA of the boronic ester is
exchanged from bonding with PVA to bonding with glucose. 38
Thus, the crosslinking points of the boronic ester between PBA
on the nanoparticles and PVA were dissociated, indicating
hydrogel formation by the DCBs of the boronic ester (Figure
S6).
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The pH dependence of the hydrogel viscoelasticity was
subsequently investigated (Figure S). At pH 7.4, the mixture
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Figure S. Effect of pH on the viscoelasticity of the NP-
(PDMAPAAm)-PBA/PVA hydrogel. Red and blue circles indicate
G’ and G, respectively.

remained in the sol form. The viscoelasticity of the gel
increased with increasing pH, yielding hydrogels, and peaked
upon hydrogel formation at pH 9.5. However, its viscoelasticity
gradually decreased from pH 9.5 onward, yielding a sol at pH >
11. These results indicate that a stable hydrogel can be
prepared using PVA and the PDMAPAAm nanoparticles if the
pH of the solution is higher than the pK, of PBA and lower
than the pK, of PDMAPAAm, with PBA being ionized and
further stabilized by protonated DMAPAAm.

Multivalent binding between the PVA diols and PBA on the
nanoparticles was achieved by the introduction of PBA to the
nanoparticle surface. This multivalent binding effect was
evaluated by synthesizing linear P(DMAPAAm-co-PBA)
(DMAPAAm/PBA = 475/25 (unit) as determined by 'H
NMR spectroscopy) and mixing with PVA. The mixture of
linear P(DMAPAAm-co-PBA) and PVA exhibited the highest
G’ and G” values in a region with values higher than the pK, of
PBA, similar to the mixture of NP(PDMAPAAm)-PBA and
PVA, although it did not form a hydrogel (Table S1). These
results suggest that the introduction of PBA to the nanoparticle
surface is critical to the preparation of stable hydrogels because
of the multivalent-bond-formation characteristic of the boronic
ester; furthermore, the formation of the boronic ester on the
nanoparticle surface in three dimensions enables efficient
nanoparticle—PVA bonding.

3.5. Thermally Induced Formation and Dissociation
of Crosslinking Points in Hydrogel. The thermal properties
of the NP(PDMAPAAm)-PBA/PVA hydrogel at pH 9.5 were
subsequently investigated using a rheometer (Figure 6). The
viscoelasticity of the gel gradually decreased as the temperature
increased from 25 °C. G” overtook G at 39.7 °C, indicating
gel—sol phase transition. Conversely, the viscoelasticity
gradually increased as the solution temperature decreased
from 50 °C; moreover, G" overtook G” at 21.3 °C and gelation
occurred, confirming the reversibility of the sol—gel transition
of the PBA-nanoparticle/PVA mixture. The DSC measure-
ments suggested that the bond dissociation was almost
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complete at 65 °C. Thus, the solution temperature was
increased to more than 50 °C to investigate the viscoelasticity
of the sol phase. As the temperature increased to above 50 °C,
the viscoelasticity gradually decreased, resulting in G’ and G”
values of less than 1 Pa above 65 °C. These results indicate
that the PBA—PVA bonds, which were the crosslinking points
of the hydrogel, gradually dissociated with increasing temper-
ature. DSC analysis of the hydrogel containing S wt %
NP(PDMAPAAm)-PBA at pH 9.5 indicated that the gel
structure collapsed at a temperature below that at which half of
the bonds dissociated, resulting in the hydrogel becoming a sol.
A further increase in temperature to 65 °C or higher led to the
dissociation of almost all of the PBA—diol bonds, and the PBA
particles and PVA molecules were considered to exist
independently. Consequently, the dissociation of the PBA—
diol bonds proceeded at mild temperatures, and the cross-
linking state of the gel could be readily controlled by altering
the temperature. Finally, the restoration efficiency of the
hydrogel was confirmed by changing the temperature (25 and
50 °C). At 25 °C, the G’ and G” values of the hydrogel were
145 and 82 Pa, respectively. The sample was subsequently
heated at 50 °C for 10 min and cooled thereafter at 25 °C for
10 min, which resulted in G’ values of 119 and 66 Pa,
respectively, for the hydrogel. The restoration efficiency, which
was estimated to be ~82%, gradually decreased with repeated
heating and cooling and became ~70% after the fifth cycle.

The self-healing property of the hydrogel was investigated by
crosslinking it with glutaraldehyde. Because the NP-
(PDMAPAAm)-PBA/PVA hydrogel transformed into a
solution at temperatures over 39 °C, the hydrogel was
crosslinked with glutaraldehyde to maintain its structure at
higher temperatures. As shown in Figure 7, the hydrogel
retained its structure at 45 °C. The Young’s moduli of the
hydrogel before and after thermal cycling were determined
using the following equation

E

2G'(1 +v)

where E and v represent the Young’s modulus and Poisson’s
ratio, respectively.

The Young’s moduli of the unheated, heat-treated (50 °C),
and cooled (25 °C) hydrogel were determined to be 321, 33,
and 119 Pa, respectively. As shown in Figure 6D, the stiffness
of the hydrogel was not sufficiently restored after 10 min of
cooling. However, the boronic ester was gradually formed at
the low temperature, which increased the stiffness of the
hydrogel.

To confirm the self-healing property of the hydrogel, its
ability to reestablish connections was investigated using
colored hydrogel specimens. The prepared hydrogels were
formed into cubes, and adhesion tests of the gels were
conducted by changing the temperature (Figure 7B). Initially,
the surfaces of the gels were brought into contact with each
other at 25 °C; however, no adhesion was observed.
Subsequently, the hydrogel cubes were heated on a hot plate
at 45 °C, which led to their softening and a significant increase
in G”; the G’ and G” values changed from 128 and 81 Pa,
respectively, at 25 °C to 7 and 11 Pa at 50 °C. Moreover, no
adhesion was observed between the gel surfaces under heated
conditions. However, adhesion was observed when these gels
were cooled to room temperature with the surfaces in contact.
The strong connections due to the self-healing ability of the
NP(PDMAPAAm)-PBA/PVA hydrogel were confirmed by
stretching it to (Figure 7) more than 2-fold.
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Figure 6. Changes in thermo-viscoelasticity of NP(PDMAPAAm)-PBA/PVA. (A) Preparation of hydrogel using NP(PDMAPAAm)-PBA and
PVA. (B) Images of a mixture of NP(PDMAPAAm)-PBA (5 wt %) and PVA at 25 and 50 °C. Sol—gel phase transition occurred reversibly in
response to temperature variations. (C) Changes in viscoelasticity of NP(PDMAPAAm)-PBA (S wt %) and PVA (S wt %) at pH 9.5. Red and blue
profiles indicate G’ and G”, respectively. Solid and dashed profiles indicate heating and cooling processes (S °C/min), respectively. (D) G’ and G”
data and (E) restoration efficiency of NP(PDMAPAAm)-PBA (S wt %) and PVA (S wt %) at 25 and S0 °C. The temperature was alternated

between 25 and 50 °C every 10 min.

Overall, a hydrogel capable of undergoing sol—gel transition
under extremely mild conditions was successfully synthesized
by clarifying the thermochemical properties of PBA—diol
bonds. The thermal dissociation of various DCBs is known to
induce thermal properties in gels. However, even Schiff bases,
which are typical thermally dissociable DCBs, are subjected to
temperatures above 67 °C for thermal dissociation.” High
temperatures strongly influence this property of hydrogels via
evaporation of water and drying of the surface. However,
compared to other DCBs, the PBA—diol bonds can be
dissociated from 30 °C and are completely dissociated above
60 °C. Consequently, self-healing characteristics can be readily
imparted to the hydrogel using mild-temperature treatments.
Moreover, functional control of this boronic-ester-based
hydrogel was demonstrated under conditions close to body
temperature. This hydrogel is expected to be highly versatile
and applicable as a medical material on skin surfaces, although
a high pH is required for its preparation. Essentially, this
boronic-ester-DCB-based hydrogel can be used as a material
that can express its functions in ambient environments such as
body surfaces because of its functions under mild temperature
changes.
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4. CONCLUSIONS

Thermal cleavage of the DCBs of a boronic ester was found to
begin from a low temperature of 25—30 °C and dissociate (half
of the DCBs) at ~46 °C, which is lower than that of other
temperature-responsive DCBs. The viscoelasticity of the
hydrogel containing a boronic ester for crosslinking changed
drastically with increasing temperature. In particular, the
hydrogel transformed into a sol at temperatures over 39.7 °C
because of the dissociation of its boronic-ester-based cross-
linking points. The boronic ester was reconstructed upon
cooling at 25 °C, which led to the re-emergence of the
hydrogel. The thermally cleaved boronic ester on the surface or
inside the hydrogel could be randomly reconjugated by
decreasing the temperature. Consequently, exchange between
the boronic ester on the surface of the hydrogel samples
enabled their connection, indicating its self-healing ability. The
boronic ester could be controlled under gentle conditions at
temperatures slightly higher than body temperature, and the
self-healing property was demonstrated without changing the
properties of the hydrogel derived via water evaporation, for
instance. Thus, the boronic-ester-based NP(PDMAPAAm)-
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Figure 7. Self-healing properties of NP(PDMAPAAm)-PBA/PVA hydrogel. (A) Photos of hydrogels at each step of the thermal investigation. Red
and blue hydrogels were stained with sulforhodamine B and methylene blue, respectively. (B) Possible changes in surface chemistry of the
NP(PDMAPAAm)-PBA/PVA hydrogel at each investigated temperature. (C) Illustration of possible changes in interactions between PVA and

NP(PDMAPAAm)-PBA at different temperatures.

PBA system can be a promising hydrogel crosslinker for the

development of smart hydrogels for biomedical applications.
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Abstract: Notably, antibiofouling is an important and predominant technique adopted to improve
the surfaces of biomaterials. In this study, polyethylene glycol-grafted polyethylene glycols bearing
azidophenyl groups were synthesized and immobilized on polystyrene surfaces via photoirradia-
tion. The prepared polymers were found to be highly soluble in water, and photoimmobilization
with fluorescent proteins was confirmed based on micropatterning using a photomask. These
polymers suppressed nonspecific interactions between proteins and cells on the substrate. Con-
sidering that photoimmobilization can be adopted for the covalent bond modification of various
surfaces, the developed water-soluble and highly antibiofouling polymers appear to be useful in
biomaterial preparation.

Keywords: photoreactive; azidophenyl; polyethylene glycol; photoimmobilization; cell adhesion;
protein adsorption; antibiofouling

1. Introduction

Typically, surface functionalization can facilitate the control of interactions between
target materials while simultaneously suppressing nonspecific interactions with the sur-
faces. In particular, non-biofouling surfaces resist the adsorption of proteins and/or cell
adhesion. This is because proteins generally have a strong tendency to adsorb on almost all
surfaces, leading to cell adhesion. Therefore, surfaces that resist protein adsorption also
resist cell adhesion [1,2].

There have been many recent advances in the construction of anti-biofouling surfaces
for preventing nonspecific binding (fouling) in biomedical fields. For example, a micro-
electrode coated with a polyethylene glycols (PEG) methacrylate polymer (anti-biofouling
layer) was developed to facilitate its implantation into the rat brain for electrophysiological
recordings [3,4].

A nanosensor coated with a PEG-lipid was shown to minimize protein fouling and to
prolong nanoparticle blood circulation for the monitoring of histamines [5,6]. Nanoparticles
coated with a PEG polymer network (subsequently an antifouling shell) are capable of the
in vivo detection of hydrogen peroxide (H,O,) that indicates many pathological processes
including chronic diseases such as cancer. PEG was shown to endow the particles with
good fouling resistance, water solubility, and biocompatibility [7].

The development of anti-biofouling membranes for inhibiting membrane biologi-
cal contamination in the field of water purification was also established. The coated
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membranes were shown to inhibit the initial attachment or deposition of biological macro-
molecules/microorganisms and to prevent the subsequent growth and multiplication of
adhered microbes [8].

To date, various polymers have been used to suppress nonspecific interactions in cells;
these include polyethylene glycol (PEG) [9-13], zwitterionic species [14-17], peptides [18],
polypeptides [19], and glycocalyx [20]. These polymers are highly hydrophilic and flexible,
and they exhibit nonadherent and nonbiofouling properties. Furthermore, the immo-
bilization of these polymers on antibiofouling surfaces has been achieved with various
methods, including self-assembly [21], electro-grafting [22], and polymerization; in this
regard, atom transfer radical polymerization [23] and reversible addition—fragment chain
transfer polymerization have also recently been employed [24]. Among these methods,
photoimmobilization is interesting because it enables the covalent immobilization of the
antibiofouling layer [25]. Therefore, some types of photoimmobilizable (reactive) polymers
containing PEG [26,27], zwitterions (such as phosphorylcholine) [28-30], sulfobetaine [31],
carbobetaine [32], pullulan [33], sulfated hyaluronic acid [34], polyvinyl alcohol [35] and
polyacrylate derivatives [36] have been used for the preparation of antibiofouling surfaces.

Among the photoreactive polymers, photoreactive antifouling acrylic polymers grafted
with PEG have been used as microarray matrixes [37-43] and are now commercially
employed in allergy diagnosis (DropScreen®) [44,45]. In a previous study, photoreac-
tive PEG was synthesized via the copolymerization of methacrylate-PEG and acryloyl
4-azidobenzene. The photoreactive polymer was photoimmobilized on plastic, glass, and ti-
tanium surfaces for antibiofouling surface modification [26]. This immobilization technique
is indeed extremely useful for surface antibiofouling modification due to its convenience.
The modified surface significantly reduces interactions with proteins and can be used for
protein immobilization via photo-induced crosslinking [26].

However, owing to the low hydrophilicity of the polymethacrylate backbone, the water
solubility of these polymers is relatively low and further decreases following an increase in
the number of azidophenyl groups [13,27]. To enhance water solubility, we synthesized a
PEG-based photoreactive polymer composed of ethylene oxide and azidophenyl-coupled
ethylene oxide. However, its water solubility was still low. Therefore, in this study, co-
immobilization with PEG-carrying ethylene oxide was performed to enhance its water
solubility and photoreactivity, and the resulting antibiofouling properties were investigated.

2. Materials and Methods
2.1. Materials

4(Glycidyloxymethyl)azidobenzene (AzPheEO) was prepared according to our pre-
vious report [21]. Methoxy-PEG epoxide (mPEG-EPO, Mn = 350 and 750) was purchased
from Biochempeg Scientific (Boston, MA, USA). Tetrabutylammonium bromide (TBAB),
ethanol, methanol, n-hexane, and N,N-dimethylformamide were purchased from FUJIFILM
Wako Pure Chemical (Osaka, Japan). Ethylene oxide (EO, 1.0 mmol/L toluene solution),
4-azidobenzoic acid, lithium bromide, and triisobutyl aluminum (i-BuzAl, 1.0 mol/L
toluene solution) were purchased from Tokyo Chemical Industry (Tokyo, Japan). Tissue cul-
ture polystyrene dishes were purchased from Iwaki (Tokyo, Japan). Alexa488-conjugated
immunoglobulin G (Alexa488-IgG), fetal bovine serum (FBS), and trypsin were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). A penicillin-streptomycin solution
was purchased from Nacalai Tesque (Kyoto, Japan).

2.2. Copolymerization of EO, AzPheEO, and mPEG-EPO

First, EO was copolymerized with AzPheEO and mPEG-EPO (Scheme 1). For this,
TBAB, AzPheEO, and mPEG-EPO were dried under vacuum for 2 h, after which they
were exposed to dry nitrogen. Toluene was added to the flask to dissolve mPEG-EPO.
Subsequently, the EO solution and i-Bus Al were added to the flask in an ice bath. The
solution was stirred for copolymerization at 25 °C in the dark for 18 h. Methanol was
added to the solution, and the solvent was removed under reduced pressure. The crude
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compound was dissolved in acetone, and the solution was dialyzed against water for
three days. The resulting polymer was then freeze-dried and is referred to as AzPEGx [y],
where x and y represent the Mn and feed ratio of mPEG-EOQ, respectively. The obtained
AzPEGx [y] polymer was characterized via 'H-nuclear magnetic resonance (NMR) spec-
troscopy (JNM-ECZ400R, 400 MHz, JEOL, Tokyo, Japan) in chloroform, as well as via gel
permeation chromatography (GPC; JASCO, Tokyo, Japan). The system was equipped with
a refractive index detector (RI-2032, JASCO, Tokyo, Japan) and two columns (SB-803 HQ
and SB804 HQ; Showa Denko, Tokyo, Japan) in dimethylformamide (DMF) containing
10 mM lithium bromide.

1 e, M%ﬁ;i%*
L O S L

Scheme 1. Preparation of photoreactive polyethylene glycol-grafted polyethylene glycol.

Furthermore, the ultraviolet (UV) absorbance spectra (V—750, JASCO, Tokyo, Japan)
of the polymers and 4-azidobenzoic acid were obtained. The polymer and 4-azidobenzoic
acid were dissolved in a mixture of ethanol/water (0.1 wt.%). The UV absorbance of each
solution was measured between 200 and 400 nm.

2.3. Contact Angle Measurements

An unpatterned AzPEGx [y]-coated plate was placed on the stage of a CA—W Auto-
matic Contact Angle Meter (Kyowa Interface Science, Saitama, Japan), and a drop of water
(0.1 uL) was placed on the sample surface. The contact angle of the drop with respect to the
surface was measured at room temperature. At least 10 angles were measured in different
areas, and the results are expressed as the average values with the standard deviation.

2.4. Photoimmobilization of AzZPEGx [y]

The photoimmobilization procedure is illustrated in Scheme 2a. The prepared AzPEGx
[y] polymer (0.25 wt.% in water, 100 uL) was placed on polystyrene dishes (for tissue culture,
Iwaki, Tokyo, Japan). These dishes were then dried at 40 °C under vacuum. A stainless
steel punch sheet with 500 um holes (Yasutoyo Trading, Tokyo, Japan) was placed on
the substrate as a photomask, and the surface was exposed to UV light for 20 s using a
photoirradiator (45 mW /cm? at 270 nm, L5662 UV spotlight source, Hamamatsu photonics,
Hamamatsu, Japan). The surface was then washed with water and subsequently immersed
in water for one day. The plates were dried under vacuum and stored in a dark desiccator
until further use. To confirm the photoimmobilization of the polymer on polystyrene, the
AzPEGX [y] (0.25 wt.%, 90 pL) solution was mixed with Alexa488-IgG (0.25 wt.%, 10 uL)
and co-immobilized on the plate (Scheme 2b). Furthermore, fluorescence images were
obtained using a fluorescence microscope (Olympus, Tokyo, Japan).

dish (for tissue
AZPEGX[y] Casting l culture) l Casting AZPEGX[y] + Alexa488-1gG

PEG graft Drying l l Drying PEG graft

AzPEGXx[y] Alexa488-IgG

|

AzPEGx[y]

Photo-irradiation l l Photo-irradiation

— mmm— mm—— Photomask —>EEEEN _ wmmm  m—

Washing l l Washing

() (b)

Scheme 2. Micropatterning of the prepared AzPEGx [y] polymer (a) without and (b) with fluorescent-
labeled IgG. The circular micropattern was identical to the diameter of the photomask holes.
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2.5. Protein Adsorption

A solution of Alexa488-IgG (0.25 wt.%, 100 uL) was placed onto the AzPEGx [y]-
coated surfaces and allowed to stand for 2 h at 25 °C. The substrates were then washed with
water and immersed in water overnight. The substrates were then dried under vacuum,
and fluorescence images were acquired using a fluorescence microscope (Olympus).

2.6. Cell Adhesion

Mouse fibroblast (3T3) cells (Japanese Collection of Research Bioresources, Osaka, Japan)
were cultured in Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% FBS and antibiotics (penicillin (100 units/mL) and streptomycin
(100 pg/mL)). The cells were harvested using a 0.25% trypsin—ethylenediaminetetraacetic acid
solution. The cell suspension (1.0 x 10° cells) was seeded onto the AzPEGx [y]-coated dishes
and incubated at 37 °C in a humidified atmosphere with 5% CO; for 24 h. After incubation,
the dishes were washed thrice with phosphate-buffered saline, and the cells were observed
using a phase-contrast microscope (Olympus, Tokyo, Japan).

3. Results and Discussion
3.1. Synthesis of Photoreactive PEG (AzPEGx [y])

EO was copolymerized with AzPheEO and mPEG-EPO via activated ring-opening
polymerization. TBAB was used as an initiator and i-Buz Al as the monomer activator to
generate polymers with various PEG chain lengths and azidophenyl group contents.

Table 1 summarizes the AzZPEGx [y] polymers synthesized via the copolymerization
of AzPheEO with EO and two different molecular weights of mPEG-EPO. The azidophenyl
group content was confirmed via UV absorbance spectroscopy. The molecular weights and
polydispersity indices (PDIs) of the polymers were analyzed using GPC. The AzPheEO
and mPEG-EPO contents in the copolymers were found to be lower than those in the feed.
The decrease in the ratio of mPEG-EPO was greater than that of AzPheEO. This can be
attributed to the high steric hindrance of the PEG moiety in mPEG-EPO. The PDI increased
at a lower proportion of the azidophenyl group due to the steric hindrance of mPEG-EPO.
In the absence of mPEG-EPO, the polymer did not dissolve in pure water. Therefore,
Az [10] was not used for further investigations.

Table 1. Characterization of the prepared polymers.

Code Feed (mol/%) Composition (mol%) ? Mw P PDIP
- AzPhe-EO  EO mPEG-EPO mpli/(f‘;fpo A;Ig‘e' EO “E;EOG - -
Az [10] € 10 90 0 - 9.6 90.4 0 8700 1.6
AzEG350 [10] 10 80 10 350 8.4 85.8 5.8 7800 1.7
AzPEG750 [5] 10 85 5 750 74 89.8 2.8 13,000 1.9
AzPEG750 [1] 10 89 1 750 9.9 89.5 0.6 12,000 1.7

2 Determined via "H NMR. ? Determined via GPC. ¢ No PEG-grafted polymer.

The 'H NMR spectrum of the synthesized AzPEG750 [5] is presented in Figure 1.
Peaks corresponding to the protons of the PEG ethylene group units and methyl protons of
the grafted PEG chain were observed at 3.6 and 3.35 ppm, respectively. In addition, peaks
corresponding to benzylic protons, aromatic protons, and azidophenyl units were observed
at 4.54,7.37, and 7.05 ppm, respectively.
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Figure 1. '"H NMR spectrum of AzPEG750 [5] (solvent: chloroform—d).

The UV absorbance spectrum of AzPEG750 [5] and 4-azidobenzoic acid is presented
in Figure 2. The peak of the azidophenyl group slightly shifted to a lower wavelength. The
azidophenyl group was considered to be in the hydrophobic region of the polymer.

Absorbance
o
(@)
|

0 | | | |
230 250 270 290 310 330

Wavelength (nm)

Figure 2. UV absorbance spectra of AzPEG750 [5] (red) and 4-azidobenzoic acid (blue) in
ethanol/water (0.1 wt.%).

The molecular weight and distribution of AzPEGx [y] were determined via GPC
(Figure 3). The prepared AzPEGx [y] polymer appeared as a unimodal trace. This revealed
an almost complete polymerization between mPEG-EPO and AzPheEO.



Polymers 2023, 15, 184

6 of 10

AZPEG750[5]
AZPEGas[10]
|

10 12 14 16 18

Retention time (min)

Figure 3. GPC charts of AzZPEG350 [10] (green) and AzPEG750 [5] (blue), proving that the azidophenyl
group was successfully synthesized via the copolymerization of AzPheEO with EO and mPEG-EPO.
Eluent: DMF containing 10 mmol/L LiBr. Flow rate (1 mL/min).

3.2. Contact Angle Measurements

Water contact angle measurements were performed to investigate the surface proper-
ties of AzZPEGx [y] immobilized without a photomask (unpatterned surfaces). As indicated
in Table 2, the contact angle on the photoimmobilized surface was lower than that on the
non-immobilized surface. This alteration in the contact angle was assumed to be caused by
PEG coverage. The hydrophilicity of the immobilized surface was almost independent of
the copolymer.

Table 2. Contact angles on different surfaces.

Surface Contact Angle (°) £ Standard Deviation
Polystyrene (for tissue culture) 70.7 £ 2.1
Polystyrene with AzPEG350 [10] 41.1+£18
Polystyrene with AzPEG750 [5] 412+ 1.6

3.3. Formation of Micropatterns

According to Scheme 2b, AzPEGXx [y] was micropatterned on the polystyrene surface, as
presented in Figure 4. Mixed Alexa488-IgG was co-immobilized with AzPEGx [y] after UV
exposure, and the immobilized pattern was the same as that on the photomask. Notably, upon
UV irradiation, the highly active nitrenes produced from the azidophenyl moieties randomly
attacked the polymer, proteins, and substrate. Consequently, polymer-polymer crosslinks of
AzPEGx [y]-AzPEGx [y], AzPEGx [y]-Alexa488-IgG, and AzPEGx [y]-polystyrene substrates
were obtained (Scheme 2b).

@ (b) (©

Figure 4. (a) Phase-contrast image of photomask. (b) Micropatterning test of AzZPEG350 [10] and
(c) micropatterning test of AzZPEG750 [5] performed using photomask. The micropattern plate had
two different regions, as indicated by the green and dark sections. In the photomask, the green section
allowed UV light to enter the AzZPEGx [y]-Alexa488IgG complex, resulting in photoimmobilization,
which was not possible in the dark sections. Scale bars: 500 pm.
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3.4. Protein Adsorption

To assess the nonspecific adsorption of proteins on immobilized PEG surfaces, a
fluorescent protein (Alexa488-conjugated IgG) was added to the surface prepared based on
Scheme 2a, and the resulting structure was examined via fluorescence microscopy (Figure 5).
The immobilized AzPEGXx [y] suppressed the adsorption of the fluorescent-labeled proteins.
The suppression effect did not significantly depend on the nature of AzPEGx [y]. These
results revealed that the immobilized surface suppressed nonspecific protein adsorption.

(a) (b)

Figure 5. Fluorescence microscopy images of (a) AzPEG350 [10]- and (b) AzPEG750 [5]—coated mi-
cropatterned polystyrene plates after the adsorption of Alexa488-conjugated IgG. Scale bars: 500 pm.

3.5. Cell Adhesion

Furthermore, cell adhesion onto the AzPEGx [y]-coated polystyrene substrates was
evaluated using 3T3 mouse fibroblast cells (Figure 6). For this, 3T3 cells were cultured
on the micropatterned surfaces for 24 h. The non-cell-adhered pattern was found to be
identical to the hole pattern on the stainless steel photomask. The cells only adhered to the
non-UV-exposed areas. The prepared AzPEGx [y] polymer almost completely suppressed
cell adhesion due to the introduction of hydrophilic PEG. The suppressive effect on cell
adhesion did not depend on AzPEGx [y].

(©)

Figure 6. Phase-contrast images of 3T3 mouse fibroblast cells cultured on the AzPEG350 [10]-coated
(a,c) and AzPEG750 [5]-coated (b,d) micropatterned polystyrene plates at 0.25 wt.%. Scale bars:
(a,b) 500 um; (c,d) 200 pm.
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Notably, PEG is a representative antibiofouling polymer. PEG immobilization on
biomaterial surfaces is typically conducted for various purposes. Previously, we prepared
a PEG-based polymer containing azidophenyl groups in the side chains [21]. However,
the polymer was not completely soluble in pure water. Therefore, copolymerization with
mPEG-EPO was performed herein, and the resulting copolymer was found to be com-
pletely soluble in pure water; it was mixed with a fluorescent protein and immobilized as
a mixture on the substrate. The antibiofouling effect was attributed to the hydrophilicity
and repulsion of the amphiphilic and flexible grafted polymer chains. Such a copoly-
mer may be useful for micropatterning water-soluble proteins and biomacromolecules
with mixing.

Photoreaction is an effective and reasonable method for modifying polymer materials
on biomedical devices through covalent binding. The new photoreactive PEG can be coated
with water and fixed on the various types of organic substrate by simple photoirradiation.
Through the photochemical process, a stable anti-biofouling interface between the polymer
and the biomedical devices will be prepared for medical implants, blood contacting tubes,
wearable sensors, organ-on-a-chips, microfluidics, and microarray chips.

4. Conclusions

In this study, we designed azidophenyl-modified and PEG-grafted PEG (AzPEGx [y])
as photoreactive polymers for surface antibiofouling modifications. Photoreactive polymers
were successfully synthesized using AzPheEO copolymerized with mPEG-EPO and EO.
AzPEGx [y] significantly reduced the interactions with biological components, such as proteins
and cells. Hence, this polymer, with desirable antibiofouling properties, can be used for surface
modifications in biomedical applications.
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