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ABSTRACT

Numerous drug molecules currently available on the market suffer from short half-life, in
vivo instability, poor bioavailability, rapid degradation and inappropriate distribution. While
nanocarriers have emerged as a promising solution to address these issues, the primary objective
and challenge in modern medicine lie in achieving successful drug delivery in a targeted and
controllable manner. Ongoing innovations are exploring the use of biocompatible, biodegradable,
and sustainable materials for drug delivery. Among these, lipids, as naturally occurring
biomolecules, have found extensive applications in the pharmaceutical industry. However,
examples of utilizing fatty acids as hydrophobic building blocks to fabricate amphiphilic block
copolymers for drug delivery are relatively scarce. This study aimed to synthesize and investigate
thermoresponsive renewable lipid-based block copolymers, along with their bioconjugates with
proteins, as a means of achieving effective anti-cancer drug delivery.

The self-assembly of amphiphilic macromolecules to form polymeric micelles is
considered as one of the most potent drug delivery systems. In the first study, a stearic acid-based
polymer, poly(2-methacryloyloxy) ethyl stearate (PSAMA), was synthesized by microwave-
assisted reversible addition-fragmentation chain transfer (RAFT) polymerization, and it was
subsequently utilized as a macro-chain transfer agent (CTA) to block copolymerize with N-
isopropylacrylamide (NIPAM) to produce the thermoresponsive amphiphilic block copolymer
PSAMA-b-PNIPAM. These block copolymers with variable hydrophobic block length self-
assembled in aqueous media and formed spherical nanoparticles of ~30 nm with low critical
micelle concentration (CMC). The hydrophobic model drug, carbamazepine (CBZ), was chosen

to assess the micelles' performance as nanocarriers, achieving a loading efficiency of 31.6% into
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PSAMA-b-PNIPAM micelles. The drug release displayed an obvious temperature-triggered
response at body temperature, with a sustained and slow release lasting up to 84 h.

In the second study, the impact of fatty acid type on self-assembly and drug encapsulation
was explored. Two distinct fatty acid-based polymers, poly(vinyl stearate) (PVS) and poly(vinyl
laurate) (PVL), were synthesized as the hydrophobic segments for the polymeric micelles. The
hydrophilic shell was formed using another thermoresponsive polymer, poly(N-vinylcaprolactam)
(PNVCL), known for its excellent biocompatibility, biodegradability, and non-toxicity. By varying
fatty acid types and adjusting hydrophilic/hydrophobic block lengths, the self-assembly behavior
of the block copolymer (PVS/PVL-H6-PNVCL) was found to be highly tunable in terms of
morphology and particle size. Specifically, PVS-b-PNVCL micelles tended to form smaller,
spherical structures (~80 nm) with an increase in hydrophilic block length, while both worm-like
and spherical structures with an average size of 111 nm were observed when the repeating unit of
PNVCL was 35. Notably, micelles made from PVL-b-PNVL exhibited exclusive spherical
morphology and larger particle sizes (130-145 nm) with a relatively broad size distribution.
Additionally, PVS-b-NVCL polymeric micelles demonstrated high drug loading capacity for
anticancer drug doxorubicin (DOX), along with good serum stability, controlled drug release,
favorable biocompatibility, and efficient in vitro uptake.

The third study outlined the development of a protein-polymer bioconjugate comprising
bovine serum albumin (BSA) and a lipid-based thermoresponsive amphiphilic block copolymer
(PVS-b-PNVCL). The resulting bioconjugates exhibited a well-defined structure, low cytotoxicity
and commendable biocompatibility with different cell lines. In an aqueous environment, the
amphiphilic BSA-polymer conjugates can self-assemble into vesicular compartment with a

particle size of approximately 200 nm. DOX was effectively encapsulated into the conjugates with
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a high loading capacity of 25.6%, demonstrating an effective in vifro antitumor activity and
efficient cellular uptake. Notably, the lower critical solution temperature (LCST) of the
bioconjugates was fine-tuned to around 40 °C through the integration of hydrophilic BSA. This
temperature modulation facilitated targeted drug delivery to tumors, allowing enhanced
therapeutic efficacy of the bioconjugates.

Overall, this PhD research highlights the potential for advancing smart drug delivery
nanocarrier platforms by exploring renewable materials as hydrophobic building blocks. The
findings hold promise for future advancements in biobased and biocompatible carrier systems in

cancer therapies.
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CHAPTER 1. General Introduction and Thesis Objectives

1.1 General introduction

1.1.1 Challenges and opportunities in drug delivery

Many pharmaceuticals on the market currently suffer from short half-life, in vivo instability,
and rapid degradation. Besides, approximately 40% of both existing and preclinical therapeutic
agents encounter issues related to poor water solubility,! hindering their effective diffusion and
absorption into the bloodstream. Over the past century, substantial efforts have been invested in
optimizing the pharmacokinetic properties of these drugs. The drug delivery technology began in
1952 with the introduction of the first controlled-release Spansule® capsule technology, which
allowed for the 12-h delivery of dextroamphetamine following oral administration.” From then
until the 1980s, the basic mechanism of controlled drug release was established, contributing
mainly to the development of oral and transdermal controlled formulations.® Throughout this
period, many other drug delivery technologies have been developed. In 1964, Alec D. Bangham
discovered lipid vesicles, later known as liposomes, and their potential as a drug delivery system
was first proposed in 1971.% The 1980s witnessed the expansion of drug delivery systems, with the
development of diverse drug vehicles such as polymeric micro/nano- particles, polymeric micelles,
dendrimers, hydrogels, and nanotubes. These systems are primarily polymer-based, offering
enhanced drug solubility, improved body distribution, drug protection, and sustained drug
release.>!°

Cancer has been a persistent challenge for human beings throughout the history. The

nonspecific nature and high toxicities of chemotherapeutic drugs which impact both normal and



cancer cells entailed innovative solutions. The development of nanotechnology-based drug
delivery systems offers a promising strategy for selective delivery of anticancer drugs to tumor
sites. Since the 2000s, a significant research focus was directed toward developing nanosized
targeted drug delivery systems to tumors. Moreover, with the advancement of the medical field,
new generations of therapeutics based on proteins and peptides, nucleic acids, antibodies, and drug
conjugates have emerged, bringing additional challenges to the existing drug delivery systems in
terms of intracellular delivery requirements as well as therapeutic stability, bioavailability, and
specificity. To address these challenges, drug delivery strategies have undergone evolution over
the last three decades. Significant progress has been achieved by manipulating the
physicochemical properties of nanoparticles to increase drug accumulation at the intended site of
action.!'™!*> Despite promising results in in vitro and animal studies, the translation of these
nanocarriers into clinical productions, as indicated by the number of Food and Drug
Administration (FDA)-approved drugs, has been limited. This can be attributed, in part, to the
complexity of therapeutics involved and, on the other hand, to the challenge of predicting the in
vivo behavior of drug delivery systems after administration and overcoming biological barriers.
In modern medicine, the primary focus of drug delivery remains on drug solubilization,
controlled drug release, and drug targeting. To achieve successful drug delivery, carrier systems
need to tackle the obstacles posed by both physicochemical and biological barriers, which still
need to be solved in previous drug delivery systems. These challenges include large size and
instability of therapeutic proteins and peptides, inefficient intracellular delivery, difficulty in
achieving targeted and controlled drug release, and unclear systemic drug distribution issues.!®!”
The progress in drug delivery systems is a culmination of extensive experimentation and learning

from repeated trials and errors. Achieving advancements demands a comprehensive understanding



and insights drawn from a range of scientific disciplines, including biology, chemistry, and
polymer/materials science. Different drug delivery systems with peculiar characteristics can be
elaborately designed and explored to ensure enhanced safety and biocompatibility. The
development of advanced drug delivery systems with multifunctionality can be achieved by
incorporating biological components, responsive polymers, imaging agents, innovative
biomaterials, and implementing combination therapies.

1.1.2 Renewable lipid derived bio-based materials in drug delivery

Polymeric materials play a pivotal role in the evolution of novel drug delivery systems due
to their customizable and functional nature to meet specific requirements.!®?° For diverse
applications in biomedical fields, drug delivery systems must prioritize safety as a paramount
concern. The utilization of biocompatible and biodegradable materials as drug nanocarriers offers
several advantages, including prolonged circulation time, sustained release, improved therapeutic
efficacy, reduced toxicity, and in vivo degradability.?! Taking polymeric micelle as an example,
they usually consist of biocompatible and biodegradable hydrophobic blocks such as poly(e-
caprolactone) (PCL), poly(lactic acid) (PLA) and poly(D, L-lactic acid) (PDLLA) covalently
bound to a biocompatible hydrophilic block, typically polyethylene glycol (PEG).

As naturally occurring biomolecules, lipids have extensive applications in the
pharmaceutical industry. Most FDA-approved drug delivery systems belong to the liposome or
lipid-based formulations category. The frequently utilized lipid-based drug delivery systems
include liposomes, solid lipid nanoparticles and nanostructured lipid carriers.??>>* Despite their
several benefits, lipid-based drug platforms face significant limitations, i.e., a short blood
circulation time, in vivo instability, and relatively larger particle sizes due to their rigid lipid

components, necessitating additional functional modifications. Another less-explored category,
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lipid-core micelles formed by conjugates of phospholipids with hydrophilic polymers (such as
PEG or polyvinylpyrrolidone (PVP)), has been reported to self-assemble in aqueous solutions and
encapsulate poorly soluble drugs.?>*® However, their efficiency to encapsulate drugs is restricted
by the limited space within the hydrophobic core attributed to the two relatively short fatty acid
acyls.

In response to the growing concern of environmental and health-related issues, the
scientific community has shifted its focus toward utilizing renewable resources to substitute
petroleum-based polymers in diverse industrial applications. The primary constituents of
renewable plant oils are fatty acids which are mostly saturated and perform as chain terminators
in the polymerization process. Nevertheless, it was noted that the reactive sites on the fatty acid
structure, like carboxylic acid and alcohol open up diverse possibilities for functionalization and
allow the production of novel bio-based monomers.?” With the progress in polymer science,
various polymers derived from renewable vegetable oil resources, including polyesters,
polyurethanes, polyepoxides, and polyamines, have been synthesized through step growth
polymerization or oxypolymerization.?®?® More recently, advancements in controlled radical
polymerization (CRP) techniques, such as reversible addition-fragmentation chain transfer (RAFT)
or atom transfer radical polymerization (ATRP), have facilitated the production of well-defined

fatty acid-based (meth)acrylate block copolymers.3*? Despite these strides, applications of fatty

3 35

acid-based polymers have predominantly concentrated on coatings,** elastomers®* or adhesives
with limited attention given to their potential biomedical applications as amphiphilic block

copolymers for drug delivery.



1.2 Hypotheses

Based on the outlined challenges and perspectives, it was hypothesized that:

(7) Fatty acid residues from renewable resources could serve as effective hydrophobic core-
forming components for the fabrication of controlled amphiphilic block copolymer through CRP
techniques. The self-assembled polymeric micelles, formed from the amphiphilic block
copolymers, are anticipated to exhibit a high drug loading capacity. This is attributed to the
spacious core generated by the hydrophobic fatty acid residues, coupled with favorable
biocompatibility and biodegradability.

(if) The incorporation of hydrophilic thermoresponsive polymers is expected to facilitate
temperature-triggered drug release, providing controlled and on-demand drug delivery properties.

(iii) It is feasible to prepare protein-polymer biohybrids which combine advantages from
both biological biomolecules and multifunctional polymer materials by site-specific conjugation

to create new advanced drug delivery systems for tumor targeting.
1.3 Objectives

This proposed research aims to prepare amphiphilic block copolymers composed of
thermo-responsive polymers and renewable lipid-based polymers and develop block copolymer-
protein bioconjugates for constructing safe, efficient, controlled and targeted drug delivery systems.
The synthesized block copolymers and protein-polymer conjugates were characterized by proton
nuclear magnetic resonance spectroscopy ('H NMR), gel permeation chromatography (GPC),
Fourier transform infrared (FT-IR) and matrix assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS). Their self-assembly behaviours were characterized by

critical micelle concentration (CMC), transmission electron microscopy (TEM) and dynamic light



scattering (DLS). Their efficiency as drug carriers were assessed with drug encapsulation, drug
release and in vitro cellular studies.
The specific objectives of this study are listed as below:

1. Synthesis of amphiphilic block copolymer micelles containing N-isopropylacrylamide
(NIPAM) and stearic derivatives by microwave-assisted RAFT polymerization for
delivering hydrophobic drug carbamazepine (CBZ) (Chapter 3).

2. Synthesis of amphiphilic block copolymer micelles containing N-vinylcaprolactam
(NVCL) and two distinct fatty acid moieties via microwave-assisted RAFT polymerization
for delivering anticancer drug doxorubicin (DOX) (Chapter 4), and

3. Preparation of bioconjugate of bovine serum albumin (BSA) with amphiphilic thermo-
responsive block copolymers via “grafting-to” strategy as a tumor-targeted drug delivery
system (Chapter 5).
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CHAPTER 2. Literature Review

2.1 Amphiphilic block copolymer

Amphiphilic block copolymers are composed of two or more incompatible polymer
subunits, referred to as blocks, covalently linked into linear, branched or cyclic structures. The
blocks are obtained by polymerization of different types of monomers, which typically have at
least one hydrophobic monomer and one hydrophilic monomer. The resulting molecules composed
of two (or more) distinct regions exhibit opposite affinities towards an aqueous medium. This
ultimately leads to microphase separation and spontaneous organization to form a diverse set of
nanoscale structures with defined sizes and morphologies.'* The properties of these polymeric
assemblies are strongly influenced by the chemical nature of the constituent block copolymer
amphiphiles, and the techniques employed in their syntheses. To date, a multitude of amphiphilic
block copolymers have been produced featuring a wide array of block combinations with well-
controlled hydrophilic and hydrophobic block lengths via controlled radical polymerization (CRP)
techniques, such as atom transfer radical polymerization (ATRP),®> reversible addition
fragmentation polymerization (RAFT)* and nitroxide-mediated polymerization (NMP).> The high
diverse properties of amphiphilic block copolymers, combined with their distinctive “self-
assembly” behaviours, have paved the way for their extensive utilization in various fields,

1011 separation processes,'? and

including nanomedicine,®’ bioengineering,®’ sensing technology,
catalysis,'? etc. This PhD research focuses on the synthesis of amphiphilic block copolymers via

microwave-assisted RAFT polymerization, and their application for drug delivery as discussed in

the following sections.
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2.1.1 Microwave-assisted RAFT polymerization
2.1.1.1 RAFT polymerization

CRP techniques developed in the late 1980s brought about a significant advancement in
polymer synthesis, enabling the creation of polymers with well-defined architectures (e.g., multi-
block, star, graft, statistical and gradient (co)polymers) and uniform molecular weight

distributions, 41

which were previously deemed to be unattainable through free radical processes.
RAFT polymerization, which was discovered in 1998, is one typical example of CRP techniques,
proceeding in a reversible deactivation radical polymerization (RDRP) process.!” RAFT
polymerization is widely regarded as one of the most versatile techniques providing access to
functional polymers with precisely controlled molecular weight, narrow polydispersity index (PDI)
and defined molecular structures. The benefits of RAFT polymerization include its compatibility
with a broad range of functional monomers and reaction media, and its ability to proceed under
less stringent reaction conditions.'”"” For example, RAFT demonstrates good control in the
polymerization of vinyl monomers like vinyl acetate and N-vinylpyrrolidone, whereas ATRP and
NMP usually provide limited control in such cases. RAFT exhibits versatility in accommodating

22 and

a wide spectrum of reaction media, including bulk,?° organic solvents,?! aqueous solutions,
emulsions®®. Moreover, it provides a straightforward way to develop end-group-functionalized
polymers,'® facilitating their post-polymerization modifications and selective bonding with
biomolecules.

Block copolymers can be readily prepared using RAFT process through sequential
polymerization of two monomers, with purification steps carried out prior to each subsequent

polymerization. The mechanism is presented in Scheme 2.1. The polymerization begins with the

initiation step, where an external source of radicals is required to be introduced to the system
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(Scheme 2.1, Step I). While many different sources of initiators have been reported for a RAFT
polymerization, such as thermal, photochemical (ultraviolet light, y-radiation, etc.) and organic
peroxide initiators,'” thermal initiators commonly in the form of azo-based compounds are the
most extensively adopted due to their economic accessibility. Degenerative chain transfer in RAFT
polymerization is characterized with a chain transfer agent (CTA), also referred to as “RAFT
agent”. The CTAs typically contain a thiocarbonylthio moiety (ZC(=S)S—) that is transferable and
reactive towards radicals, which can facilitate the fragmentation of intermediate RAFT adduct
radical (Scheme 2.1, Step II). The functional radical Re subsequently reacts with monomer to form
RMe, which can reversibly attach to another thiocarbonylthio group. Ultimately, the system
reaches an equilibrium between the propagating polymeric radical and the dormant homopolymer.
Stopping the polymerization at appropriate conversions reduces the chance of bi-radical
termination, thus retaining the “living” thiocarbonylthio chain end. Homopolymers with conserved
RAFT end-group can serve as macro-CTAs, to be separated and subsequently chain extended with
a second monomer, forming block copolymers.

To achieve precise control over RAFT polymerization, it is of prime significance to select
a RAFT agent with proper Z and R group functionality that matches the specific monomer. The R
group of the CTA must effectively reinitiate polymerization and readily undergo fragmentation
with respect to the propagating radical. The Z group modifies the activity of the thiocarbonyl
moiety in terms of radical addition and stabilization of the intermediate RAFT adduct radical.
Based on the varying Z groups they possess, RAFT agents can be categorized as either highly
active, such as those with Z = R (dithioesters) or SR (trithiocarbonates), or less active, like those
with Z = OR (xanthates) or NR (dithiocarbamates),?* concerning their reactivity toward radical

addition. The guideline for choosing the Z group and R group with regard to various monomers
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have been comprehensively summarized in the literature.!”?>2® For preparation of well-controlled
block copolymers using RAFT polymerization, another key point in addition to RAFT agent
selection that needs to be taken into account is the sequence of monomer addition. The
homopolymer employed as macro-CTA (Scheme 2.1, Step III) with thiocarbonylthio group should
have a higher transfer ability and better leaving ability to allow the growth of the second
monomer.?’?® Overall, excellent control over the molecular weight and PDI of block copolymers
through RAFT polymerization can be achieved by making appropriate choices for CTA, initiator,

conversion and reaction conditions.
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Scheme 2.1. The mechanism of RAFT homopolymerization (I and II) and block copolymerization
(I11).
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2.1.1.2 Microwave-assisted synthesis

Reaction temperature and time are crucial parameters for polymerization process that must
be considered carefully. For this purpose, not only conventional heating methods but microwave
reactors have also been utilized to investigate and optimize the polymerization conditions. The
first report on the application of microwave irradiation for organic synthesis was published by
Giguere et al. in 1986.% The technical advancements have expanded the use of microwave
technology into a wide range of new application areas, including polymer science.?*? In this
context, different types of polymers have been prepared using microwave-assisted polymer
synthesis, including step-growth polymerizations,*® ring-opening polymerization,** and
(controlled) radical polymerization techniques.’ These methods have been well documented in
numerous review articles.>®*’ Moreover, a diverse range of monomers, such as styrene, methyl
methacrylate, acrylonitrile, acrylamide and vinyl acetate, were polymerized under microwave
irradiation with radical polymerizations. These polymerizations were reported to perform in a
relatively short period of time using microwave heating while achieving precise control over
molecular weight, narrow PDI values and a high end-group fidelity retention.®* Generally,
processes performed under microwave heating offer several advantages compared to conventional
heating, such as reduced reaction time, increased yields, reduced side reactions as well as improved
reproducibility. The main differences in the thermal effect of microwave and conventional heating

are summarized and listed in Table 2. 1.
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Table 2.1. Different characteristics between microwave irradiation and conventional heating.

Characteristics Microwave irradiation Conventional heating
Heat Transfer Mechanism Dielectric heating Conductive/convective heating
Heating Uniformity Often more uniform May have uneven heating

Speed of Heating Rapid Slow
Selective Heating Selective Nonselective
Energy Efficiency More energy-efficient Less energy-efficient
Reaction Control Enhanced control Limited control

Microwave irradiation is electromagnetic irradiation within the frequency range of 0.3 to
300 GHz. The impact of microwave irradiation on chemical reactions results from a combination
of both thermal effects (i.e., overheating, hot spots and selective heating) and non-thermal
effects.’** In general, microwave irradiation is rapid and volumetric as a consequence of the
inverted heat transfer, with the entire material heated uniformly. On the contrary, conventional
heating is a slower process that introduces heat from the surface into the sample via conduction
and convection. Microwave-enhanced chemistry is based on the ability of microwave radiation to
excite polar molecules, either through their dipolar character (dipolar polarization) or ionic
conduction. The oscillating electromagnetic field compels the alignment of dipole or ions with the
applied electric field, generating heat through molecular rotation, friction, and collisions. The
internal heating therefore occurs rapidly due to the direct interaction of the electromagnetic
irradiation with the reaction mixture. The amount of heat generated through this process mainly
depends on the dielectric properties of the molecules involved, which gives rise to the selective
absorption of the radiation as well as heating.’® Studies also have demonstrated that significant

acceleration can be achieved for these reaction components with low absorption capacity by
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incorporation of polar additives, such as ionic liquids.*’ The non-thermal effects of microwave
irradiation include molecular mobility and diffusion that may increase the possibilities of effective
interactions.
2.1.2 Self-assembling micelle behaviours

Owing to the unique dual nature of amphiphilic molecules, they tend to accumulate at the
interface of two phases, akin to surfactants. The thermodynamic incompatibility between the
hydrophilic (water-attracting) and hydrophobic (water-repelling) regions leads to a spatial
organization into high-ordered nanostructures in aqueous media with an array of morphologies
such as micelles, vesicles, nanotubes, nanofibers, and lamellae.*'* When amphiphilic molecules
are introduced to an aqueous environment, they begin to interact with the surrounding solvent
molecules. Amphiphilic molecules tend to align themselves by positioning their hydrophilic
portions to interact with the aqueous solutions and relocating the hydrophobic blocks away from
the water molecules to minimize free energy. This microphase separation is essential to minimize
unfavourable interactions between hydrophobic regions of the amphiphiles and water molecules,
therefore maximizing stability. As the concentration of amphiphile molecules increases to a certain
point in the solution, termed the critical micelle concentration (CMC), individual amphiphilic
molecules start to aggregate and self-assembly begins to take place. In most cases, they
spontaneously self-assemble into colloidal-sized particles termed micelles, typically exhibiting
diameters ranging from 10 to 200 nm. These micelles are characterized by a distinctive core-shell
structure in which the central core is composed of the clustered hydrophobic portions of the
amphiphilic molecules. From the thermodynamic perspective, micellization is an entropy-driven

process that seeks to minimize the free energy of a system by minimizing the hydrophobic-
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hydrophilic interface.*® The entropy gain drives self-assembly as water molecules are released
from the structured hydrophilic shell around the aggregated hydrophobic microdomains. The
primary forces involved in the self-assembly are noncovalent interactions including hydrophobic
effects, hydrogen bonding, van der Waals forces and electrostatic interaction.*’*3

CRP techniques are valuable tools for synthesizing amphiphilic block copolymers with
precise hydrophilic/hydrophobic block ratios. This control over the composition gives a possibility
to the design and manipulation of diverse supramolecular architectures. In the scenario of diblock
copolymers, depending on the volume fraction of the hydrophilic and hydrophobic blocks, when
the solubilizing block predominates, it leads to the aggregation of insoluble blocks aggregates and
creation of spherical micelles; In contrast, if the length of the solubilizing block becomes relatively
shorter than that of the insoluble block, this can lead to the formation of cylindrical micelles or
vesicles.*~! The morphology that amphiphilic block copolymer self-assemblies adopts in aqueous
solutions can be estimated by the packing parameter, P = v/ (aolc), where v is the effective volume

of the hydrophobic chains in the aggregated core, ao is the surface area of the head group, and Ic is

the length of the hydrophobic tail.’>3* As exhibited in Figure 2.1, typically spherical micelles are
favored for P< 1/ 3, cylindrical micelles when L 3<P< 1/,; vesicles or polymersomes when 1/,

<P <1; and a reverse curvature can be obtained when P > 1. While the packing parameter can be
a convenient tool for predicting the shape of nanoassemblies, it does not provide a comprehensive
account of the kinetic and thermodynamic factors governing self-assembly processes. The
morphology and colloidal properties of amphiphilic block copolymer assemblies can be
engineered through various parameters, including the chemical nature of the constituting blocks

(i.e., hydrophobicity), hydrophilic/hydrophobic block ratios, block incompatibility, degree of
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polymerizations (DPs) of each block, and molecular weight polydispersity.>>>’ Additionally,
factors such as external additives, crosslinking of specific block domains, crystallinity within

hydrophobic cores and chirality also exert influence on the resulting morphologies of

macromolecular assemblies.>®°

Large p
Stretched chains

Small p Low curvature

Compact chains
High curvature

Sphere (p < 113)

Cylinder
(113<p<1/2)

Vesicle
(H12<p<1)

Figure 2.1. The higher-order morphologies formed by block copolymer amphiphiles as predicted
by their packing parameter P in aqueous environment.(Adapted from Varlas et al.>?)
2.1.3 Applications in drug delivery

Polymeric micelles formed by self-assembly of amphiphilic block copolymers have
emerged as an ideal platform for the delivery of hydrophobic therapeutics as the hydrophobic core
serves as a drug reservoir and thereby improves the solubility of the drug in an aqueous
environment. Until now, polymeric micelles have been extensively reported as carriers for
anticancer drugs, nucleic acids, proteins, and contrast agents.'%® Especially, a large number of
clinically approved hydrophobic drugs such as doxorubicin (DOX), paclitaxel (PTX), cisplatin,

docetaxel and amphotericin B® % have been successfully solubilized by various polymeric
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micellar formulations with significantly increased solubility. For instance, it has been reported that
the utilization of poly(ethylene oxide)-b-poly(D,L-lactide) (PEO-b6-PDLLA) micelles resulted in
a remarkable 5000-fold increase in the solubility of PTX’® and up to 12,000-fold increase in the
solubility of DOX in aqueous media. ! The practical utility of polymeric micelles as drug delivery
systems have been demonstrated by an increasing number of polymeric micelle formulations,
which have progressed to clinical trials in various countries. Table 2.2. displays examples of
polymeric micelle-based drugs that have received regulatory approval or undergone clinical
evaluation.

Table 2.2. Summary of polymeric micelle-based formulations in clinical trials.

Formulation Polymer Drug Drug loading (%) Development stage
NK105 PEG-polyaspartate PTX 23% phase I11 72
SP1049C PEG-PPO-PEG DOX 8.2% phase 11173
Genexol-PM PEG-PLA PTX 16.7% phase 1174
NKO12 PEG—polyglutamate SN-38 20% phase 117
NC-6004 PEG—polyglutamate Cisplatin 39% phase 117
Docetaxel
DTXL-TNP PLA-PEG n.a Phase 177
(DTX)

m-PEG-b-poly[N-(2-
CPC634 hydroxypropyl) methacrylamide DTX 12% phase 1178
lactate]-DTX

NKO911 PEG-P(Asp)-DOX DOX n.a Phase 17°

PEG: poly(ethylene glycol); PPO: poly(propylene oxide); PLA: polylactide

One strong advantage of polymeric micelles as well-suited drug delivery vehicles over
others is the chemical flexibility of their structure, which offers an opportunity for the design of

drug carriers with versatile functions. That is, polymeric micelles can be customized and tailored
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by selecting suitable block copolymers for intended use, like prolonged blood circulation in the
bloodstream, controlled drug release, tissue accumulation and penetration, and minimized inherent
toxicity.**®! For example, incorporating PEG as the hydrophilic shell can increase longevity in
blood circulation of micelles as PEG can form a hydrated protective layer on the surface of micelles
preventing non-specific interactions with biological components (i.e., phagocytosis by
macrophages).®>®* Besides, adding temperature or pH-responsive polymers which can exhibit
specific responses to temperature changes or variations in pH enables site-specific drug delivery
or triggers drug release.®

Another advantage of polymeric micelles is that their particle size can be easily and
precisely tuned by the chemical composition and molecular weight of block polymers rather than
the preparation processes. For drug delivery through intravenous injection, it is well-established
fact that the ideal carrier size is in the range of ca. 10 nm to 200 nm diameter.®>%¢ The lower size
limit is primarily determined by the need to evade renal excretion. Particles that can easily pass
through the kidney's filtration system will be rapidly removed from the bloodstream, resulting in
significantly reduced drug-targeting efficiency as the free drugs. Whereas the upper size limit is
determined by potential capture by the liver and spleen. Carriers larger than around 400 nm can be
easily captured and cleared by the reticuloendothelial systems (RES).” Notably, the diameter of
polymeric micelles typically falls within the range of 20 nm to 200 nm, making them exceptionally
well-suited for drug targeting in terms of their size. In addition, one major breakthrough made by
Matsumura and Maeda®® is the discovery of significant distinctions in the vasculature of cancerous
tissues as opposed to normal ones. They demonstrated that the vasculature rapidly forming in solid

tumors exhibited increased permeability with “leaky” characteristic and impaired lymphatic
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drainage, which consequently facilitates the enhanced accumulation of nanocarrier particles and
anticancer drugs around the tumor sites. This phenomenon, termed as the enhanced permeability
and retention (EPR) effect, has gained widespread acceptance as a fundamental targeting
methodology for achieving "passive" tumor targeting with nano-drug delivery systems. Hence,
polymeric micelles can selectively extravasate from the bloodstream into target tumor tissues
owing to the EPR effect.

As discussed in Section 2.1.2, polymeric micelles are formed by the aggregate of single
amphiphilic chains above CMC. Although polymeric micelles can evade renal excretion and RES
capture in the bloodstream and deliver drugs to their target, polymeric micelles need to disassemble
into individual polymer molecules, releasing drugs and eventually being excreted by the kidney.
CMC is an important indicator of the stability of polymeric micelles under physiological
conditions from a practical point of view. If the concentration of amphiphiles in solution is above
their CMC, the micelles become thermodynamically stable, preserving their micellar structure.
Intact polymeric micelles allow for retention of the encapsulated drugs with prolonged circulation
life after administration. Conversely, upon dilution by large volume of blood following injection,
micelles with low CMC values will gradually disassemble into unimers leading to the premature
release of drugs before reaching the targeted sites. The value of CMC primarily depends on block
composition, the types and molecular weight of block copolymers, temperature, pH, and the
presence of salt in aqueous media.*>° As a general rule, it can be observed that block copolymers
with longer hydrophobic blocks tend to exhibit lower CMCs, indicating a higher thermodynamic

stability of the micellar structure.
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2.2 Protein-polymer bioconjugate

Since the FDA granted its approval to the first human recombinant protein drug (insulin)
in 1982, many protein-based therapeutics have emerged. Until now, protein drugs constituted more
than 30% of the leading 200 drugs in the market. Although proteins represent a crucial category of
therapeutics with high target specificity, they face challenges related to rapid clearance from the
body and low stability against heat, purification, and various conditions encountered throughout
the processes of manufacturing, storage, and transportation.”' One of the effective approaches to
address these limitations involves the conjugation of proteins with polymers. Polymeric particles
with customized characteristics and specific surface functionality can be engineered as versatile
platforms to serve a variety of purposes. These bioconjugates can yield hybrid materials that
combine the stability inherent to polymers with the diversity and functionality of protein
biomolecules.”” The most common and successful example is PEG, which has been approved
by FDA with more than 17 PEGylated protein drugs in the market to treat a variety of diseases,
including chronic hepatitis C, acute lymphatic leukaemia, and rheumatoid arthritis.”* The
advantages of PEGylation include prolonged half-circulation lives in the bloodstream, lowered
immunogenicity and enhanced stability of protein therapeutics.”>?® Despite these advantages, PEG
has been reported for its potential immunogenicity and the development of anti-PEG antibodies in
some individuals, which eventually lead to reduced drug efficacy and accelerated clearance of
PEGylated drugs from the bloodstream.’” Consequently, there is a growing interest in developing
the next generation of protein-polymer bioconjugates with advanced attributes like
biocompatibility, biodegradability, the capability to cross biological barriers and stimuli-

responsive properties.
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The selection of the protein and polymer combination to attain maximum benefits is
generally based on various factors such as the specific disease in question, intended applications
and protein properties to be improved. More expanded polymer species used for conjugation
include PEG analogues like poly(poly(ethylene glycol methyl ether methacrylate)) (p(PEGMA)),”8
poly(N-(2-hydroxypropyl)methacrylamide) (PHPMA),” poly(methyl methacrylate) (PMMA),'%
poly(N-isopropylacrylamide) (PNIPAM)).!"”" FDA-approved therapeutic proteins (insulin,
antibody, hormone, enzyme) are usually chosen for the development of protein-polymer conjugates
with a wide range of biomedical applications. Bovine serum albumin (BSA) and lysozyme are also
frequently used in different projects with the intention of demonstrating a new concept.
Collectively, these hybrid materials exhibit a diverse range of functional attributes that draw from
the individual constituents and opening up possibilities for numerous potential applications,
including bioimaging, gene and drug delivery, biosensing, bioseparations, and biochips.!%2-1%
2.2.1 Synthetic approaches

Attaching one macromolecule to another biomacromolecule always encounters
significantly high steric and entropic hindrances. The complexity of conjugation chemistry is
further heightened by the desire to use mild reaction conditions to prevent the protein from
denaturing and selective chemical reactions to avoid unintended side interactions with non-target
amino acids. Today, the main conjugation methods for protein-polymer bioconjugates can be
categorized as non-covalent and covalent interactions. Non-covalent conjugation depends on
physical interactions driven by relatively weak intermolecular forces, typically involving
electrostatic attractions or hydrophobic interactions.!®” While non-covalent approaches offer
advantages in terms of easy preparation, they come with the drawback of potentially lower stability

and specificity than covalent methods where the protein macromolecules are bonded with
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polymers via more stable and reproducible linkages. The approach for the covalent conjugation of
proteins to polymers includes “grafting to” and “grafting from” methods.!%®1* Traditionally,
prefabricated polymers possessing functional end-groups which are directly conjugated to proteins
are referred to as “grafting to” strategy. The polymers are usually synthesized via ATRP or RAFT
polymerization techniques and undergo purification before attachment to the biomacromolecule,
therefore eliminating the chance of exposure of proteins to harsh chemical reaction conditions.
Consequently, the grafting-to method allows compatibility of a wide range of monomers and
polymerization conditions. However, it is often subjected to steric hindrance that can lead to
reduced conjugation efficiency. Moreover, purification of the resulting bioconjugate from
unreacted protein and excessive free polymers can be challenging due to the similar molecular
weight or size of these entities. To overcome these problems, “grafting-from” method, as
mentioned above, can be used as one alternative to the “grafting-to” technique. It involves in situ
polymerization process in which polymer chains are initiated and directly grown from initiators or
CTAs functionalized with biomacromolecules. This innovative approach was first pioneered by
the Maynard group in 2005.!"! In their study, they modified an ATRP initiator with a biotin end-
group, which enables the preparation of biotinylated PNIPAM at ambient temperature and
ultimately produced thermosensitive streptavidin-PNIPAM conjugates. The grafting-from method
offers an effective technique to generate protein-polymer bioconjugates with high conjugation
efficiency because of reduced steric limitations. This approach also facilitates convenient
purification procedures for isolating the bioconjugate from free polymers. Nevertheless, it
necessitates the polymerization conditions (like medium, temperature, pH and monomer types)
that are compatible with maintaining the bioactivity of protein biomolecules. It is well-known that

CRP techniques have faced challenges in controlling polymerizations conducted in aqueous
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conditions at low temperature, making it difficult to achieve a narrow dispersity in the resulting
polymer conjugates.

The existence of reactive sites on the protein surface, which are often referred to as
"reactive protein handles," are also crucial factors for successful conjugations. These reactive
protein handles are functional amino acid residues, such as amine, thiol, carboxylic acid and

H213 which can be harnessed to

hydroxy functional groups present at the surface of proteins,
facilitate their coupling with synthesized polymers, initiators and CTAs. As a rule, the conjugation
site should be selected and designed away from the active or binding site of proteins, thereby
retaining the maximal protein bioactivity. Amines located at the lysine side chains or N-terminus
are frequently chosen as targets for protein covalent conjugations. This is achieved through
reactions like N-hydroxysuccinimide (NHS) or pentafluorophenyl (PFP) ester chemistry,

109,114 \which have been

carbodiimide reactions or amine-aldehyde addition-elimination reactions,
utilized in the development of many approved PEGylated-protein therapeutics. However, the
abundance of lysine on the protein surface often leads to the loss of biological activity of proteins
upon non-specific covalent conjugation to polymer particles.!% Site-specific conjugation involves
attaching a polymer to a defined linking point on a protein, affording a well-controlled structure
for the protein-polymer conjugate. Cysteine is a popular target for achieving such specific
bioconjugation due to its relatively low abundance and high reactivity of thiol groups. For instance,
BSA contains only one free cysteine residue (Cys34), which allows for straightforward
modification using a variety of reactive groups, including maleimides, disulfides, iodoacetamides,

and vinylsulfone groups.!!>!'"® Other potential targets include phenols present in tyrosine,

carboxylic acids found in glutamic acid and aspartic acid, or the C terminus; however, they have
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not gained widespread adoption for bioconjugate synthesis due to their lower reactivity or more
common occurrence on the protein's surface.
2.2.2 Self-assembly of protein-polymer conjugates

Engineering amphiphilicity into protein-polymer conjugates to link hydrophilic proteins or
enzymes with hydrophobic or amphiphilic polymers results in a block copolymer like-giant
amphiphiles, which can consequently lead to phase separation and self-organization of high-order
structures. While the phase behavior of block copolymers has been extensively studied and well
understood, much less attention has been given to the assembly of amphiphilic protein-polymer
bioconjugates. In comparison to traditional block copolymers, which are composed of coiled
polymer chains, the incorporation of oriented and folded protein building blocks can introduce
evident complexities for the self-assembly of protein-polymer conjugates. This is because proteins
commonly exhibit heterogeneous surfaces for hydrophobicity, hydrophilicity, and charge
distribution. Factors such as protein size and secondary structure composition can significantly
influence the resulting self-assembled structures.!!”!'® Besides, the physiochemical properties of
the polymer building blocks have also been observed to affect the ultimate architectures of self-
assembled bioconjuagtes.!'”'>! To date, amphiphilic protein-polymer conjugates have
demonstrated the capacity to form a diverse array of morphologies, including micelles, lamellae,
cylinders, and gyroids in both bulk and concentrated solutions. 2?7123

Nolte et al.'>* have described protein-containing triblock copolymers, constituted by a
synthetic diblock copolymer polystyrene-b-PEG (PSm-b-PEG113) and a hemeprotein, myoglobin
(Mb) or horseradish peroxidase (HRP). By adjusting the protein and the polystyrene block length,
the HRP- and Mb-containing copolymers self-assembled into vesicles, toroids, rods, octopus-like

structures, and lamellae-containing spheres. Several studies have been also carried out by Olsen et
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al.'?® on self-assembly behaviours of protein-PNIPAM conjugates. At the beginning, they studied
phase behaviour of mCherry-b-PNIPAM block copolymers with four different PNIPAM block
lengths. In concentrated aqueous solutions, mCherry-PNIPAM conjugates self-assembled into
various disordered micellar structures, including nonbirefringent lamellar, lamellar, non-
birefringent hexagonal, hexagonally packed cylinders, and perforated lamellar structures. Changes
in PNIPAM coil fractions in the conjugates significantly impact the type of ordered phases formed.
Their subsequent study has elucidated the impact of protein properties on the phase behavior of
protein-polymer bioconjugates in concentrated solutions.!!” Eleven different types of proteins were
employed, and the results revealed that protein blocks that are either high molecular weight and
have a large percentage of B-sheets or have a molecular weight within the range of 20-36 kDa are
likely to form well-ordered protein-PNIPAM block copolymers. These studies demonstrate that
the self-assembled architectures of protein-polymer conjugates can be predicted and well
controlled by carefully selecting both protein blocks and polymer blocks.
2.2.3 Application as drug nanocarriers

In an ideal scenario, drug delivery systems should be capable of crossing biological barriers
and stabilizing therapeutic agents with localized delivery and triggered-drug release while
maintaining non-immunogenicity and non-toxicity. Given these stringent criteria, self-assembled
protein-polymer conjugates emerge as strong candidates for a versatile platform in delivery
systems. Both hydrophobic and hydrophilic therapeutics can be encapsulated within the micelle
core or between vesicle and lamellae membranes. Additionally, controls of therapeutic release can
be achieved by accommodating a stimuli-responsive polymer, such as PNIPAM, into the
bioconjugate's architecture. There are many examples from the literature that highlight the design

and preparation of these bioconjugates for drug delivery applications.'?’ 1> For example, Ge et
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al.’® prepared BSA-PMMA nanoparticles by nanoprecipitation method for the encapsulation of
camptothecin (CPT). The encapsulation ratio was determined to be ~ 11 wt% and the encapsulated

B! reported a protein-

CPT was released from the nanoparticles over a period of 48 h. Wong et al.
polymer bioconjugate PNIPAM-b-amilFP497 composed of thermoresponsive polymer (PNIPAM)
and a green-fluorescent protein variant (amilFP497). Polymersome structures were formed as
observed by confocal microscopy and transmission electron microscopy (TEM) upon increasing
the solution temperature to 37 °C. The polymersomes were then loaded with a fluorophore,
phycoerythrin 545 (PE545) and an anticancer drug DOX. Due to the differences in their
hydrophilicity, hydrophobic PE545 was mainly located inside the membrane, whereas water-
soluble DOX salts were encapsulated in both the core and the membrane of the PNIPAM-b-
amFP497 polymersomes. A hypoxia-triggered nano-vehicle, referred to as cascaded nanozymogen,

132 for anti-cancer treatment. This innovative nanostructure was used to

was introduced by Li et al.
co-deliver a hypoxia-activatable pro-protein of RNase and glucose oxidase, using a hypoxia-
dissociable polymer to enable efficctive intracellular protein therapy within cancer cells.

2.3 Thermoresponsive polymeric materials in targeted drug delivery

An effective drug delivery system must meet four key requirements: retention, evasion,
targeting, and release.!**> Developing safe and efficient targeted drug delivery systems is of great
significance for the overall drug development process. Targeted drug delivery refers to a
therapeutic strategy designed to deliver drugs selectively to the desired site of action within the
body, thereby minimizing drug toxicity on healthy cells, improving therapeutic efficacy, and

reducing side effects.
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The easiest way to achieve targeted drug delivery is by direct application of drug
formulation to the target site, such as localized transdermal delivery. However, it should be noted
that the administration of drugs through the skin is not feasible in most cases and most drugs are
intravenously administered to the specific site, e.g., solid tumors. Since 2000s, numerous delivery
systems have been developed for targeted drug delivery. Yet, the overall outcomes are not
particularly encouraging, given the limited adoption of controlled release formulations in clinical
practice. The challenges in achieving targeted drug delivery via intravenous administration arise
from numerous obstacles encountered by the delivery vehicle on its journey to the target sites. The
first concern is immunogenicity — for a drug delivery system to be effective, it must remain
undetected by the immune system, allowing it to circulate in the bloodstream for an adequate time
before reaching the intended sites and then extravasate into the tissue of interest. Another critical
issue is the stability of the carrier systems. If the drug leaks from the nanocarrier during circulation,
most drug-loaded nanoparticles may end up in non-target organs. Therefore, an efficient targeted
drug delivery system should ensure the protection of drug payloads during transportation, enabling
accumulation, activation, and release exclusively at the intended target site.

Many efforts are invested in the advancement of targeted drug delivery systems,
incorporating chemical,'** physical,!*> and biological'*®!*’ modifications. Physical targeting
achieves localization through external stimuli, such as heat, light, ultrasound, or magnetic fields.
Chemical targeting involves modifying the chemical structure of drugs or utilizing
pharmacologically inactive prodrugs that are only metabolically activated in the targeted
environment. Biological targeting can be realized through various approaches. Drugs or
nanocarriers can be functionalized with targeting ligands or antibodies, enabling localized agents

to target specific areas through ligand-receptor interactions. Lately, the development of gene
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delivery systems and gene-editing technologies offers a targeted approach at the genetic level via
introducing therapeutic genes into specific cells.'**!* Notably, the development of smart
biomaterials responsive to specific biological microenvironments (e.g., pH, temperature, redox
potentials, etc.) also holds promise as a strategy for achieving targeted drug release. Among others,
temperature has been extensively explored as a stimulus for targeted drug delivery. Elevated
temperature is internally observed in certain pathological tissues (e.g., tumors), or it can be
externally induced by applying external heating sources (e.g., hyperthermia) from a physical
perspective.
2.3.1 Tumor-targeted drug delivery

Cancer stands as the most fatal disease affecting humans globally. Projections suggest that
by 2040, there will be an estimated 28 million new cases of cancer each year worldwide. In this
regard, cancer remains a primary focus of targeted drug delivery research. Cancer cells feature
uncontrolled proliferation, resistance to apoptosis and altered cellular energetics. The formidable
challenge in treating cancer arises from several factors. To begin with, the tumor
microenvironment characterized by irregular tumor vasculature, acidic extracellular pH, and the
presence of immune cells, along with cellular-level factors such as over-expression of drug efflux
pumps, defective apoptotic machineries, and changes in cellular signaling pathways attributing
multidrug resistance (MDR) against therapeutic drugs.!*®!*! Secondly, many chemotherapeutic
drugs lack desirable physicochemical and pharmacokinetic properties, displaying low solubility
and stability, nonspecific nature and high toxicities to both normal and cancer cells. Therefore,
targeted therapy emerges as a crucial approach in cancer treatment. Nanosized drug delivery
systems have gained considerable attention as a promising strategy for the selective delivery of

drugs to cancer cells. These systems can prevent drug degradation, reduce cytotoxicity, and extend
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blood circulation time.'#>!43 Targeted nano-carrier systems are currently in different stages of
development, offering potential advancements in the field of cancer treatment.

The targeting approaches of nanocarrier drug delivery systems can be broadly categorized
as passive and active targeting. Passive targeting is primarily dependent on physicochemical
properties of nanocarriers and the unique characteristics of tumor physiology. Tumor cells, due to
their rapid multiplication, induce the formation of new blood vessels to sustain their proliferation,
featuring endothelial gaps that allow nanoparticles up to 500 nm in size to extravasate into the
tumor tissue®” — an effect known as the EPR effect, as discussed in Section 2.1.3. Doxil®,
pegylated liposomal doxorubicin, the first FDA-approved nano-drug in 1995, is an example of
passively targeted nano-delivery system, inspiring further research into precisely controllable and
targeted delivery systems. Passive targeting can also take advantage of the variations between
tumor microenvironment and normal tissues, such as pH difference (e.g., low pH in tumor
microenvironment), redox systems (e.g., exploiting high level of glutathione in tumor cell),
reactive oxygen species (ROS) systems (e.g., an excess amount of H20O2 generated in tumor cell)
in the diseased tissues. As a result, stimuli-responsive targeting systems have been extensively
investigated, triggered by such stimuli to release the drug exclusively at the target site while
sparing normal tissues.'**"!48 For instance, tumor cells exhibit variable pH values ranging from 5.6
to 7.0 in different regions, whereas the pH values in blood and normal tissues are typically around
7.4. Xiao et al.'* reported a pH-sensitive micellar system based on an acetal-linked PEG-b-PLA
block copolymer and applied to encapsulate an anticancer drug PTX. The results demonstrated
that PTX release can be triggered at pH 6.5 and pH 5.5 for both extracellular and intracellular

spaces, respectively.
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While passive targeting has demonstrated encouraging results, the pursuit of control over
precise drug delivery has driven research into active targeting methods that exploit the
overexpressed receptors on tumor surfaces. Active targeting of drug carriers to cancer sites
involves modifying or coating nanoparticles with targeting moieties, encompassing aptamers,
antibodies, peptides and small organic molecules.!*® This modification enhances the affinity of
drug-loaded nanocarriers for specific receptors on tumor tissues, facilitating their internalization
into tumor cells. The commonly used targeting ligands for conjugation with nanocarriers include
transferrin, folate, antibodies, cell surface glycoproteins, etc.!>%!! For instance, peptide sequences
featuring the arginine-glycine-aspartic acid (RGD) motif have a strong affinity towards avf3
integrins overexpressed by the tumor endothelium. RGD has been studied extensively at the
preclinical stage as tumor-targeting ligands for micelles, liposomes, nanoparticles and drug-

1527154 Tt's worth mentioning that the choice of a specific receptor and the

peptide conjugates.
physicochemical characteristics of the ligand, including size, shape, hydrophilicity, and stability
all play a crucial role in the effectiveness of active targeting.'°
2.3.2 Thermoresponsive polymers

Polymers that are capable of altering their solubility in response to environmental
temperature changes are referred to as thermoresponsive. The temperature at which this change
occurs is termed the transition temperature, also known as the critical solution temperature,
accompanied by a conformational change in the structure of polymers. There are two main types
of thermoresponsive polymers: those with an upper critical solution temperature (UCST) or with
a lower critical solution temperature (LCST). Polymers with UCST behavior are insoluble in

aqueous solution below their UCST and change to be soluble as temperature increases above it,

for example, poly(acrylic acid) and polyacrylamide. The exploration of UCST in aqueous solutions
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is less common due to the greater difficulty in achieving this behavior under physiological
conditions.!>

Polymers exhibiting a LCST are completely soluble in aqueous systems below the
transition temperature, resulting in a transparent and homogeneous solution. However, above the
LCST, phase separation takes place, causing the polymer solution to become cloudy. Consequently,
the LCST is also commonly referred to as the cloud points. Below the LCST, the responsive
polymer is hydrated and exhibits a random coil conformation due to hydrogen bonding interactions
of hydrophilic groups in the polymer (e.g., N-H or C=0) with the surrounding water molecules.
Upon heating, hydrogen bonding with water breaks due to the increased water molecular agitation,
the polymer-polymer interactions (i.e., intramolecular hydrogen bonding or hydrophobic effect)
become predominant, thus leading to the collapse of polymer molecules. With a continued
temperature rise, the remaining hydrogen bonds break, and the polymer chains aggregate together
forming a hydrophobic globule and eventually separated from the solution. This process is
reversible; as the solution undergoes cooling, the hydrophilic characteristics of the responsive
polymer can be restored, and the polymer can be miscible with water solutions again. The phase
separation behaviour is thermodynamically more favourable as temperature increases.!>® The
entropy increase is the main driving force for this process as a result of less ordered water
molecules.

The LCST of thermoresponsive polymers can be readily adjusted by incorporating
hydrophobic or hydrophilic comonomers through copolymerization. Increasing the overall
hydrophilicity of the polymers strengthens their interactions with water molecules, so a higher

transition temperature will be needed to disrupt newly formed hydrogen bonds. Conversely, the
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addition of hydrophobic groups enhances interactions with hydrophobic species, thereby lowering
the LCST. In addition, polymer chain length, molecular weight, concentration and the presence of
additives like salt, co-solvents, and surfactants also impact the transition temperature'®’ as they
can influence hydrogen bonding interactions between polymers and aqueous systems, as well as
the electrostatic interactions of polymers in solution. Plenty of thermoresponsive polymers with
diverse LCST values have been reported, with Figure 2.2. providing details on the transition
temperatures and chemical structures of a selected group in aqueous solution. Notably, poly(N-
alkyl (meth)acrylamide)s, particularly homopolymers and copolymers of PNIPAM, have been
extensively studied. PNIPAM, with a sharp phase transition around 32 °C which is close to the
physiological temperatures, has drawn favorable attention in biomedical applications. However,
PNIPAM presents challenges such as concerns about its biocompatibility and resistance to
biodegradation under physiological conditions, as it can generate small toxic amide compounds
upon hydrolysis. To address these limitations, other thermoresponsive polymers like poly(2-
oxazoline), poly(N-vinylcaprolactam) (PNVCL), poly(amino acid)s, and elastin-like polypeptides
(ELPs)!3¥ 190 have garnered recent interest in drug delivery applications due to their
biodegradability, biocompatibility, and low toxicity. Utilizing diverse forms such as hydrogels,
micelles, three-dimensional structures, coatings, and films, thermoresponsive polymers play a
crucial role in various biomedical applications, including drug delivery, tissue engineering, wound

healing, and gene delivery.'®!-164
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Figure 2.2. Selected polymers with LCST behaviour in aqueous systems.

2.3.3 Thermoresponsive micellar drug delivery systems

The integration of temperature-responsive polymers as a pivotal component in micellar
drug delivery systems offers notable advantages, including enhanced passive targeting, controlled
release and versatility in design. On the one hand, thermoresponsive polymers can serve as a
hydrophilic segment, undergoing copolymerization with hydrophobic monomers to produce core-
shell amphiphilic (multi-)block copolymer micelles. There are a large number of examples of
PNIPAM-based amphiphilic diblock copolymers for delivery of hydrophobic drugs, where the
hydrophobic segments involves polystyrene,'®> poly(methyl methacrylate),'®® poly(e-

caprolactone),'®” etc. On the other hand, thermoresponsive polymers can also bond to another

36



hydrophilic block thus leading to block copolymers that self-assemble into micelles when these
polymer solutions are heated above their LCST. Significantly, the LCST of double-hydrophilic
block copolymers or multi-block copolymers, incorporating a thermoresponsive segment, can be
precisely tuned above body temperature for tumor-targeted drug delivery. Taking advantage of the
increased temperature at tumor sites (~42 °C) compared to normal cells (37 °C), temperature-
responsive micellar nanocarriers can be programmed and designed to exclusively collapse and
disassemble at tumor sites, thus resulting in release of loaded anticancer drugs in response to the

elevated temperature around the tumor cells. For example, Liu et al.!®®

reported a type of triblock
copolymer polymersomes poly(N-vinylcaprolactam)n-poly(dimethylsiloxane)ss-poly(N-
vinylcaprolactam), (PNVCLa-PDMSes-PNVCLn) through RAFT  polymerization. The
permeability of polymersomes loaded with the anticancer drug DOX can be precisely controlled
in the temperature range of 37-42°C by regulating the PNVCL length. The increase in the
temperature above the LCST of PNVCL would trigger the release of DOX from the polymersomes
in an accelerated way. Moreover, thermosensitive polymer-based micellar systems can be
synergistically combined with other characteristic biomaterials to create multifunctional delivery
systems, offering benefits for tumor-targeting applications.'®>!” A biodegradable dual
temperature/pH-responsive drug delivery system composed of mPEG-b-poly(N-(2-hydroxypropyl)
methacrylamide  dilactate)-co-(N-(2-hydroxypropyl) = methacrylamide-co-histidine)  was
established.!”! The result demonstrated the specific release of DOX from the mixed micelles as a
result of the slightly acidic environment and body temperature found near tumor sites. By

controlling particle size, the carrier could deliver drugs specifically to tumors in vivo with

restrictive particle extravasation, exhibiting prolonged circulation time and reduced side effects.
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Wadajkar et al.'”> developed new magnetic-based core-shell particles consisting of a thermo-
responsive shell of poly(N-isopropylacrylamide-acrylamide-allylamine) and a core of poly(lactic-
co-glycolic acid) embedded with magnetite nanoparticles. To target melanoma cancer cells, this
system was conjugated with Gly-Arg-Gly-Asp-Ser (GRGDS) peptides that specifically bind to the
asP3 receptors of melanoma cells. The particles exhibited excellent cytocompatibility to normal
cells, good potential as imaging probes and efficient uptake by the targeted cancer cells with a
rapid release of drugs in response to changes in temperature.

Hence, thermoresponsive micellar structures resulting from the self-assembly of
amphiphilic block copolymers hold promise as efficient nanocarriers for drugs. These carriers
exhibit controlled and sustained drug release characteristics, attributed to the integration of
thermoresponsive polymers, and enhanced tumor-targeting capabilities due to the incorporation of
more hydrophilic building blocks.
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CHAPTER 3. Synthesis and Evaluation of Thermoresponsive Renewable

Lipid-based Block Copolymers for Drug Delivery

3.1 Introduction

Many drug molecules that are currently in the market suffer from short half-life, in vivo
instability, poor bioavailability and rapid degradation. Since the 1960s, various drug delivery
systems, typically polymers including polymeric micelles, liposomes, dendrimers and nanotubes
have been developed.!™® Their ability to transport therapeutic agents in a targeted and controllable
manner is the major goal of modern medicine. Polymeric micelles are nanosized structures formed
by self-assembly of amphiphilic block copolymers in aqueous solution. They have two distinct
regions with a hydrophilic shell and hydrophobic core that facilitates the solubilisation of poorly
soluble pharmaceuticals. There are many advantages of using micelles as drug delivery vehicles
over others, such as their ease of preparation, relatively high stability and size advantages enabling
passive targeting of tumors through enhanced permeability and retention (EPR) effect.””
Additionally, micelles with versatile functions and characteristics can be easily designed by
altering the type and chemical structure of block copolymers. To date, several polymeric micelles
as drug delivery vehicles have been authorized or are in clinical trials.!®!!

To achieve site-specific drug targeting and on-demand release, research efforts have been
devoted to developing advanced drug delivery systems.!>!* One such example is smart delivery
systems, which involve the utilization of stimuli-responsive polymers. These carriers can hold
drugs in the course of transport and only release them in response to internal or external stimulus,

e.g., heat, pH, enzyme, light and ultrasound, due to a sharp change in their physical properties. '4'8
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Temperature is one of the most extensively investigated stimuli for drug delivery. The drug release
from thermoresponsive carriers can be either internally observed in certain pathological tissues
(e.g., ~42 °C at tumor sites)'” or externally achieved by applying an external heating source.
Thermoresponsive polymers exhibit a hydrophilic nature below a certain temperature, known as
lower critical solution temperature (LCST), but alter to hydrophobic and collapse as temperature
increase above their LCST. The LCST values within a desired range can be modulated by
introduction of the hydrophobic or hydrophilic co-monomers.?%?! Poly(N-isopropylacrylamide)
(PNIPAM) is the most well-studied thermoresponsive polymer with an LCST around 32 °C in
aqueous media, which is close to the physiological temperature of human body. PNIPAM and its
copolymers have been extensively exploited for various biomedical applications.?”2* There are
also many examples of PNIPAM-based amphiphilic block copolymers for drug delivery
applications, where the hydrophobic segments comprise polystyrene, *° poly(methyl methacrylate),
26 poly(e-caprolactone), *’ etc.

Synthesis of block copolymers incorporating biodegradable and biocompatible monomers
are highly attractive for micelle preparation due to their potential sustained drug release and low
toxicity. In recent years, the use of monomers from renewable feedstocks to replace fossil-based
monomers with an aim to promote greener solutions has received special attention. In this regard,
fatty acid moieties from renewable plant oils can be considered as great candidates and alternatives
to some synthetic hydrophobic monomers due to their good biocompatibility, biodegradability,
easy availability and proper hydrophobicity. Up to now, most studies have focused on the
application of fatty acid-based polymers into biocomposites, thermoplastics, and elastomers.?3°
While there are a few examples of fatty acid-based block copolymers using atom transfer radical

polymerization (ATRP) or reversible addition-fragmentation chain transfer (RAFT),>!° few
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attempts have been made in terms of their applications as amphiphilic block copolymers for drug
delivery. To the best of the author’s knowledge, the microwave-assisted synthesis of
thermoresponsive block copolymers from fatty acids and NIPAM and their controlled delivery has
not been reported.

In this study, amphiphilic block copolymer containing fatty acid derived polymer poly(2-
methacryloyloxy) ethyl stearate (PSAMA) and thermoresponsive polymer PNIPAM was
synthesized through RAFT polymerization under microwave irradiation (Scheme 3.1.) and
characterized. PSAMA-b-PNIPAM block copolymers with narrow polydispersity index (PDI) and
well-controlled lengths of different block ratios were prepared and self-assembled in aqueous
medium via the combination of co-solvent evaporation and dialysis method. Afterwards, the effect
of balance between hydrophilic-hydrophobic interactions on particle size, morphology and critical
micelle concentration (CMC) of the polymeric micelles was investigated. Carbamazepine (CBZ),
an antiepileptic and anticonvulsant drug, was selected as a hydrophobic model drug to evaluate the
drug encapsulation ability of PSAMA-b-PNIPAM micelles. Moreover, in vitro thermoresponsive
drug release behaviour of PSAMA-b-PNIPAM micelles was also studied to further explore their

potential application as drug carriers.
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Scheme 3.1. Synthetic route for amphiphilic block copolymer PSAMA-b-PNIPAM via
microwave-assisted RAFT polymerization.

3.2 Materials and methods

3.2.1 Materials

N-isopropylacrylamide (NIPAM, >99%, Sigma, St. Louis, MO, USA) was recrystallized from n-
hexane before use. 2, 2'-Azobisisobutyronitrile (AIBN, 98%) and 4,4’-Azobis(4-cyanovaleric acid)
(ACVA, >98%) were obtained from Sigma (St. Louis, MO, USA) and recrystallized from
methanol prior to use. Stearic acid (>98%) was purchased from TCI America (Tokyo, Japan) and
used as received. 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl|pentanoic acid (CDP, 97%),
dicyclohexylcarbodiimide (DCC, 99%), 4-dimethylaminopyridine (DMAP, 99%), 2-hydroxyethyl
methacrylate (HEMA, >99%) carbamazepine (CBZ, >98%), 1,3,5-trioxane (=99%), pyrene (98%)
and sodium sulphate anhydrous (Na2SO4, 99%) were purchased from Sigma (St. Louis, MO, USA)
and used without any further purification. 1,4-Dioxane (99%, Fisher Scientific, Waltham, MA,
USA) and tetrahydrofuran (THF, >99%, Sigma, St. Louis, MO, USA) was purified by passing
through a short alumina column before use. Chloroform-d (99.8 atom %D), dichloromethane

(DCM, >99.5%) and ethyl acetate (EtOAc, >99.5%) were from Sigma (St. Louis, MO, USA),
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while sodium bicarbonate (NaHCO3, 99.8%) and sodium chloride (NaCl, 99.9%), diethyl ether
(>99%), methanol (99.8%) and hexane (98.5%) were purchased from Fisher Scientific (Waltham,
MA, USA).

3.2.2 Synthesis of 2-(methacryloyloxy) ethyl stearate (SAMA)

Fatty acid-based monomer SAMA was synthesized according to the previously reported
method**-*® with slight modification. Typically, stearic acid (52.7 mmol, 15 g) and DMAP (5.27
mmol, 0.6 g) were first dissolved in dry 50 mL DCM and kept in an ice-water bath. The mixture
was purged with nitrogen gas while stirring. After 15 min, a solution of DCC (58.0 mmol, 12.0 g)
in a minimum volume of DCM was added. HEMA (58.0 mmol, 7.5 g) was subsequently added
drop by drop over a period of 20 min. The ice-water bath was then removed, and the reaction
mixture stirred for another 24 h at room temperature (25 °C). After the reaction, the mixture was
filtered to remove extra reagents. The obtained filtrate was washed with distilled water, saturated
NaHCOs solution and brine solution in sequence and dried over anhydrous Na>SOa. The solvent
was removed by rotary evaporator at 30 °C and purified using a silica gel column with
hexane/EtOAc (95: 5, v/v) as the eluent. The final product with 86% yield (12.9 g) was obtained
and its structure was confirmed by 'H NMR and FTIR.

"H NMR (400 MHz, CDCl3): & (ppm) = 6.11 and 5.58 (C=CHz, 2H, d), 4.32 (OCH2CH:-0,
4H, t), 2.31 (O=CCHa, 2H, t), 1.94 (CH>=CCHs, 3H, s), 1.61 (O=CCH:CH2, 2H, m), 1.27
((-=CH2)n, 28H, m), 0.87 (-CH2CHs, 3H, t).

3.2.3 Synthesis of homopolymers

PSAMA and PNIPAM were synthesized using 4-cyano-4-

[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDP) as the chain transfer agent (CTA) at

60 °C. Molar ratios of [M]: [CTA]: [I] at 25:1:0.2 and 50:1:0.2 were employed for the synthesis of
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PSAMA homopolymers with different molecular weights. An example of polymerization of
SAMA is described as follows: SAMA monomer (1309 mg, 3.3 mmol), CTA (53.3 mg, 0.13 mol),
AIBN (4.3 mg, 0.0264 mmol), and trioxane (80 mg, 0.89 mmol) (internal standard for monomer
conversion calculation) were added in a dry glass vial and dissolved in 2.4 mL 1,4-dioxane. The
mixture was stirred and purged with nitrogen for 20 min. After that, the vial was placed in the
microwave reactor and the reaction was conducted under programmed conditions at 60 °C for a
certain time. The reaction was stopped by cooling to room temperature with an ice-water bath and
exposing to air. The homopolymer PSAMA was purified by precipitation using 500 mL of
methanol for at least three times and dried in a fuming hood at room temperature. In the case of
polymerization of NIPAM, the precipitation step was carried out with diethyl ether. The
conventional heating methods were performed under the same experimental conditions with an oil
bath. The ManMmr of PSAMA was calculated from DP values in combination with the molecular
weights of RAFT agent by using the equation: MnNMr = DPnpsama X molecular weight of SAMA
+ molecular weight of CTA.
3.2.4 Synthesis of PSAMA-b-PNIPAM block copolymer

The resulting homopolymers were used as macro-CTA for the synthesis of block
copolymer. For this, a typical example when PSAMA was used as the macro-CTA has been
described as follows. Into a 10 mL glass vial equipped with a stirrer bar, NIPAM (484.3 mg, 4.28
mmol), PSAMA macro-CTA (67.5 mg, 0.014 mmol), ACVA (0.78 mg, 0.003 mmol), trioxane (40
mg, 0.45 mmol) and 1.6 mL of THF were added. After mixing and deoxygenating with dry
nitrogen for 20 min, the reaction was conducted in the microwave for 25 min at 60 °C. The reaction
was quenched by cooling the polymer to room temperature and exposing to air. To obtain purified

PSAMA-b-PNIPAM, the synthesized polymer was precipitated twice in 500 mL of cold hexane
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followed by twice in 500 mL of diethyl ether. The final product was dried in a fume hood at
ambient temperature prior to characterization with GPC, 'H NMR and FTIR. The M, value of
block copolymer measured by NMR technique was calculated as: MnNmr = DPx, pnipam X molecular
weight of NIPAM + DPn, psama X molecular weight of SAMA + molecular weight of CTA.
3.2.5. Characterization of polymers

Molecular weight and PDI of polymers were determined by gel permeation
chromatography (GPC, CA, USA). The GPC instrument consisted of an Agilent 1200 series pump
and autosampler, Agilent 1200 series Evaporative Light Scattering Detector and one Phenogel 5
pm 500A column (300 x 4.6 mm), using THF as the eluent at a flow rate of 0.5 mL/min. Samples
were prepared in a concentration at 0.5 mg/mL. A series of polystyrene standards were used for
calibration of the instrument. "H NMR spectra were recorded on a Varian INOVA spectrometer
(CA, USA) operating at 399.79 MHz at 27 °C. All samples were dissolved in deuterated
chloroform for the measurements. Purified homopolymers and block copolymers were dried
completely and mixed with KBr powder to prepare KBr pellets. FTIR analysis was conducted on
IRSprit-L FTIR spectrophotometer (Shimadzu, Kyoto, Japan) with the spectral scanning scope of
400-4000 cm!, the number of scans is 40 and resolution is 4 cm™!. Particle size in aqueous solution
was measured by dynamic light scattering (DLS) using Malvern Zetasizer Nano-ZS instrument
(MA, USA) equipped with a 4.0 mW He-Ne laser operating at wavelength of 633 nm and scattering
angle of 173°. All samples were prepared in a concentration of 0.25 mg mL™ and measured in
triplicate at 25 °C. Fluorescence excitation spectra and UV-vis measurement were performed on a
SpectraMax M3 Multi-mode Microplate Reader. TEM analysis was conducted on FEI Morgagni
268 (OR, USA) equipped with Gatan Orius CCD Camera, operating at an acceleration voltage of

80 kV. A drop of polymeric micelles suspension was deposited onto a carbon-coated copper grid
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and left for 5 min under ambient conditions. Excess solution was wicked away with filter paper.
All samples were negatively stained with phosphotungstic acid (PTA) to improve contrast on the
images. A concentration of 0.25 mg mL™!' was used for the analysis.

3.2.6. Determination of critical micelle concentration (CMC)

The CMC of the block copolymers PSAMA-b-PNIPAM was determined by fluorescence
measurements using pyrene as a probe. Briefly, 20 pL of pyrene solution at 3 x 10* M
concentration in acetone was added into a series of vials and then acetone was allowed to evaporate.
Different concentrations of polymer solution ranging from 5 x 10 to 0.2 mg/mL were prepared
and added to the vials while the final concentration of pyrene in each vial was maintained as 6 x
10”7 M. The solutions were kept at room temperature for 24 h before measurements to equilibrate
pyrene and micelles. The excitation spectra were recorded from 300 to 350 nm with a fixed emission
wavelength at 390 nm. The ratio of fluorescence intensity at two wavelengths 337 nm and 333 nm
in the excitation spectra was plotted against the logarithm of block copolymer concentration 7.
3.2.7. Micelle formation

The micelles of the block copolymer were prepared using the combination of co-solvent
evaporation and dialysis method. Briefly, 10 mg of PSAMA-b-PNIPAM was dissolved in 5 mL
THF and equal amount of distilled water was then added dropwise (ca. 1 droplet per 10 s) to the
glass vial under gentle stirring. The prepared solution in the open vial was continued to stir for 6
h and transferred into dialysis tubing (MWCO = 3500 Da). The solution was dialyzed against
distilled water overnight to completely remove THF and then lyophilized.

3.2.8. Drug loading within micelles
Carbamazepine (CBZ) was loaded into PSAMA-b-PNIPAM micelles using the same

method as described above, where 1 mg of CBZ and 10 mg of PSAMA-bh-PNIPAM was dissolved
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in THF at the first step. To calculate drug loading efficiency (DLE) and drug loaded content (DLC),
the freeze-dried CBZ-loaded sample was dissolved in THF and the amount of encapsulated drug
in polymeric micelles was analyzed by UV-visible spectrophotometer at 287 nm. A linear standard
curve between CBZ concentration and UV absorbance at 287 nm was established in advance. The

DLE and DLC were calculated according to the following formula®®%:

Mass of loaded dru
£ x 100 3.1

o =
DLE (%) Mass of drug in feed

Mass of loaded drug

Mass of drug-loaded micelle

DLC (%) = %100 3.2

3.2.9. In vitro drug release study

Drug release behavior of CBZ loaded PSAMA-b-PNIPAM micelles in vitro was studied
via dialysis method. A solution of CBZ-loaded polymeric micelles (1 mg/mL) was placed into a
dialysis membrane (MWCO = 100-500 Da). This dialysis tube was immersed in a 35 mL
physiological buffer (0.01M PBS, pH 7.4) and incubated at 37 °C or 25 °C under gentle stirring.
At scheduled time intervals, 2 mL of samples were taken out for measurement and an equal volume
of fresh PBS solution was refilled to maintain the sink conditions. The release amount of CBZ was

analyzed and monitored by UV-visible spectrophotometer.
3.3 Results and discussion

3.3.1. Synthesis of block copolymer PSAMA-b-PNIPAM
As one of the most versatile controlled radical polymerization (CRP) techniques, RAFT
polymerization has been considerably employed for fabrication of block copolymers.**#! It

provides a convenient route to prepare (co)polymers with predicted compositions, topologies and

functionalities.*>* As depicted in Scheme 3.1, block copolymer of PSAMA and PNIPAM was
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synthesized by sequential monomer addition in two steps. To begin with, homopolymers of
PSAMA or PNIPAM using CDP as the RAFT agent were synthesized. The selection of an
appropriate thiocarbonylthio moiety of the RAFT agent is the key to successful controlled
polymerizations.** The CDP was chosen as RAFT agent due to its ability to control polymerization
of both SAMA and NIPAM monomers.*** Polymerizations were carried out in 1,4-dioxane at 60 °C
and the results are presented in Table 3.1. Both PSAMA and PNIPAM were obtained with different
molecular weight and narrow molecular weight distribution.

The sequence of monomer addition has a great effect on the product of RAFT
polymerization for the synthesis of block copolymers. In this study, both PSAMA and PNIPAM
were employed as the macro-CTA to further copolymerize with the second monomer to produce
the block copolymer. However, it was observed that the block copolymer could only be formed
when PSAMA was used as the first block (macro-CTA). When starting with a PNIPAM macro-
CTA, the final products were found to be the mixture of PSAMA homopolymer and PNIPAM
homopolymer. Considering the RAFT mechanism for block copolymerization, the homopolymer
(macro-CTA) with thiocarbonylthio group should have a higher transfer ability and better leaving

ability to allow the growth of the second monomer*®*8

which was opposite when PNIPAM was
used as a macro-CTA therefore block-copolymerization on NIPAM macro-CTA was not

successful. Consequently, PSAMA was used as the macro-CTA and PSAMA-b-PNIPAM block

copolymers with narrow PDI and well-controlled length of different blocks were synthesized.
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Table 3.1. Microwave-assisted RAFT polymerization of PSAMA, PNIPAM and PSAMA-b-
PNIPAM at 60 °C.

. Compositionb
c b
Polymer® [M]/[CTAV/[1] (Tnllr;e) Conv.b ( 1/\:[;01) Muw/Mn 1(\A/mn(l)l) SAMA:
& & NIPAM
PSAMAG 25:1:0.2 20 28.6% 4730  1.08 3580 100:0
PSAMA12 50:1:0.2 20 23.5% 6820 1.10 5160 100:0
PSAMA:* 25:1:0.2 300 69.3% 10500 1.09 8610 100:0
PNIPAMss 150:1:0.2 30 35.6% 5640 1.06 6960 0:100
P, 1001:02 25 756% 9320 110 9120 1486
Z_SP?\II\I/IPA:M% 300:1:0.2 25 623% 11430 115 15570 7:93
Z—SP?\II\I/IPA:;/-Im 300:1:0.2 25 64.1% 14570 1.18 18860 9:91

* The subscripted numbers denote the degree of polymerization of each corresponding block which was
determined by 'H NMR.
®Determined by '"H NMR. ¢ Determined by GPC in THF. *Conventional heating method.

The polymerization reactions were performed under microwave irradiation and
conventional heating was also employed for comparison purpose. Table 3.1. shows that when
producing PSAMA homopolymers, compared to oil bath heating (300 min), microwave irradiation
(20 min) greatly shortened the reaction time, which also provides a rapid and efficient way for
synthesis of block polymers using lipid-based monomers and NIPAM. The block copolymers were
prepared within 25 min while it usually takes 12-48 h to produce block copolymers with

conventional oil bath heating.*’
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3.3.2. Characterization of PSAMA-b-PNIPAM

The chemical structures of the synthesized monomer SAMA, homopolymer PSAMA and
block copolymer PSAMA-b-PNIPAM were characterized by 'H NMR spectroscopy. The
assigning of various proton signals marked with different letters are displayed in Figure 3.1. In the
"H NMR spectrum of monomer SAMA, the proton peaks labeled as 4 and i were attributed to vinyl
proton signals. Monomer conversion was calculated by comparing the integration of these vinyl
protons before and after polymerization using 1,3,5-trioxane as an internal standard (6 =5.10 ppm).
The signals at 2.39-2.62 ppm found in the spectrum of PSAMA homopolymer corresponded to
HOOC-CH2-CHz-C(CN)(CH3)- moiety in RAFT agent.* The degree of polymerization (DP) of
PSAMA macro-CTA by end-group analysis was determined, based on the integral ratio of the
repeating chain protons at 4.12-4.37 ppm, derived from the side chain -O-CH2-CH2-O-, to
methylene protons Ha in the CTA agent (at 2.39-2.62 ppm). The NMR spectrum of PSAMA-b-
PNIPAM proved the presence of all characteristic peaks from each block. In order to determine
the molar ratio of PSAMA to PNIPAM in the block copolymers, the integrated peak area at 4.12-
4.37 ppm from PSAMA segment was compared with that of methine proton (H; at 3.88-4.10 ppm)

from PNIPAM polymer backbone.
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Figure 3.1. '"H NMR spectrum of (A) SAMA, (B) PSAMA and (C) PSAMA-bh-PNIPAM.

Starting with PSAMAs and PSAMA 2 as macro-CTA, three PSAMA-H-PNIPAM block
copolymers with variable block lengths using different molar ratios of monomer to macro-CTA
were synthesized, at a fixed ratio of [macro-CTA]/[AIBN] = 0.2. The GPC spectra of
homopolymers and block copolymers are shown in Figure 3.2. GPC curves of PSAMA-b-
PNIPAM moved towards the higher molecular weight region in contrast to PSAMA macro-CTA
while maintaining low PDI (< 1.2). The GPC peaks were all unimodal and symmetric without any
bimolecular termination products or unreacted macro-CTA. Therefore, GPC results further
confirmed the successful chain extension of PSAMA macro-CTA and block copolymerization.
The molecular weights measured by GPC matched reasonably well with Mnxmr based on DP, in

spite of some discrepancy with the theoretical molecular weights calculated on the basis of
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monomer conversion by NMR. Note that the molecular weights measured by GPC are relative

values with respective to polystyrene standards.
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Figure 3.2. GPC traces of block copolymer PSAMA-H-PNIPAM and its PSAMA macro-CTA.

The structural differences of monomer, homopolymers and block copolymer were also
studied by FTIR. As illustrated in Figure 3.3, in the IR spectrum of SAMA monomer, the peak for
C=C was observed at 1645 cm™'. The peaks at 1724 cm™ and 1742 cm™! corresponded to the two
ester carbonyl groups stretching. It was found that after polymerization C=C double bond peak
disappeared and there was a broad C=0 peak at 1735 cm™ in the spectrum of PSAMA. In the
spectrum of PSAMA-b-PNIPAM, all characteristic absorption peaks can be observed associated
with both blocks. For example, it is including stretching vibration of ester carbonyl group in

PSAMA at 1735 cm™! and secondary amide C=O stretching at 1652 cm™', amide N-H bending at

1541 cm™ as well as N-H stretching at 3200-3400 cm™ which belong to PNIPAM. In conclusion,

FTIR spectra also supported the successful preparation of block copolymer.
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Figure 3.3. FTIR spectrum of SAMA, PSAMA, PNIPAM and PSAMA-5-PNIPAM.

3.3.3. Self-assembly study of PSAMA-b-PNIPAM

Amphiphilic block copolymers can spontaneously form various higher order structures in
aqueous solutions with a size range of 10-200 nm. Their shapes are typically discovered as
spherical when the length of a hydrophilic segment outnumbers that of a hydrophobic one,>%!
whereas other structures including rods, vesicles and cylinders are also reported on block
copolymers with a very long hydrophobic block.’>* For the designed amphiphilic block
copolymer PSAMA-b-PNIPAM, fatty acid based hydrophobic block PSAMA is the core and the
thermoresponsive hydrophilic block PNIPAM is the shell of the micelle.

To study the self-assembly behavior of PSAMA-b-PNIPAM, the hydrodynamic diameter

(Dn) of block copolymer micelles was determined by DLS at 25 °C (Figure 3.4.). Their average Dn

values were measured as 27, 28 and 31 nm for PSAMAg-b-PNIPAMa9, PSAMA3g-b-PNIPAM 06
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and PSAMA 12-b-PNIPAM 21, respectively. The size of nano-assemblies was increased with the
increasing PSAMA block length and molecular weight of the block copolymer, which proves that
micellar size can be well tuned by adjusting molecular characteristics of both blocks. In drug
delivery through the bloodstream, the size and shape of nanocarriers play a crucial part in their
biodistribution, circulation time and cellular uptake. A range of 10-100 nm diameter was reported
to be the most ideal because this size carrier can efficiently avoid clearance by the kidney and
recognition by the reticuloendothelial system (RES), resulting in longer circulation time.**>>® More
importantly, these carriers can selectively extravasate from the leaky vasculature around tumor
sites based on EPR effect and accumulate at the target sites.>’
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Figure 3.4. DLS distributions for PSAMA-b-PNIPAM in aqueous solution at 25 °C.

The morphology of self-assembled block copolymer particles was further explored by
TEM. As displayed in Figure 3.5, all the PSAMA-b-PNIPAM copolymers with different block
ratios self-assembled into spherical core-shell micelles. From TEM images, the micellar sizes were
observed approximately in the range of 10-40 nm. It is noteworthy that unlike individual well-

dispersed spheres formed by PSAMAs-b-PNIPAMios (Figure 3.5a), the micelles prepared by
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PSAMA 12-b-PNIPAMI21 showed some aggregation behaviour (Figure 3.5b). This may be as a
result of the longer hydrophobic content, the lipophilic tail of stearic acid being less mobile and
incompactly packed during the micelle formation leading to their interactions with hydrophobic
chains from other micelles. Moreover, it is interesting to notice that when the micelle solution was
heated at 50 °C, PSAMA-bh-PNIPAM micelles rapidly agglomerated and precipitated in aqueous
solution (Figure 3.5c). This proved the thermoresponsive nature of the synthesized micelles,

suggesting that PNIPAM has transitioned from hydrophilic to hydrophobic.

Figure 3.5. TEM images of (a) PSAMAs-b-PNIPAMios; (b) PSAMAI12-b-PNIPAMI21; (c)
PSAMAs-b-PNIPAMios micelle solution heated at 50 °C; (d) CBZ-loaded PSAMAs-b-PNIPAM 6.
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3.3.4. CMC determination

Amphiphilic molecules begin to aggregate and self-assemble as their concentration reaches
the threshold concentration called CMC. CMC is a significant indication of polymeric micelles’
stability in light of their application as targeted drug carriers.’® Upon injection into bloodstream,
micelles are diluted by large volume of blood and those with high CMC value may disassemble
into unimers, leading to premature release of encapsulated drugs. In the present study, CMC was
determined by fluorescence technique using pyrene as the probe. Pyrene is a hydrophobic
fluorescent probe with strong sensitivity to surrounding microenvironment. During micelle
formation, pyrene preferably transfers from polar solution to a hydrophobic core within micelles,
causing a red shift in excitation spectrum maximum of pyrene from 333 nm to 337 nm. Hence, the
ratio of fluorescence intensity at two wavelengths 337 nm and 333 nm (I337/1333) were plotted
against the logarithm of PSAMA-bH-PNIPAM concentration for measuring CMC values.

As shown in Figure 3.6. below a certain concentration, [337/1333 values remained relatively
steady. Above this concentration, there was a sharp increase of 1337/1333 values, implying the
incorporation of pyrene into the micelle hydrophobic core. The intersection point of the two
straight lines through plots of I337/I333 ratios versus the block copolymer concentration was referred
to as CMC. In this study, the CMC values of PSAMAs-b-PNIPAMa49, PSAMAs-b-PNIPAM 06 and
PSAMA 12-b-PNIPAM 21 were measured as 0.0036, 0.0119 and 0.0058 mg/mL, respectively. Their
CMC values decreased with the increasing PSAMA ratios in the block copolymer chains. The
obvious dependence of CMC values on the length of hydrophilic/hydrophobic segment can be
explained as: increased hydrophobicity strengthens the interactions between hydrophobic chains
thus enhances aggregation tendency for amphiphiles to form micelles and thereby lowers the CMC.

This trend is in accordance with previous reports.*->°
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Figure 3.6. Plots of the intensity ratio [337/1333 of pyrene excitation spectra versus logarithm of
concentration for PSAMA 12-b-PNIPAM 21

3.3.5. Drug loading and release behavior of block copolymer PSAMA-b-PNIPAM
Carbamazepine (CBZ), a lipophilic drug to treat epilepsy and nerve pain, was used as a
model drug to investigate the drug loading efficiency and in vitro release performance of PSAMA-
b-PNIPAM micelles. The CBZ-loaded polymeric micelle was also studied by TEM. TEM image
(Figure 3.5d) showed that the drug-loaded PSAMA-b-PNIPAM micelles maintained their
spherical morphology as expected but their size was approximately 42 nm which was slightly
larger than that of the blank micelles. To explore the impact of hydrophilic and hydrophobic chain
length on drug loading efficiency, several PSAMA-b-PNIPAM were prepared with different block
lengths and their DLE and DLC are listed in Table 3.2. Among these block copolymers, the
maximum drug loading efficiency and drug loading content of 31.6% and 2.9% were observed for
PSAMAs-b-PNIPAMag. The length and structure of core-forming segment play a significant role
in drug loading efficiency as hydrophobic drugs are physically entrapped into a hydrophobic core

via hydrophobic interaction. Therefore, generally greater volume of core-forming polymer can
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contribute to higher encapsulation efficiency. However, in the case of this study, the reason that
PSAMAs-b-PNIPAM4s exhibits the highest drug loading capacity may be associated with the
balance between hydrophilic and hydrophobic blocks in aqueous medium. Combined with results
observed by TEM for PSAMA 12-b-PNIPAM 21, the partial aggregation behaviour of micelles may
also impede the drug loading into the micellar core. Especially, it is important to note that the
process conditions for CBZ encapsulation were not optimized to maximize DLE and DLC, but
primarily to demonstrate the capability of these micelles as drug carriers. Factors affecting the
drug loading efficiency of polymeric micelles include polymer-drug ratio, molecular weight of the
block copolymer, polymer-drug compatibility and encapsulation methods.®

Table 3.2. Drug loading characteristics of CBZ-loaded micelles.

DLE (%) DLC (%)
PSAMAs-b-PNIPAMas 31.6 2.9
PSAMAs-5-PNIPAM 06 24.4 22
PSAMA 12-5-PNIPAM 21 22.2 2.0

The drug release behaviours of CBZ-loaded PSAMA-b-PNIPAM micelle formulations
were investigated in simulated physiological conditions (0.01M PBS, pH 7.4). Different
temperatures (25 °C and 37 °C) were applied to evaluate the thermo-sensitivity of PSAMA-b-
PNIPAM micelles. As presented in Figure 3.7, the CBZ release amount and rate at 37 °C was far
more dramatic than that at 25 °C, demonstrating an obvious temperature-triggered response. The
percentage of the CBZ released from PSAMAs-b-PNIPAMios was about 20% and 65% within 36
h, and 35% and 92% within 72 h at 25 and 37 °C, respectively. Considering the LCST of the block

copolymer was measured within the range of 30-32 °C (refer to Figure S3.1.), the accelerated drug
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release at 37 °C is due to the phase transition behaviour of block copolymer above its LCST. This
leads to collapse and shrinkage of block copolymer micelles, and consequently causes the drug to
diffuse out more quickly. Relatively, the drug release rate at 25 °C may mainly depend on the
micellar dissociation and polymer degradation.

The in vitro release of free CBZ was also conducted for comparison. The data showed that
as for free CBZ release at 37 °C, approximately 90% of CBZ was released into the medium in the
first 2 h, and it took about 3 h in total for its complete release. The release behavior of CBZ loaded
in copolymer micelles was quite different under the same conditions. A typical two-phase release
profile was found with a relatively rapid release phase during initial period owing to the release of
CBZ which was located at the interface of the shell (PNIPAM segment) and the core (PSAMA
segment), followed by a sustained and slow release up to 84 h at body temperature. No significant
difference of release pattern was observed among the three drug-loaded PSAMA-b-PNIPAM

micelles, and they all showed good control for CBZ release at 37 °C.
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Figure 3.7. Release profiles in vitro of free CBZ and CBZ drug-loaded micelles in PBS (pH 7.4)
at 37 °C and 25 °C.

In summary, temperature-responsive amphiphilic block copolymer PSAMA-H-PNIPAM
comprising of stearic acid-based methacrylate polymer and PNIPAM by RAFT polymerization
have been synthesized under microwave irradiation. Well-controlled block copolymers with
variable block length were prepared by controlling the feeding ratio of monomers to macro-CTA.
These amphiphilic block copolymers could spontaneously be assembled into spherical micelles
with an average size range of ~30 nm. The balance between hydrophobic and hydrophilic segment
had an impact on morphology, CMC and drug encapsulation performance of PSAMA-b-PNIPAM
micelles. When increasing the block lengths of stearic acid segment, the CMC values decreased

due to the stronger hydrophobic interaction, whereas micelles showed some aggregation attributed
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to long hydrophobic tail of fatty acid and thus leading to lower encapsulation efficiency.
Approximately 31.6% of CBZ can be loaded into PSAMA-H-PNIPAM micelles when the mass
ratio of micelles to drug was fixed at 10:1. Improvement of drug loading efficiency can be
implemented by optimization of self-assembly conditions and polymer-to-drug ratios in future
studies. Complete release of drug from PSAMA-bH-PNIPAM micelles with a sustained release
behaviour was observed at 37 °C. Overall, these results suggest that these block copolymers can
be potentially used for controlled delivery of drugs. These finding indicate an opportunity to
explore utilization of renewable materials as replacements of non-renewable materials for smart
delivery systems.
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CHAPTER 4. Tunable Self-assembly of Lipid-based Block Polymeric Micelles
with Temperature-sensitive Poly(vinylcaprolactam) Shell for Effective

Anticancer Drug Delivery

4.1 Introduction

Amphiphilic polymers (i.e., block or graft copolymers) possess distinct hydrophilic and
hydrophobic domains, enabling the spontaneous formation of nanosized micellar structures in the
aqueous environment. These polymers have attracted significant interest as potent drug delivery
platforms due to their peculiar characteristics. Notably, they feature a hydrophobic core that
facilitates the solubilization of poorly soluble therapeutics, coupled with a hydrophilic shell that
ensures compatibility and stability of micelles in an aqueous surrounding environment.
Additionally, their tunable size allows preferential accumulation at compromised tissue sites, such
as tumors, leveraging the enhanced permeability and retention (EPR) effect.! Over the past recent
decades, in order to advance nanomedicines for humans, an array of functional block copolymers
have been proposed to develop micelle-based delivery systems tailored for clinical use.*
Biodegradability and biocompatibility are two critical factors in designing polymeric micelles for
safe and efficient drug delivery. The incorporation of biodegradable materials as drug nanocarriers
offer a number of advantages, including prolonged circulation time, sustained release, improved
therapeutic efficacy, reduced toxicity, and in vivo degradability.?

Lipids, as naturally occurring biomolecules, have broad applications in the pharmaceutical
industry.>® Most drug delivery systems approved by FDA rely on liposome or lipid-based

formulations, in particular, lipid nanoparticles have been successfully utilized for transporting
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mRNA-based vaccines against SARS-CoV-2. Conjugates of phospholipids with hydrophilic
polymers (PEG or polyvinylpyrrolidone (PVP)) have also been reported for their capacity to load
sparingly soluble drugs.””® However, their efficiency to encapsulate drugs is restricted by the
limited space within the hydrophobic core due to the two relatively short fatty acid acyls. In the
meantime, with the growing concern over environmental and health-related issues, the scientific
community has put forth various polymers such as polyesters and polyurethanes that are developed
from vegetable oils through step growth polymerization or oxypolymerization for different
industrial applications.”!! One of the primary constituents in vegetable oils is fatty acids which
are mostly saturated and perform as chain terminators in the polymerization process. Only a few
attempts have been made on fatty acid-based polymers through radical polymerization by
modifying carboxylic acid functional groups on the fatty acid structure.'? Lately, the advancement
of controlled radical polymerization (CRP) techniques has enabled the preparation of various well-
defined fatty acid-based (meth)acrylate block copolymers via reversible addition-fragmentation
chain transfer (RAFT) or atom transfer radical polymerization (ATRP).!*''® Despite these
developments, the majority of studies on fatty acid-based polymers have been directed toward their

17-19 with little attention given to their potential

applications as coating, elastomer, or adhesives,
biomedical applications as amphiphilic block copolymers for drug delivery. Fatty acid residues are
anticipated to offer a robust capability for drug encapsulation as hydrophobic core-forming
materials for the fabrication of controlled block copolymer micelles, along with favorable
attributes such as biocompatibility and biodegradability. Furthermore, the use of monomers

derived from renewable feedstocks to substitute fossil-based monomers holds the potential to

advance green and sustainable approaches within drug delivery systems.
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Thermo-sensitive polymers have become a focus of interest as an important component in
nanocarrier design ascribing to their temperature-sensitive nature, which enables selective
transportation, controlled release and limited off-targeted accumulation of drugs.?® These polymers
are usually in hydrophilic state below the lower critical solution temperature (LCST), exhibiting a
reversible transition to hydrophobic state as the temperature rises above their LCST. Poly(N-
isopropylacrylamide) (PNIPAM) is one of the most extensively explored thermo-responsive
polymers. Nevertheless, it is worth noting that the backbone of PNIPAM is not subject to
biodegradation under physiological conditions since they can produce small toxic amide
compounds upon hydrolysis, thus hindering their potential applicability in biomedical field.?! In
contrast, Poly(N-vinylcaprolactam) (PNVCL), another temperature-responsive non-ionic polymer,
possesses excellent biocompatibility, nontoxicity, solubility and stability against hydrolysis,
making it well-suited for various biomedical applications.”? Additionally, PNVCL exhibiting
aggregation-induced emission (AIE) characteristics has recently emerged as a promising
fluorescent polymeric thermometer for the early detection of diseases.?* Unlike the sharp phase
transition of PNIPAM at the LCST, PNVCL undergoes a continuous coil-globule transition within
the temperature range of 36 to 50 °C,?* dependent on the polymer concentration and molecular
weight. However, the popularity of PNVCL faces a limitation attributed to the challenge of
achieving controlled polymerization of NVCL. Until recently, a few CRP techniques have been
applied to produce a variety of PNVCL-based block copolymers, including ATRP, RAFT and
ring-opening polymerization.?>?® There has been increased interest in developing PNVCL-based
drug delivery systems over the past years, and the main types include hydrogels, micro/nanogels
and micro/nanoparticles.?*?°>3! Notably, the synthesis of PNVCL and fatty acid-based amphiphilic

block copolymers for controlled drug delivery has not been reported.
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Herein, we present the synthesis and characterization of innovative thermo-responsive
amphiphilic block copolymers, namely poly(vinyl stearate)-b-PNVCL (PVS-b-PNVCL) and
poly(vinyl laurate)-b-PNVCL (PVL-b-PNVCL) showcasing significant potential for drug delivery
applications. PVS-b-PNVCL and PVL-b-PNVCL block copolymers with well-controlled different
block lengths were prepared through RAFT polymerization under microwave irradiation (Scheme 1).
The resulting micellar structures, formed through self-assembly in aqueous solution, were
characterized in terms of their critical micelle concentration (CMC), particle size and morphology.
Nile Red-loaded micelles were prepared to test their micellar stability in biological conditions.
Afterwards, thermo-sensitivity and drug encapsulation/release behaviour of PVS-H-PNVCL
micelles were evaluated using doxorubicin (DOX) as a model anticancer drug. Moreover, their
effectiveness as an anticancer drug delivery system was examined via cell viability and cellular
uptake studies using both the cancerous HeLa cell line and human embryonic kidney (HEK) 293T
cell line. This investigation underscores the potential to further explore the utilization of renewable
materials with good biocompatibility and biodegradability as replacements of synthetic materials
for smart drug delivery nanoplatforms.

4.2 Materials and methods
4.2.1 Materials

N-Vinylcaprolactam (NVCL, 98%, Sigma, St. Louis, MO, USA) was recrystallized from
n-hexane before use. Vinyl stearate (95%) and vinyl laurate (>99%) were purchased from Sigma
(St. Louis, MO, USA) and recrystallized from acetone before use. 2,2'-Azobisisobutyronitrile
(AIBN, 98%, Sigma, St. Louis, MO, USA) was recrystallized from methanol prior to use.

Doxorubicin hydrochloride (99%), potassium ethyl xanthogenate (96%), methyl 2-
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bromopropionate (98%), 1,3,5-trioxane (=99%), pyrene (98%) and 4",6-diamidino-2-phenylindole
dihydrochloride (DAPI, >98%) were purchased from Sigma (St. Louis, MO, USA) and used
without any further purification. Fetal bovine serum (FBS) and Nile Red (99%) was purchased
from Fisher Scientific (Waltham, MA, USA) and used as received. 1,4-Dioxane (99%, Fisher
scientific, Waltham, MA, USA) and tetrahydrofuran (THF, >99%, Sigma, St. Louis, MO, USA)
was purified by passing through a short alumina column before use. All other chemicals were of
reagent grade and used as received.

4.2.2 Synthesis of O-ethyl-S-(1-methoxycarbonyl) ethyldithiocarbonate (XA1)

The RAFT agent was prepared according to the previously reported method with minor
modifications.’? Briefly, 2.24 mL of methyl 2-bromopropionate was dissolved in 40 mL of
methanol and the kept in an ice bath. Potassium ethyl xanthogenate (3.66 g, 22.8 mmol) was then
slowly added and the reaction mixture was stirred for 24 h at room temperature (25 °C). After the
reaction, the white KBr precipitate was filtered, and the filtrate was extracted with diethyl ether.
The organic layer was collected, washed three times with water and dried over anhydrous Na2SOa.
A yellow liquid was obtained after the organic solvent evaporation.

"H NMR (400 MHz, CDCl3): & (ppm) = 4.63 (q, 2H, -OCH2CH3), 4.38 (q, 1H, -CHCH3),
3.75 (s, 3H, —CH3), 1.57 (d, 3H, —CHCH3), 1.41 (t, 3H, —CH2CH3).

4.2.3 Synthesis of PVS and PVL macro-CTA

PVS and PVL homopolymers were synthesized using O-ethyl-S-(1-methoxycarbonyl)
ethyldithiocarbonate as the chain transfer agent (CTA) at 60 °C under microwave irradiation. An
example of polymerization of VS is described as follows: VS monomer (1242 mg, 4 mmol), CTA
(11.2 mg, 0.04 mmol), AIBN (1.3 mg, 0.008 mmol), and trioxane (80 mg, 0.89 mmol) were

dissolved in 1.8 mL of 1,4-dioxane. The solution was stirred and purged with nitrogen for 20 min

93



and then irradiated in the microwave reactor at 60 °C for a certain time. Monomer conversion was
determined by 'H NMR with trioxane as the internal reference. The reaction was quenched by
cooling to room temperature with an ice-water bath. The polymers were precipitated in methanol
for three times (from acetone solution), filtered and dried in a vacuum oven at room temperature.
4.2.4 Synthesis of PVS-b-PNVCL and PVL-b-PNVCL block copolymers

The block copolymers PVS-6-PNVCL and PVL-b6-PNVCL were subsequently synthesized
by RAFT polymerization with PVS and PVL homopolymers as macro-CTA respectively. Various
molar ratios of [M] to [CTA] were utilized to produce block copolymers with distinct block ratios.
For instance, for preparation of the PVS-b-PNVCL, NVCL (556.8 mg, 4 mmol), PVS (141.1 mg,
0.02 mmol), AIBN (0.66 mg, 0.004 mmol), trioxane (40 mg, 0.45 mmol) and 0.8 mL of THF were
added into a 10 mL microwave vial equipped with a stirrer bar. After mixing and purging with dry
nitrogen for 20 min, the vial was placed into the microwave instrument’s cavity and the
polymerization reaction was conducted under programmed conditions at 60 °C for 28 min. The
polymerization was terminated by rapidly cooling to room temperature with an ice bath and
exposing the mixture to air. The block copolymers were purified by precipitation from cold diethyl
ether for three times. The final product was filtered, collected, and dried in a vacuum oven at room
temperature.
4.2.5 Characterization of the block copolymer

"H NMR spectra were acquired on a Varian INOVA spectrometer (CA, USA) operating at
400 MHz. All samples were dissolved in CDCI3 and analyzed at 25 °C. Gel permeation
chromatography (GPC, CA, USA) instrument was equipped with an Agilent 1200 series pump and
autosampler, Agilent 1200 series Evaporative Light Scattering Detector, and one Phenogel 5 pm

500A column (300 x 4.6 mm). THF was employed as the eluent at a flow rate of 0.5 mL/min. A
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series of monodisperse polystyrene standards were used for the instrument calibration. FTIR
analysis was conducted on IRSprit-L FTIR spectrophotometer (Shimadzu, Kyoto, Japan) using
KBr pellet method.

4.2.6 Preparation and characterization of micelles

The block copolymer micelles were prepared by solvent switch method. Briefly, 10 mg of
block copolymer was dissolved in 5 mL of THF/DMSO (7/3, v/v). Then, 7 mL distilled water was
subsequently added dropwise to the solution under stirring. The prepared solution was stirred for
additional 8 h without capping at room temperature. The suspension was transferred into a dialysis
membrane (MWCO = 3500 Da) and dialyzed against distilled water overnight. The micelles were
obtained after lyophilisation.

Particle size and size distribution of block copolymer micelles in aqueous solution were
analyzed by dynamic light scattering (DLS) using Malvern Zetasizer Nano-ZS instrument (MA,
USA) equipped with a 4.0 mW He-Ne laser (A = 633 nm) at a scattering angle of 173°. All
measurements were performed in triplicates at 25 °C or 37 °C. Fluorescence excitation spectra
were obtained on a SpectraMax M3 Multi-mode Microplate Reader (CA, USA). Optical
transmittance was recorded on OPTIZEN POP UV-Vis Spectrophotometer (Daejeon, South
Korea). TEM analysis was conducted on JEOL JEM-2100 (Tokyo, Japan) operating at an
acceleration voltage of 200 kV. Briefly, 5 uL of polymeric micelle suspension was deposited onto
a carbon film supported copper grid that has previously been glow discharged using Cressington
208 Carbon Coater. After leaving in air for 5 min, excess solution was blotted with a strip of filter
paper. All samples were negatively stained with 2% uranyl acetate and allowed to sit for 1 min.
The excess staining solution was gently blotted away, and the grid was dried under ambient

conditions.
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4.2.7 Determination of critical micelle concentration (CMC)

The CMC measurements were carried out using pyrene as a fluorescence probe. A 20 pL
of pyrene solution (3 x 10* M in acetone) was added into different vials and then the acetone was
allowed to evaporate. A series of polymer aqueous solutions with concentrations ranging from 0.1
to 200 mg/L were prepared separately and added to the vials while the final concentration of pyrene
in each vial was kept constant at 6 x 10”7 M. After equilibration at room temperature for 24 h, the
excitation spectra were recorded from 300 to 350 nm at a fixed emission wavelength of 390 nm.
The CMC values were then determined based on the change of fluorescence intensity ratio at 337
nm and 333 nm with the varying block copolymer concentration.

4.2.8 DOX encapsulation and in vitro release studies
4.2.8.1 Preparation of DOX-loaded micelles

DOX-HCI was first dissolved in DMSO and reacted with 3 equiv of triethylamine for 3 h.
The neutralized DOX solution (500 pL) was added to 5 mL of PVS-6-PNVCL or PVL-H6-PNVCL
solution in THF/DMSO (7/3, v/v) and stirred for 30 min at room temperature. Afterwards, 7 mL
of distilled water was added dropwise to the DOX polymer solution under stirring. After stirring
for another 8 h, the mixture was subjected to dialysis as described above to obtain DOX-loaded
block copolymer micelles. For drug quantification, freeze-dried DOX-loaded micelles were
dissolved in DMSO and the amount of encapsulated DOX in polymeric micelles was analyzed by
UV spectrophotometer at 485 nm. A standard curve of free DOX as control was established in
advance. The drug loading efficiency (DLE) and drug loading content (DLC) were calculated

according to the following equations:
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Weight of loaded drug
Weight of drug in feed

DLE (%) = x 100 4.1

Weight of loaded drug

x 100 4.2
Weight of drug—loaded micelle

DLC (%) =

4.2.8.2 Temperature-triggered release of DOX

The drug release profile of DOX-loaded block copolymer micelles was studied at 37 °C or
25 °C in a buffer solution (0.01M PBS, pH 7.4) via dialysis diffusion method. A solution of DOX-
loaded polymeric micelles at a concentration of 1 mg/mL was placed into a dialysis membrane
(MWCO = 3500 Da). The dialysis bag was immersed into a beaker containing 35 mL of
physiological buffer and incubated under gentle stirring. Then 2 mL of each dialysate was taken
out from the release medium for analysis at predetermined time intervals and replenished with an
equal volume of fresh PBS solution to maintain the sink conditions. The release amount of DOX
was monitored and measured by a UV-vis spectrophotometer. The release studies were performed
in triplicates and each data point was expressed as mean = SD.
4.2.9 Serum stability of the micelles

The block copolymer (10 mg) was first dissolved in 1.5 mL of THF and then mixed with
0.2 mL of a stock solution of Nile Red (NR) in THF (5.0 mg/mL). The deionized water (5 mL)
was added dropwise to the THF solution under vigorous agitation. After stirring for 5 h, the mixture
was transferred to dialysis tubing (MWCO = 3500 Da) and dialyzed against deionized water for
18 h. The micelle solution was finally filtered through a syringe filter (0.45 um pore size). The
resulting NR-loaded PVS-b-PNVCL micelles were incubated in PBS supplemented with 10% FBS

or only PBS solution. The stability of micelles loaded with NR was analyzed over a period of 72
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h at room temperature. Their emission spectra were recorded at specified time intervals with a
fixed excitation wavelength at 570 nm.
4.2.10 Cell experiments
4.2.10.1 Cell culture

Human embryonic kidney 293T (HEK 293T) cells and human cervical cancer cells HeLa
were cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum
(FBS) and 100 pg/mL penicillin/streptomycin at 37 °C in a humidified atmosphere with 5% CO:x.
4.2.10.2 Cell viability assay

The in vitro cytotoxicity of blank micelles and DOX-loaded micelles was assessed by 3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium (MTS)
assay. HEK 293T cells and HeLa cells were seeded into 96-well plates at a density of 5 x 10*
cells/well and incubated overnight at 37 °C. The DMEM medium with serum was then replaced
by tested samples (PVS-b-PNVCL micelles, DOX-loaded micelles and free DOX) at
concentrations of 0-200 ug/mL. The cells without any treatment were used as control and
supplemented with equal volume of fresh medium. The cells were subsequently incubated for 24
and 48 h. The culture medium was replaced with 100 uL of fresh DMEM, followed by the addition
of 20 uL of MTS Reagent (Abcam, Waltham, USA) and further incubated for 2 h. The absorbance
was measured at 490 nm using a Synergy H1 microplate reader (Biotek, SB, USA) to analyze the
cell viability profile. All statistical analyses were performed using GraphPad Prism software
version 8.0 for Windows (GraphPad Software, San Diego, CA, USA).
4.2.10.3 Cellular uptake assay

HeLa cells were seeded (12 x 10° cells/well) on a 12-well plate with a glass coverslip and

incubated at 37 °C under 5% CO: for 24 h. The medium was replaced with DOX-loaded micelle
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solutions at a final DOX concentration of 10 pg/mL. Free DOX with the same concertation was
also studied as a comparison. After 4 h or 24 h of incubation, cells were washed with 1x phosphate-
buffered saline (PBS) for three times and then fixed with 4% paraformaldehyde for 20 min at room
temperature. Afterwards, the cells were washed three times with PBS and stained with DAPI for
10 min and kept in PBS. The cells treated with fluorescent dye were observed and imaged using a
confocal laser scanning microscope (Leica TCS SP5 Confocal, NC, USA). DOX was excited using
a 470 nm laser and collected in the red channel. DAPI was excited using a 358 nm laser and

collected in the blue channel.
4.3 Results and Discussion

While there are few studies reported on the copolymerization of fatty acids with acrylamide
monomers such as N-isopropylacrylamide (NIPAM) (Chapter 3) and N,N-dimethylacrylamide
(DMA),*® there has been significantly less attention paid to N-vinylcaprolactam. Preliminary
studies were preformed to investigate if a controlled block copolymer of PNVCL and lipids
(different type of fatty acids) can be prepared. During initial trials, the effect of the sequence of
monomer addition on the block copolymerization was explored. Surprisingly, the block
copolymers were exclusively successfully prepared when PVS or PVL was used as the first block.
The effects of fatty acid type and fatty acid block chain length on the subsequent micellization was
investigated. The homopolymers (macro-CTAs) of PVS and PVL were subsequently extended by
copolymerization with NVCL to provide accelerated access to block copolymers and to study their
self-assembly, drug encapsulation and release behaviours, serum stability, cellular compatibility

and uptakes.
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4.3.1 Synthesis and characterization of PVS-b-PNVCL and PVL-5-PNVCL

The block copolymers of PVS-b-PNVCL and PVL-b-PNVCL were synthesized under
microwave irradiation (Scheme 4.1.). To begin with, PVS and PVL homopolymers were obtained
by RAFT polymerization using XAl as the chain transfer agent after 30 min of reaction. The
number-average molecular weight (Mn) and dispersity index (D) of PVS and PVL were determined
by GPC (Figure S4.1, in Appendix B). Synthesis of the block copolymers with variable block
lengths was subsequently performed with PVS or PVL as the micro-RAFT agent at 60 °C for 28
min, using different molar ratios of monomer to macro-CTA. The selection of a proper RAFT
agent and the order of monomer addition are both crucial factors for the synthesis of block
copolymers, especially for less activated monomers like NVCL. PNVCL homopolymer was
synthesized and then block copolymerized with lipid monomers, but the attempts were
unsuccessful. In reverse, the homopolymerizations of lipids (VS &VL) were carried out and then
blocked with PNVCL. Following this, lipid block with PNVCL was able to be extended. It was
noted that PNVCL homopolymer (macro-CTA) cannot reinitiate the copolymerization of VS and
VL. A plausible explanation for this could be that PNVCL intermediates with thiocarbonylthio

group are highly stable and have poor leaving ability to allow the growth of the second monomer.>*

/]k( _MW, 30min 60 °C M MW, 28 min, 60 °C min, 60 °C A*W
T D 2t
~ Ay o

RAFT agent VS/VL PVS/PVL macro-CTA NVCL PVS/PVL-b-PNVCL

x: 10orl6.

Scheme 4.1. Illustration of the synthetic route for block copolymer PVS/PVL-5-PNVCL via RAFT
polymerization under microwave irradiation.
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The chemical structures of purified homopolymers and block copolymers were confirmed
with 'H NMR spectroscopy and FTIR. The identification of all proton signals labeled with
different letters is illustrated in Figure 4.1. The "H NMR spectra of PVS and PVS-b-PNVCL show
successful chain extension of PVS on account of the presence of all characteristic peaks from each
block. New signals referring to PNVCL at 1.41-1.76 ppm (CH2 of caprolactam ring and backbone),
2.31-2.50 ppm (COCH2), 3.10-3.31 ppm (NCH2) and 4.40 ppm (NCH) were observed. All typical
absorption peaks of both the fatty acid-based block and PNVCL block are visible in the FTIR
spectrum of the block copolymer (Figure S4.2, Appendix B). The peak at 1738 cm™ corresponding
to ester carbonyl group demonstrated the existence of the PVS segment. In comparison with the
IR spectrum of PVS homopolymer, new peaks which belong to PNVCL side chains appeared after
block copolymerization, including an intense peak at 1640 cm™ originating from the characteristic
C=0 stretching vibration in amide and an absorption peak at 1483 cm™ attributed to C-N stretching

vibration. In conclusion, FTIR results also supported the formation of block copolymers.
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Figure 4.1. "TH NMR spectrum of (A) PVS and (B) PVS-b-PNVCL.

Although PVS-H-PNVCL has good solubility in THF solution, its molecular weight and D
were hardly determined by gel permeation chromatography (GPC) using THF as an eluent. Similar
results have previously been reported and ascribed to some affinity of PNVCL to the stationary
phase.>>* In this study, molecular weight and block composition of block copolymers were
calculated by 'H NMR analysis and the results are summarized in Table 4.1. The degree of
polymerization (DP) of PVS macro-RAFT agent was determined based on the integral ratio of the
repeating chain protons He at 0.86-0.91 ppm, derived from methyl end group —CH3 in the side
chain, to methyl protons of the xanthate moiety Hyin the RAFT agent (at 3.7 ppm). In order to

determine the molar ratio of PVS to PNVCL in the block copolymers, the integrated peak area at
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0.86-0.91 ppm from PVS fraction was compared with that of methylene proton H (at 3.10-3.31
ppm) from PNVCL side chain. The MaNwmr of PVS and PVS-H-PNVCL were then calculated from
DP values, namely repeating units of each block. The theoretical molecular weight was estimated
based on monomer conversion by comparing the integration difference of vinyl protons of VS or
NVCL before and after polymerization with 1,3,5-trioxane as an internal standard (6 = 5.10 ppm).
The M, theo values were generally close to the corresponding MnNwmr estimated from degrees of
polymerization. The occasional deviation may be attributed to sampling process in the monomer
conversion determination®” which is employed in measuring the theoretical molecular weight.
Besides, it was reported that the loss of sensitivity of NMR spectroscopy at high molecular weights
(> 25 kDa) and impurities can result in the variability of molecular weights determined by NMR

techniques.®
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Table 4.1. Microwave-assisted RAFT polymerization of homopolymers and block copolymers at
60 °C.

Polymer IMIICTAVI] e o M oL
PVSe 100:1:0.2 30 12.0 4.0 3.1 100:0
PVSis 120:1:0.2 30 16.3 6.4 5.9 100:0
PVLs 100:1:0.2 30 17.9 4.3 3.9 100:0
PVL,, 120:1:0.2 30 22.1 6.3 6.4 100:0
PVSy-b-PNVCLg 100:1:0.2 28 24.2 7.4 5.6 34:66
PVSis-b-PNVCL;s 200:1:0.2 28 22.9 12.7 10.7 34:66
PVSis-b-PNVCL ., 300:1:0.2 28 26.3 17.3 15.9 20:80
PVS;5-b-PNVCLys 400:1:0.2 28 26.1 20.9 19.1 16:84
PVL6-6-PNVCLs4 150:1:0.2 28 28.3 10.3 11.4 23:77
PVL,7-6-PNVCL 53 300:1:0.2 28 38.1 22.2 27.7 15:85

a. The subscripted numbers denote the degree of polymerization.

b. Determined by 'H NMR.

c. Calculated by 'H NMR. M, theo = [monomer]/[CTA] x molecular weight of monomer x monomer conversion +
molecular weight of (macro)CTA.

d. Calculated by 'H NMR. M, ym: = DP,,, x molecular weight of the monomer + molecular weight of (macro)CTA.

4.3.2 Self-assembly behaviour of block copolymers

A solvent switch method was employed to induce the self-assembly of the amphiphilic
block copolymers PVS-H6-PNVCL and PVL-b-PNVCL into micelles in aqueous medium. Their
micellization behaviour was first characterized by measuring their CMC with pyrene as the

fluorescent probe. Pyrene is known to preferentially transfer from polar surrounding into
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hydrophobic microdomain (e.g., core of micelles), accompanied by a red shift in its excitation
spectrum maximum from 333 nm to 337 nm. Therefore, the ratio of fluorescence intensities at 337
nm and 333 nm (I337/1333) was plotted against the logarithm of different block copolymer
concentrations for determining their CMC values (Figure 4.2.). The CMC values were calculated
to be in the range of 1.10 to 3.11 mg/L for the series of PVS-b-PNVCL and PVL-h-PNVCL as
summarized in Table 4.2. At a constant hydrophobic block length, the CMC values of PVS-b-
PNVCL decreased with an increase in PVS ratios in the block copolymer chains. This could
possibly be the result of increased hydrophobicity leading to enhancement in the interactions
between hydrophobic chains thus resulting in stronger aggregation tendency for the amphiphiles
to form micelles.* For the case of PVL-b-PNVCL, it should be noted that CMC is influenced by
various factors, such as the molecular weight and dispersity index of the block copolymer, specific
chemical structure of different blocks, and the appropriate balance between the hydrophilic and
hydrophobic segments.>** The CMC values observed in these fatty acid-based block copolymers
were significantly lower than those of micelles prepared from PEG-lipid conjugates (~10~ M),

representing their higher stability against extreme dilution upon injection into bloodstream.

PVS -b-PNVCL,,
PVS,,-b-PNVCL,,
PVS,-b-PNVCL,,
PVS,-b-PNVCL,,

> 4 ¢ 0

|33?/|333

Figure 4.2. Plots of the intensity ratio I337/1333 of pyrene excitation spectra versus logarithm of
concentration of PVS-b-PNVCL.
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The as-prepared polymeric micelles were also studied by both DLS and TEM for their size
and morphology. DLS results showed that all PVS-b-PNVCL micelles exhibit unimodal size
distribution and detailed data have been recorded in Table 4.2. By adjusting the PNVCL chain
length and molecular weight of PVS-b-PNVCL, the particle sizes of micelles can be tuned into the
range of 72.4-110.5 nm. As shown in Table 4.2, as the PNVCL content increased from 66 to 84
mol % in the block copolymers, the average diameter of the micelles reduced from 110.5 to 74.7
nm and exhibited a more uniform particle size distribution (PDI) with the same PV'S block length.

This result is consistent with previous findings®*#!:42

suggesting that an increase in the hydrophilic
corona steric repulsion resulting from longer hydrophilic chains contributes to a decreased size of
self-assembled particles. The morphologies of high-order structures formed by self-assembly of
PVS-b-PNVCL in aqueous solution were visualized by TEM. As illustrated in Figure 4.3,
exclusively spherical micelles were observed when the hydrophilic block PNVCL reached over 72
repeating units whereas coexistence of worm-like and spherical structures were found for PVSis-
b-PNVCLss. This observation demonstrates the dimension and morphology of these self-
assembled nanostructures can be well tuned by adjusting the length and ratios of each block. The
results presented by TEM are in good agreement with the data from DLS regarding the micellar
size. It is interesting to notice that the particle sizes of micelles made from PVL-6-PNVL were
larger and presented a relatively broad size distribution compared to PVS-h-PNVCL, which was
also confirmed by TEM results (Figure S4.3, Appendix B). Variations observed in micellar size
and size distribution of block copolymers based on PVS and PVL can be partly attributed to the
differences in block lengths. Furthermore, this impact can be elucidated by the presence of

different fatty acids with varying carbon chain lengths. Longer fatty acid chains can pack more

densely and tightly within the micelle core during self-assembly because of the increased
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hydrophobic interactions and intermolecular van der Waals interactions, whereas shorter fatty acid
chains may result in less efficient and looser packing, which can lead to larger micelles and a
broader range of particle size. In addition, shorter fatty acid chains usually exhibit higher chain
mobility compared to longer chains within the hydrophobic core, resulting in more dynamic and

flexible self-assembled structures with broader size distribution.

Figure 4.3. TEM images of self-assemblies formed by (A) PVSis-b-PNVCLss; (B) PVSis-b-
PNVCL7; (C) PVSis-b-PNVCLos; (D) worm-like structures of PVSis-6-PNVCL3s.
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To further exploit PVS-b-PNVCL as a potential drug delivery vehicle, the particle size of
PVSis-b-PNVCL3s with different concentrations at 37 °C was investigated. It can be seen from
Figure 4.4, the micellar size increased by 4.1 nm with the PVSis-b-PNVCL35 concentration
increased from 0.25 mg/mL to 1 mg/mL at 25 °C. As the temperature increased from 25 °C to 37 °C,
the average diameter of micelles with 0.5 mg/mL dropped from 111.2 + 5.9 (PDI: 0.175) to 96.2
+ 1.6 (PDI: 0.151) and those with 1 mg/mL decreased from 114.6 + 0.7 (PDI: 0.198) to 96.3 £ 1.8
(PDI: 0.150). An obvious temperature-triggered response was noted as moderate decreases in
micellar size with the elevated environmental temperature. The micelles became even reasonably
stable without any aggregation. This phenomenon could be due to the fact that PNVCL at
temperatures above their LCST becomes less soluble in water which increases the tendency for
these amphiphiles to aggregate together, leading to slight compression in micellar sizes. Similar
findings were also reported for the PNIPAM-based block copolymers.****> Overall, the micellar
size of PVS-b-PNVCL is less than 100 nm at the physiological temperature, which is reported to
be an ideal size for drug carriers.*® This size carrier enables not only efficient avoidance of
elimination by the kidney and recognition by the reticuloendothelial system (RES), but also
selective extravasation from the leaky vasculature and accumulation at the tumor sites based on

the EPR effect.*’
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Figure 4.4. DLS distributions for PVSis-b-PNVCL3s in aqueous solution at 25 °C and 37 °C.

4.3.3 Drug encapsulation and in vitro temperature-triggered release of PVS/PVL-b6-PNVCL

PVS/PVL-b-PNVCL micelles were tested as a potential drug delivery vector since the very
long hydrophobic aliphatic chain of fatty acid moiety is assumed to be able to incorporate
hydrophobic molecules through hydrophobic interactions. DOX was used as a hydrophobic
anticancer drug model. The size and the morphology of the DOX-loaded micelles were also
characterized by DLS and TEM analysis. As presented in Table 4.2, it was found that the sizes of
all the micelles increased 10-20 nm after loading DOX while maintaining their narrow size
distribution. It is noteworthy that PDI of PVSis-b-PNVCL3s decreased from 0.178 to 0.06 after
encapsulation of drugs, indicating the formation of monodisperse micelles. TEM results further
confirmed that DOX-loaded PVSis-b-PNVCL3s micelles exclusively had a spherical morphology

(Figure 4.5.). The incorporation of DOX induced rod-to-sphere morphological transitions
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contributing to more uniform size distribution and shape. This could be because the hydrophobic
drugs have stabilized the micelle through the increased hydrophobic interactions between

encapsulated drug and micelle core,**

which can impede the micelles forming aggregates in
aqueous solution.*

DOX was loaded into the PVS/PVL-b-PNVCL micelles at the feed ratio of polymer to drug
at 10:1 or 10:2 (w/w), with theoretical DLC calculated to be 9.0% or 16.7%, respectively. The
DLE and DLC of PVS/PVL-b-PNVCL micelles prepared with different block lengths are listed in
Table 4.2. The DLE of all micelles was in the range of 37.0-62.6%, corresponding to DLC of 3.4-
10.4%. Among these block copolymers, the maximum encapsulation efficiency was observed for
PVSis-b-PNVLss. Therefore, it was selected as the example for the following serum stability and
cellular studies. To ensure an effective drug dose and therapeutic function, a significant amount of
carrier materials is often required. However, this can lead to concerns about systemic toxicity and
place an additional burden on body for degradation and excretion of these carriers. Drug delivery
systems with high DLC can minimize the need for excessive excipients, facilitate tunable dosing
in pharmaceutical formulation, diminish side effects and enhance therapeutic efficacy. Factors
affecting the drug loading efficiency of polymeric micelles include block length of core-forming

segment, hydrophilic-hydrophobic balance and molecular weight of the block copolymer,

polymer-drug compatibility, encapsulation methods, etc.
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Figure 4.5. TEM images of DOX-loaded PV Sis-6-PNVCLs3s.

The drug release behaviours of DOX-loaded PVS-b-PNVCL micelle formulations were
investigated in simulated physiological conditions (0.01M PBS, pH 7.4) at different temperatures
(25 °C and 37 °C). DOX release profiles from different polymeric micelles are depicted in Figure
4.6. and the release of free DOX was conducted for comparison. The polymeric micelles showed
obvious temperature-triggered DOX release behavior as the temperature increased from 25 °C to
37 °C. The percentage of the DOX released from PVSis-b-PNVCL3s was 46% and 69% within 24
h, 53% and 90% within 72 h at 25 and 37 °C, respectively. The accelerated drug release at higher
temperatures was attributed to the disassembly of the micelles caused by the
hydrophilic/hydrophobic transition behaviour of PNVCL segment above the LCST of PVS-b-
PNVCL (~ 33 °C, Figure S4.4, Appendix B).

It was shown that DOX release from PVS-b-PNVCL micelles proceeded in a controlled
manner at 37 °C, which is distinct from the release profile of free DOX (DOX*HCI) under the

same conditions. The data showed that free DOX release was very rapid in the first two hours
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(64.2%) and about 90% of the drug was released into the medium in 10 h. Whereas for both DOX-
loaded PVS-H-PNCL micelles, a typical two-phase DOX release pattern was found. A relatively
rapid release of DOX during the first 24 h due to the diffusion of DOX which was located at the
surface or interface of the shell (PNVCL segment) and the core (PVS segment), and a sustained
and slow release up to 72 h was followed. Moreover, the release of DOX from PV Sis-b-PNVCLos
was retarded in comparison with that from PV Sis-b-PNVCL35 micelles, which was 78% within 72
h. Overall; the controllable drug release of PVS-b-PNVCL micelles is in favor of their application

as drug nanocarriers.
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Figure 4.6. Release profiles in vitro of free DOX and DOX-loaded micelles in PBS (pH 7.4) at
37 °C and 25 °C.
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4.3.4 Stability of PVS-b-PNCL in the presence of serum proteins

Upon intravenous injection and circulation in blood, self-assembled micelles are easily
subjected to plasma protein absorption, consequently leading to micellar disassembly. To
investigate the stability of PVS-b-PNCL micelles in the biological environment, NR-loaded
micelles were incubated in PBS and FBS (10 vol% in PBS). Their fluorescence emission spectra
were measured over a period of 72 h. NR is a hydrophobic fluorescent probe that can only show
strong fluorescence in hydrophobic environments.’!*> Upon demicellization, the aqueous
environment would cause a significant reduction in the emission intensity of NR. It can be seen
from Figure 4.7, the fluorescence intensity of NR decreased to a small extent, but a majority of the
micelles were stable in 10% FBS during a 72-h period. Meanwhile, NR-loaded micelles were
found to have excellent micelle stability in the PBS, since the fluorescence intensity of NR was
almost the same for up to 15 days (Figure S4.5, Appendix B). These results suggested that PVSis-
b-PNCL3s micelles were not destabilized by serum proteins and could safely protect the cargo in
the core.

500 —O0h
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——24h

Fluorescent intensity
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Figure 4.7. Fluorescence emission spectra (excitation at 570 nm) of NR-loaded PV Sis-b-PNVCL3s
micelles incubated with 10% FBS.

114



4.3.5 In vitro cytotoxicity of PVS-b6-PNVCL

To evaluate the suitability of the micellar system for drug delivery, the biocompatibility of
the block copolymer micelles was assessed by MTS assays on both cancerous (HeLa) and normal
(HEK 293T) cell lines. Cells were incubated with different concentrations of PVSis-b-PNVCL3s
and their viability was evaluated after 24 and 48 h. As shown in Figure 4.8A and B, the block
copolymer micelles (up to 200 pg/mL) showed high biocompatibility in both cell lines with more
than 90% of cell viability after 48 h of incubation. These results demonstrated that PVS-56-PNVCL

micelles were highly biocompatible and could be suitable for biomedical applications.
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Figure 4.8. Cell viability results for (A) HeLa and (B) HEK 293T cells treated with different
concentrations of PVSis-b-PNVCL3s. Experiments were carried out three times independently and
data are presented as mean + SD. *p<0.05; **p<0.01, comparing with polymer concentration at 0
pg/mL.

The cytotoxicity of DOX-loaded micelles and free DOX with concentrations ranging from
0.625 to 20 pg/mL was tested in HeLa cells and HEK 293T cells. Figure 4.9A and B displayed the
cell viability of HeLa cells incubated with free DOX and DOX-loaded PVSis-b-PNVCL3s micelles

for 24 or 48 h. As shown in Figure 4.9A, free DOX showed slightly higher toxicity than loaded

DOX at the equivalent dose after 24 h treatment, but the difference was not statistically significant.
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The ICso value (a concentration of 50% cell killing) of free DOX and DOX-loaded micelles were
estimated to be 2.5 and 5 pg/mL, respectively. When incubated for 48 h, DOX-loaded micelles
killed more than 80% of HeLa cells at higher concentrations (>5 pg/mL) which showed similar
efficiency as free Dox. The slower cell-killing rate of DOX-loaded micelles was possibly related
to the sustained release of DOX from micelles and different cellular uptake pathways for free drugs
and micelles. The toxic effects of loaded and free DOX were also evaluated in HEK 293T. As

illustrated in Figure S4.6. (Appendix B), the DOX-loaded micelles showed lower cytotoxicity than

that of free DOX.
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Figure 4.9. Effect of DOX-loaded PVSis-b-PNVCL3s micelles on HeLa cell viability. HeLa cells
were incubated with free DOX as control and DOX-loaded micelles for 24 h (A) or 48 h (B). Data
were presented as mean = SD and obtained from three independent experiments. **p<0.01,
comparing with DOX concentration at 0.625 pg/mL (Free Dox group); #p<0.01, comparing with
DOX concentration at 0.625 png/mL (DOX-loaded micelles group).
4.3.6 In vitro uptake of PVS-6-PNVCL in cellular models

The cellular uptake and intracellular distribution of the DOX-loaded micelles were
examined under confocal laser scanning microscope (CLSM). Free DOX and DOX-loaded

micelles prepared with PVSis-b-PNVCL3s were incubated with HeLa cells for 4 and 24 h. As

shown in Figure 4.10, after 4 h of incubation, red fluorescence color of DOX was detected in the
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cytoplasm for both free DOX and DOX-loaded micelles. DOX-loaded micelles were found to
exhibit more intense DOX-fluorescence than free DOX. As the incubation time was prolonged to
24 h, the intracellular distribution of the encapsulated DOX was distinct from that of free DOX.
The red DOX signal appeared to be throughout the whole cell including both the cytoplasm and
nucleus for DOX-loaded micelle, while with free DOX it was primarily observed in cell nuclei.
Higher-magnification images (1000x) can be seen in Figure S4.7 (Appendix B). Notably, DOX is
a small molecule that can be transported rapidly into cells via passive diffusion. Upon arrival at
the nucleus, DOX can induce cell death by intercalating with DNA and preventing DNA
replication.”® However, different from free drugs, drugs encapsulated into polymers with larger
particle sizes were reported to enter the cells through endocytosis.’*>> As a result, the delayed
cellular uptake of DOX loaded into micelles might be because drugs first needed to be released
from the micelles into the cytoplasm and then delivered to cell nuclei. These results correspond
well with their time-dependent cell-killing properties as observed in cell viability assay and further

prove the successful delivery and uptake of loaded drugs.
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Figure 4.10. CLSM images (400 x) of HeLa cells treated with DOX encapsulated into PVSis-b-
PNVCLs3s micelles and free DOX for 4 h or 24 h.
4.4 Conclusions

In summary, we successfully synthesized block copolymers, PVS/PVL-b-PNVCL,
containing fatty acid-based polymer (PVS/PVL) and thermo-responsive polymer (PNVCL)
through microwave-assisted RAFT polymerization. In aqueous medium, these block copolymers

demonstrated the ability to self-assemble into micellar structures. Their CMC, particle size, and
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morphology were influenced by the ratio of hydrophilic/hydrophobic segments in block
copolymers. For PVS-b-NVCL, an increase in the hydrophilic block length (more than 72
repeating units), led to the formation of smaller, spherical micelles (~80 nm) with a more uniform
particle size distribution and relatively higher CMC values. Conversely, both worm-like and
spherical structures were exhibited by PVSis-b-PNVCL35 with an average size of 111 nm and
displayed low CMC values of 1.10 mg/L. The particle size reduction at elevated temperatures was
attributed to the compactness of PNVCL block. It is also noteworthy that both block length and
the choice of different chain lengths of fatty acids as the hydrophobic block in block copolymers
can influence micellar size during self-assembly. Micelles from PVL-b-PNVL have larger particle
sizes (130-145 nm) with a relatively broad size distribution. Efficient loading of the anticancer
drug DOX into the micellar core was achieved, with a DLC of up to 10.4%. The DOX-loaded
micelles exhibited temperature-triggered drug release, reaching a cumulative release of 80% after
72 h. These block copolymer micelles demonstrated excellent biocompatibility and serum stability,
making them promising for biomedical applications. DOX-loaded micelles were able to be
internalized and accumulated into the cells and showed a high cytotoxic effect against HeLa cells.
Thus, the biocompatible polymeric micelles developed in this study hold potential as smart

delivery vehicles in biomedical applications.
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CHAPTER 5. Polymersomes Prepared from Lipid-based Protein-polymer

Conjugate with Temperature-sensitivity for Targeted Drug Delivery

5.1 Introduction

Compartmentalization is a fundamental trait exhibited by cells and organelles, facilitating
the execution of various cellular functions in an organized and controlled manner. To bridge the
gap between biology, chemistry, and engineering, efforts to replicate structures and functions of
natural compartments have been made from a variety of fields, including medicine, biotechnology,
energy, and materials science.!”> Notably, protein-polymer conjugates, a burgeoning category of
artificial cell-like architectures®®, have emerged showcasing synthetic structures combined with
biological entities enabling them to operate as supramolecular polymer assemblies. Within the
realm of hybrid materials, protein-polymer conjugates uniquely integrate the tunable chemical
properties of polymers with diverse biological characteristics of protein biomolecules. This
integration often results in enhanced stabilities, improved pharmacokinetics, prolonged in vivo
circulation half-life, and additional functionalities for the resulting conjugates’. Consequently,

these conjugates find robust applications in diverse fields, including drug/gene delivery!®'?,

13.14 "artificial cells'”, biosensing'®, tissue engineering!’, and more. An exemplary case

nanoreactors
illustrating the success of this approach is the utilization of PEGylated proteins, which have been
approved by US Food and Drug Administration and demonstrated remarkable clinical efficacy in
treating various diseases.'®

In recent years, diverse polymer species have been exploited to couple with proteins,

19,20

expanding their applicability ", particularly emphasizing the hydrophilic and stimuli-responsive
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polymers. Poly(N-isopropylacrylamide) (PNIPAM), as one of the most well-studied
thermoresponsive polymers, has undergone thorough exploitation in its conjugation with proteins,
employing both “grafting to” or “grafting from” approaches.?!>* Protein-PNIPAM conjugates
have demonstrated considerable potential across various domains such as drug delivery, diagnostic,
enzyme immobilization and biocatalysis.>*?° However, it is crucial to highlight that the PNIPAM
backbone is not subject to biodegradation under physiological conditions as they can potentially
produce small toxic amide compounds upon hydrolysis.?’ In contrast, Poly(N-vinylcaprolactam)
(PNVCL) is an alternative temperature-responsive non-ionic polymer with excellent
biocompatibility, nontoxicity, and resistance to hydrolysis, rendering it suitable for a broad
spectrum of biomedical applications.?® More significantly, PNVCL, featuring aggregation-induced
emission (AIE) characteristics, has been recently reported as a promising fluorescent polymeric
thermometer for the early detection of diseases.?’ Unlike the sharp phase transition observed in
PNIPAM at the Lower Critical Solution Temperature (LCST) of approximately 32 °C, PNVCL
undergoes a continuous coil-globule transition within the temperature range of 36 to 50 °C. This
transition is influenced by the factors such as polymer concentration and molecular weight. An
inherent challenge associated with the widespread adoption of PNVCL arises from the challenge
of polymerizing NVCL in a controlled fashion. While the formation of self-assembled
compartments by giant amphiphiles of protein-polymer conjugates holds promise for presenting
additional attractive functionalities, the conjugation of proteins with hydrophobic polymers is
acknowledged to be challenging due to the restricted choice of solvent. With the focus on the
design of nanosized self-assembled proteinosomes, we have introduced amphiphilic block
copolymers as a fundamental building block for constructing the complex system without affecting

protein activities. Lipids, essential and biocompatible components of cell membranes, are
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considered ideal candidates for investigations of cell-mimicking systems in biological and
nanomedicine fields. During the last few years, advancements in controlled radical polymerization
(CRP) methods have facilitated the synthesis of well-defined various fatty acid-based block
copolymers. This has been made possible through reversible addition-fragmentation chain transfer
(RAFT) or atom transfer radical polymerization (ATRP) techniques.**? The fatty acid residues,
known for their favorable biocompatibility and biodegradability, are expected to serve as a robust
hydrophobic segment for the fabrication of diverse polymer assemblies, owing to their long
saturated/unsaturated carbon chains. However, despite their potential, relatively limited attention
has been given towards exploring their biomedical applications as amphiphilic block copolymers.

In this study, we describe the synthesis of novel functional thermo-sensitive protein-
polymer bioconjugate amphiphiles comprising bovine serum albumin (BSA) and poly(vinyl
stearate)-b-PNVCL (PVS-b-PNVCL). BSA was selected for its abundance, safety, and
multifunctionality,®® with a specific on its only free cysteine-34 residues, frequently targeted for
site-specific conjugations. The selection of the conjugation site and the conjugation method was
deemed pivotal to preventing the protein’s bioactivity post-modifications.>* In this context, to
fabricate a structurally defined polymer biconjugate with protein, a “grafting to” approach, which
involves the coupling of a functional group on the polymer to reactive amino acids presented on
protein surfaces, was employed. The “grafting to” approach offers a distinct advantage by
eliminating the potential exposure of proteins to denaturing conditions (non-polar solvent,
temperature, etc.) during the polymerization process, in contrast to “grafting from” method. The
findings offer encouragement for further exploration of their diverse applications, ranging from
delivery systems, nanoreactors, bioimaging tools, or as essential instruments for gaining insights

into biological mechanisms in the future.
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5.2 Materials and methods

5.2.1 Materials

N-Vinylcaprolactam (NVCL, 98%, Sigma, St. Louis, MO, USA) underwent
recrystallization from n-hexane prior to utilization. Vinyl stearate (95%, Sigma, St. Louis, MO,
USA) was recrystallized from acetone prior to use. 4,4'-Azobis(4-cyanovaleric acid) (ACVA,
>98%, Sigma, St. Louis, MO, USA) was recrystallized from methanol before use. Bovine serum
albumin (BSA, >96%, Sigma, St. Louis, MO, USA), potassium ethyl xanthogenate (96%, Sigma,
St. Louis, MO, USA), 2-bromopropionic acid (>98%, TCI America, Tokyo, Japan), 2,2'-
dithiodipyridine (98%, Acros Organics, Geel, Belgium), 3-mercapto-1-propanol (>97%, Thermo
Scientific, Waltham, MA, USA), 1,3,5-trioxane (=99%, Sigma, St. Louis, MO, USA), Doxorubicin
hydrochloride (99%, Sigma, St. Louis, MO, USA), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, 98%, Thermo Scientific, Waltham, MA, USA), 5,5'-dithiobis-(2-nitrobenzenzoic acid)
(Ellman’s reagent, >98%, Sigma, St. Louis, MO, USA), Dithiothreitol (DTT, 97%, Sigma, St.
Louis, MO, USA), and 4°,6-diamidino-2-phenylindole dihydrochloride (DAPI, >98%, Sigma, St.
Louis, MO, USA) were used without any further purification. Tetrahydrofuran (THF, >99%,
Sigma, St. Louis, MO, USA) was purified by passing through a short alumina column before use.
All other chemicals were of reagent grade and used as received.
5.2.2 Synthesis of S-2-(3-(pyridin-2-yldisulfanyl)propyl) propanoate)-O-ethyl xanthate (X2)

The methods for synthesis of 3-(2-pyridinyldisulfanyl)propanol and S-(2-propionic acid)-
O-ethyl xanthate (X1) were provided in supplementary materials (Appendix C). 3-(2-
pyridinyldisulfanyl)propanol (300 mg, 1.49 mmol) and S-(2-propionic acid)-O-ethyl xanthate

(345.6 mg, 1.79 mmol) were dissolved in 25 mL of dry dichloromethane (DCM) and placed in an
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ice-water bath. Subsequently, EDC (342.8 mg, 1.79 mmol) and DMAP (122.2 mg, 0.15 mmol)
were added sequentially. The reaction was allowed to proceed at room temperature with constant
stirring for 16 h. After the reaction completion, the crude product was concentrated and subjected
to purification through silica gel column chromatography, using hexane/EtOAc (2: 1, v/v) as the
eluent. The final product (422 mg, 75%) was obtained as a yellow oil.
5.2.3 Synthesis of PVS and PVS-b-PNVCL with PDS functionality

PDS end-functionalized PVS and PVS-b-PNVCL were synthesized via microwave-
assisted reversible addition-fragmentation chain transfer (RAFT) polymerization. PVS
homopolymer was initially synthesized using the as-prepared X2 as the chain transfer agent (CTA).
In a typical example, VS monomer (1117.8 mg, 3.6 mmol), X2 (4.5 mg, 0.012 mmol), ACVA
(0.67 mg, 0.0024 mmol), and trioxane (50 mg, 0.56 mmol) were dissolved in 1.7 mL of THF. The
mixture was purged with nitrogen for 25 min and placed in the microwave reactor under irradiation
at 70 °C for 30 min. The reaction was terminated by cooling to room temperature with an ice-water
bath. 'H NMR spectroscopy was conducted to determine monomer conversion with trioxane
employed as the internal standard. The obtained product was dissolved in acetone and precipitated
in methanol for three times. The precipitate was then filtered, collected and dried in a vacuum oven
for 24 h. The purified pyridyl disulfide terminated PVS was subsequently used as macro-CTA to
further block copolymerize with NVCL in THF, using ACVA as initiator at a NVCL: Macro-CTA:
ACVA ratio of 400:1:0.2. The polymerization reaction was conducted under programmed
conditions for 30 min with microwave heating at 70 °C. Purification of PVS-6-PNVCL block
copolymer was achieved through three successive precipitations in cold diethyl ether. After drying

under vacuum, the white solid product was obtained. The pyridyl disulfide functionality of the
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block copolymers was determined with DTT-induced reduction method according to previous
reports.3>-3°
5.2.4 Reduction of bovine serum albumin (BSA) and determination of free thiols using
Ellman’s assay

BSA was reduced with TCEP according to previously reported procedure.’” The free thiols
present on BSA was quantified via Ellman’s assay>°. Briefly, Ellman’s reagent solution was firstly
prepared by dissolving 4 mg of 5,5’-dithio-bis-(2-nitrobenzoic acid) (DTNB) in 1 ml of 0.1 M
phosphate buffer (pH = 8.0, containing ImM EDTA). Subsequently, 4 mg of samples to be
analyzed was added to 2.5 mL of the buffer solution, followed by the addition of 50 puL of Ellman’s
reagent. The solution was mixed thoroughly and incubated for 25 min at ambient temperature. The
absorbance of the mixture at 412 nm was analyzed by a UV/vis spectrophotometer. The thiol
concentration was calculated according to the Beer-Lambert's law. (The molar extinction
coefficient of 2-nitro-5-thiobenzoic acid was considered as 14,150 Mlcm™ at 412 nm)
5.2.5 Conjugation of the reduced BSA to polymers

The reduced BSA (14.2 mg, 0.2 umol) was dissolved in 4 mL of bicarbonate buffer (0.1
M, pH 8.2) and a solution of PVS-5-PNVCL (25.4 mg, 2 umol, molecular weight determined from
'"H NMR) in 2 mL of DMSO was added dropwise (ca. 1 droplet per 10 s) to the BSA solution
under stirring. The mixture was continued to stir for 25 h at room temperature (25 °C) and then
subjected to centrifugation at 20 °C (3080 % g, 15 min) to remove un-reacted polymers. The

supernatant was transferred into a dialysis membrane (MWCO = 25 000 Da) and dialyzed against

water for 24 h, lyophilized, and analyzed by MALDI-TOF and DLS.
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5.2.6 Thermally induced precipitation

Free BSA can be removed from the BSA-polymer conjugates through thermally induced
precipitation, by taking advantage of the phase transition behaviour of PNVCL segment at LCST.
After dialysis and lyophilization, a solution containing the conjugate in DI water at a concentration
of 30 mg/mL was heated at 40 °C for 15 min, followed by centrifugation at 37632 x g at 37 °C for
2 min. The supernatant was carefully discarded, and the precipitate was redissolved in DI water.
The above process was repeated to ensure complete removal of unconjugated BSA. Afterwards,
the precipitate was collected and lyophilized obtain the purified BSA-PVS-b6-PNVCL
bioconjugates.
5.2.7 LCST determination of the bioconjugates

The LCST behaviour of BSA-PVS-h-PNVCL (1 mg/mL in DI water) was studied with
turbidimetry measurements using a UV/vis spectrophotometer at 500 nm. The sample solution
was heated from 25 to 50 °C at a rate of ca. 0.2 °C/min with 5 min equilibration time at each
increment. LSCT value is defined as the temperature at which there is a 50% transmittance
decrease.
5.2.8 Preparation of DOX-loaded BSA-polymer nanoparticles

To prepare the drug-loaded nanoconjugates, DOX-HCI was first neutralized with 3 equiv.
of triethylamine for 3 h. The neutralized DOX was dissolved in the 2 mL of DMSO and added
dropwise to 4 mL of buffer solution containing 10 mg of BSA-PVS-H-PNVCL. After gentle
stirring for 4 h, the suspension was dialyzed against distilled water overnight with a dialysis
membrane (MWCO = 3500 Da). The powder of DOX-incorporated nanoparticles was obtained

after freeze drying. To measure the drug loading efficiency of the nanoconjugates, DOX-loaded
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conjugates were dissolved in DMSO, and the amount of encapsulated DOX was determined by
UV spectrophotometer at 485 nm by comparing to the calibration curve.
5.2.9 Characterization

Spectroscopy: '"H NMR spectra were acquired on a Bruker AvanceNeo spectrometer (MA,
USA) operating at 500 MHz with deuterated CDCls as the solvent. Attenuated Total Reflectance
Fourier Transform Infrared Spectroscopic (ATR-FTIR) spectra of PVS and PVS-b6-PNVCL were
obtained between 400 and 4000 cm™ on Bruker Alpha FTIR spectrophotometer (Bruker Optics,
Leipzig, Germany) equipped with single-bounce diamond ATR crystal. For each sample, 16 scans
were performed at room temperature. UV/vis transmittance measurements were recorded by
SpectraMax M3 Multi-mode Microplate Reader (CA, USA).

Dynamic Light Scattering (DLS): Particle size and size distribution (PDI) of BSA-PVS-
b-PNVCL in aqueous solutions were measured at different temperatures (25 °C, 37 °C or 42 °C)
by DLS as described in Section 4.2.6 (Chapter 4).

Transmission Electron Microscopy (TEM): TEM analysis was conducted on JEOL
JEM-2100, following the procedures outlined in Section 4.2.6 (Chapter 4).

Matrix-assisted Laser Desorption/Ionization Time-of-Flight (MALDI-TOF): MALDI
mass spectra were collected on a Bruker ultrafleXtreme MALDI-TOF/TOF spectrometer (Bruker,
Bremen, Germany). Linear positive mode was used. Sinapinic acid (10 mg/mL in acetonitrile and
water (1/1, v/v) with 0.1% tetrafluoroacetic acid) was used as the matrix for BSA-polymer
bioconjugate. Sample solution (2 mg/mL) was prepared by dissolving the bioconjugates in
acetonitrile and water (1/1, v/v) with 0.1% trifluoroacetic acid. Matrix and sample solutions were

mixed at 1:1, 1 pL of this mixture was spotted on the sample plate, and the spots were air-dried
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before analysis. 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB)
(10 mg/mL in dichloromethane) was employed as the matrix for PVS-b-PNVCL block copolymer.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE): The SDS-
PAGE was performed using a Bio-Rad PowerPac 300 Electrophoresis system with 10% Mini-
PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, CA, USA) at 150 V voltage and 400 mA
current for 55 min. For non-reducing conditions, samples were mixed with 2x Laemmli Sample
Buffer (Bio-Rad) in a ratio of 1:1. For reducing conditions, 5% freshly made B-mercaptoethanol
was added and the samples were heated at 95 °C for 5 min. The gel was stained using Coomassie
Blue for visualization of protein bands.
5.2.10 In vitro cell viability assay

The MTS assay was used to evaluate the in vitro cytotoxicity of BSA-PVS-b6-PNVCL
conjugates and DOX-loaded conjugates. Human embryonic kidney 293T (HEK 293T) cells and
human cervical cancer cell line HeLa were seeded into 96-well plates (1 x 10* cells per well) and
cultured in Dulbecco’s modified Eagle medium (DMEM, supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin) in a humidified atmosphere with 5% COz at 37 °C
overnight. The DMEM medium with FBS was then replaced by various concentrations of
bioconjugates with or without DOX. Untreated cells were used as the control and added with an
equal volume of fresh medium. The cells were incubated for 24, 48 or 72 h, and the culture medium
was replaced with 100 pL of fresh DMEM. Subsequently, 20 pL of MTS Reagent (Abcam,
Waltham, USA) was added and incubated for another 1 h. The absorbance was recorded at 490
nm using a Synergy H1 microplate reader (Biotek, SB, USA) to assess the cell viability profile.
All statistical analyses were performed using GraphPad Prism software version 8.0 for Windows

(GraphPad Software, San Diego, CA, USA).
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5.2.11 Cellular uptake assay

HeLa cells were seeded at a density of 2 x 10° cells/well on a 12-well plate with a glass
coverslip and cultured for 24 h. The medium was replaced with DOX-loaded conjugate and free
DOX solutions, respectively, at a DOX concentration of 10 pg/mL. After incubation for different
time intervals, cells were washed for three times with 1x phosphate buffered saline (PBS) and then
fixed with 4% paraformaldehyde for 20 min at room temperature (25 °C). After fixation, the cells
were subject to another triple washing with PBS, followed by staining with DAPI for 10 min and
preservation in PBS. Cells treated with fluorescent dye were observed under a laser scanning
confocal microscope system (Leica TCS SP5 Confocal, NC, USA). DOX was excited using a 470
nm laser and captured in the red channel, while DAPI was excited using a 358 nm laser and

collected in the blue channel.
5.3 Results and discussion

The strategy of the preparation of the BSA-PVS-H-PNVCL bioconjugate is illustrated in
Scheme 5.1. In this study, we designed a PVS-b-PNVCL block copolymer with a PDS end group
through consecutive microwave-assisted reversible addition fragmentation chain transfer (RAFT)
polymerization. Subsequently, the block copolymer was conjugated with the free thiols on protein
BSA via a reversible disulfide bond. The resulting BSA-PVS-b-PNVCL conjugates were allowed
to self-assemble in aqueous solution via dialysis method and characterized in terms of particle size
and morphology. Comprehensive studies, including thermoresponsive properties, drug
encapsulation, biocompatibility assessments, in vitro cytotoxicity assays, and cellular uptake

investigations were carried out afterwards.
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Scheme 5.1. Synthetic route for BSA-PVS-5-PNVCL bioconjugate.
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5.3.1 Preparation of pyridyl disulfide functional homopolymers and block copolymers

For the successful attachment of a polymer to proteins, a crucial requirement is high fidelity
of reactive end group for conjugation. Controlled radical polymerization techniques offer a
convenient route for fabricating polymers with precisely controlled molecular weight, chain length,
narrow polydispersity, and site-specific functionality.™ Specifically, RAFT polymerization, has
proven capable of producing diverse architectures compatible with varying monomers, providing
a straightforward platform for molecular engineering of polymer bioconjugates via functional
chain transfer agents (CTA).*

Among the frequently employed sites for preparing site-specific polymer bioconjugations
is the free thiol on cysteine residues. While several thiol-reactive groups like maleimides, vinyl
sulfones, and alkynes have been explored*”*°, the pyridyl disulfide group remains attractive due
to its rapid exchange reaction with thiols. Moreover, the reversible disulfide linkage formed
between the polymer and biomolecule can be cleaved in a reductive cellular environment such as
elevated levels of glutathione found in diseased tissues *!, allowing the release of the therapeutic
biomolecules.

In this study, a pyridyl disulfide terminated xanthate-based CTA was designed and
characterized using 'H NMR. (Figure S5.1, Appendix C). The choice of a suitable RAFT agent is
crucial for successful synthesis of block copolymers, especially for less activated monomers like
NVCL. A Xanthate-type RAFT agent was selected due to its reported effectiveness in controlling
the radical polymerization of nonconjugated N-vinyl monomers through RAFT and
macromolecular design via the interchange of xanthates (MADIX) process.*> The RAFT agent
(X2) was used for the polymerization of vinyl stearate resulting in a hydrophobic homopolymer

with a pyridyl disulfide end group. The polymerization, conducted under microwave irradiation at
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a [VS]: [PDS-CTA]: [ACVA] ratio of 300: 1: 0.2 in THF at 70 °C, achieved the monomer
conversion of 90% after 30 min. The conversion was determined by comparing the integration of
vinyl protons of the monomer (VS) with an internal standard, 1,3,5-trioxane (6 = 5.10 ppm). This
analysis was conducted before and after polymerization process. The resultant PVS homopolymer
served as the macro-CTA, extending with NVCL to produce the block copolymer PDS bearing PVS-
b-PNVCL at 70 °C. The chemical structures of PVS and PVS-b-PNVCL were identified and
confirmed by ATR-FTIR (Figure S5.2, Appendix C) and 'H-NMR spectroscopy (Figure 5.1.). In
the "H-NMR spectra, characteristic peaks for PVS included those at 0.86-0.91 ppm (CH3 end group)
and 4.86 ppm (-CH-O), as illustrated in Figure 5.1. Signals referring to PNVCL at 1.41-1.76 ppm
(CHz2 of caprolactam ring and backbone), 2.31-2.50 ppm (COCH2), 3.10-3.31 ppm (NCH2) and
4.40 ppm (NCH) were also present. Notably, signals at 7.0-8.5 ppm from phenyl protons on the
pyridine group were observed for both PVS and PVS-b-PNVCL, indicating the successful
retention of the PDS functional end-group after block copolymerization. The PDS functionality
was determined as 82% for PVS by comparing the integration of the proton ortho to the pyridyl
nitrogen (Ha) with the methylene protons adjacent to the disulfide (He).3® Due to the complexity of
integration for He in the block copolymer, the functionality of the PDS end group in PVS-b-
PNVCL was analyzed by treating with powerful reducing agent dithiothreitol (DTT). The result
revealed that 78% of the block copolymer chains was retained the activated end group. The
molecular weights of homopolymer and block copolymer were analyzed by 'H NMR and the result

are summarized in Table 5.1.
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Figure 5.1. "TH NMR spectrum of PVS and PVS-5-PNVCL

Table 5.1. Microwave-assisted RAFT polymerization of PVS and PVS-56-PNVCL at 70 °C.

. Time Conv.b M theo Muan®  PDS end group
Polymer MVICTAVIT (i) (%) (g/mol)  (z/mol) retention (%)
PVS1s 300:1:0.2 30 6.4 6339 5035 84
PVS,5-5-PNVCLss 400:1:0.2 30 236 19478 12690 78

a. The subscripted numbers denote degree of polymerization (DP). The DP of PVS homopolymer was determined based on the
integral ratio of Hj at 0.86-0.91 ppm to methyl protons of the xanthate moiety at 3.7 ppm. The DP of PNVCL was measured by
comparing the integrated peak area at 0.86-0.91 ppm from PVS fraction with that of methylene proton Hm (at 3.10-3.31 ppm) from
PNVCL side chain.

b. Determined by '"H NMR.

c. Calculated by "H NMR. Mhheo = [monomer]/[CTA] x molecular weight of monomer x monomer conversion + molecular
weight of CTA

d. Calculated by '"H NMR. My,nmr = DPn x molecular weight of monomer + molecular weight of CTA
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5.3.2 Preparation and characterization of BSA-PVS-b-PNVCL bioconjugates

In the literature, it has been reported that only about 50% of the sulthydryl groups on BSA
are accessible for polymer conjugation considering partial oxidation at Cys-34. To enhance the
availability of free thiols for subsequent coupling reactions, BSA was first reduced using tris-(2-
carboxyethyl) phosphine hydrochloride (TCEP). Ellman’s assay revealed a notable increase in the
average percentage of free thiols on BSA from approximately 31% to 183% after reduction. This
suggests the cleavage of one disulfide bond within BSA, providing at least one thiol group per
BSA molecule for subsequent bioconjugation. The BSA-PVS-6-PNVCL conjugates were then
prepared through thiol-disulfide exchange reaction between PDS-PVS-h-PNVCL and reduced
BSA in DMSO/bicarbonate buffer mixed solution. Following a 24-h incubation, the mixture was
subjected to centrifugation and dialysis before being analyzed by MALDI-TOF. As shown in
Figure 5.2A, the reduced BSA exhibited a molecular weight of ~66 kDa and m/z = ~33 kDa for
the doubly charged BSA. The MALDI-TOF spectrum of the conjugate sample (Figure 5.2B)
confirmed successful conjugation of PVS-6-PNVCL with BSA, evidenced by peaks at m/z = ~67
kDa for unreacted BSA, ~71 kDa for singly charged conjugates, and ~36 kDa for doubly charged
conjugates. This suggests that the molecular weight of PVS-b-PNVCL attached to BSA was
around 4 kDa, consistent with the block copolymer’s molecular weight measured by MALDI-TOF
(Figure S5.3, Appendix C). In addition, the results implied that the majority of PVS-b6-PNVCL
block copolymers likely conjugated with BSA in a one-to-one reaction. However, a discrepancy
between the molecular weight of the block copolymer measured by MALDI-TOF and NMR was
observed. This difference can be attributed to the challenges in MALDI-TOF for copolymer

analysis, including different ionization regimes for each monomer and loss of sensitivity as
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polymer mass increases. **** Despite signal intensity limitations in reflecting the actual quantities
of polymer-protein conjugates compared to free protein, the free BSA was detected in the product.
To address this, thermally induced precipitation method?! was employed to separate unreacted
BSA from the conjugates, leveraging the temperature-sensitive properties of PNVCL segments.
Subsequently, Ellman’s assay of the purified conjugates indicated reduced reduction in free thiol

content to 48% after the block copolymer was covalently linked to BSA.
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Figure 5.2. MALDI-TOF spectrum of (A) BSA and (B) BSA-polymer conjugate.

The conjugation of PVS-h-PNVCL and BSA was further confirmed through SDS-PAGE.
To ascertain whether the block copolymer was coupled to BSA via a disulfide linkage, we

conducted the analysis under both reductive and non-reductive conditions. As presented in Figure
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5.3, a typical elongated band of the purified bioconjugate appeared at the top of the gel (lane 5 and
6) under non-reductive condition. This elongation can be attributed to the amphiphilicity of BSA-
PVS-b-PNVCL conjugates impeding their movement within the gel. Conversely, under reductive
conditions, the disulfide bond between the polymer and protein was cleaved, resulting in the
disappearance of conjugate bands and subsequent detection of BSA (lane 8 and 9). This

observation underscores the reduction-responsive property of the bioconjugate.

100 kDa
75 kDa

50 kDa

37 kDa

Figure 5.3. SDS-PAGE electropherogram of BSA and bioconjugates. Lanes 1-6: non-reducing
conditions and Lanes 7-8: reducing conditions. Lane 1: Protein marker; Lane 2,7: BSA; Lane 3:
BSA-PVS-b-PNVCL 1 after dialysis; Lane 4: BSA-PVS-b-PNVCL 2 after dialysis; Lane 5,8:
Thermally precipitated BSA-PVS-b-PNVCL 1; Lane 6,9: Thermally precipitated BSA-PVS-b-
PNVCL 2.
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5.3.3 Self-assembly behaviour of BSA-PVS-b-PNVCL bioconjugates

The giant amphiphilic protein-polymer conjugates exhibit spontaneous self-assembly,
wherein the micellization of the BSA-PVS-b6-PNVCL conjugate occurs during dialysis against
water. The hydrodynamic diameter and size distribution of the purified BSA-PVS-5-PNVCL
nanoparticles were assessed using DLS. As depicted in Figure 5.4, the self-assembled
nanostructures demonstrated an average diameter of 200 nm with a PDI of 0.3. By using thermally
induced precipitation method, free BSA particles (7 nm) was completely removed from the
conjugates. The morphology of the self-assembled aggregates was further examined via TEM, as
depicted in Figure 5.5. The TEM results revealed that the nanoparticles self-assembled into
vesicles with a spherical morphology. The particle size obtained from TEM closely aligned with

DLS measurements, acknowledging that the nanoparticles were in dehydrated state during TEM

observation.
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Figure 5.4. DLS distributions of BSA and BSA-PVS-b-PNVCL in aqueous solution at 25 °C.
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Figure 5.5. TEM images of purified BSA-PVS-b-PNVCL self-assemblies

5.3.4 Thermoreponsiveness of bioconjugates

PNVCL is a temperature-responsive polymer that exhibits phase transition behavior in
aqueous solutions, responding to changes in temperature. Above its lower critical solution
temperature (LCST), PNVCL undergoes dehydration due to disruption of hydrogen bonding with
water molecules upon heating. This results in the dominance of intermolecular hydrophobic
interactions.*> The LCST values within a desired range can be easily tuned by incorporation of
hydrophobic or hydrophilic comonomers.*® The LCST behaviour of BSA-PVS-h-PNVCL
conjugates was explored by measurement of UV/vis transmittance at 500 nm as a function of
temperature, with PNVCL as a comparison. The LCST was defined as the temperature at which
there was a 50% decrease of the maximum transmittance. As illustrated in Figure 5.6, BSA-PVS-
b-PNVCL conjugates exhibited higher LCST values (approximately 39.5 °C) compared to PNVCL

(36.5 °C) while maintaining an equal polymer chain length. The increased hydrophilicity of the
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macromolecules after BSA attachment contributed to the elevated transition temperature of the
bioconjugate. Materials with an LCST above body temperature hold special significance in
achieving targeted drug delivery, as they can selectively release drug at tumor sites due to local

temperature around ~ 40-42 °C or drug can be released using hyperthermia approach.
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Figure 5.6. Plot of relative absorbance at 500 nm of PNVCL and BSA-PVS-h-PNVCL
bioconjugate in aqueous solution as a function of temperature.

The change in the hydrodynamic diameter (Dn) of BSA-PVS-h-PNVCL conjugates at
different temperatures was monitored using DLS measurements (Figure 5.7.). At temperatures
below the LCST (25 °C), PNVCL segment remained in hydrophilic nature and the conjugate self-
assembled into nanoparticles with an average diameter of 210 nm. Upon reaching 37 °C, the

PNVCL segment exhibited a partial transition from hydrophilic to hydrophobic, initiating

aggregation, evident from the increased Dn measuring 492 nm. Subsequent elevation of the
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temperature to 42 °C prompted the small-sized aggregates to coalesce into larger particles during
phase transition due to the further dehydration from PNVCL fraction. Consequently, their particle

size increased significantly to 912 nm above LCST.

14 - —=—25°C
] —e—37°C
12 4 —a—42°C
10
2 87
‘®
2
€ 87
4 -
2
0 -
10 100 1000 10000

Hydrodynamic diameter (nm)

Figure 5.7. DLS distributions of BSA-PVS-b-PNVCL in aqueous solution at different
temperatures
5.3.5 Drug-loaded protein-polymer bioconjugates

DOX was selected as a model for a hydrophobic anticancer drug and was encapsulated
within BSA-PVS-b-PNVCL polymersomes using the dialysis method. The BSA-PVS-5-PNVCL
conjugate demonstrated notably high DOX loading contents (DLC). Specifically, it reached 11.9%
at a bioconjugate: drug ratio of 5:1 (w/w) and 25.6% at a bioconjugate: drug ratio of 5:2, as
determined by UV/vis spectrometry. The size and morphology of the DOX-loaded BSA-PVS-b-

PNVCL nanoparticles were also characterized through DLS and TEM analysis. As shown in Table
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5.2, compared to self-assembled blank bioconjugates, the nanostructures exhibited reduced sizes
ranging from 106 to 124 nm after DOX loading, with a more uniform size distribution. The TEM
image (Figure 5.8.) of the DOX-loaded BSA-PVS-b-PNVCL nanoassemblies depicted a well-
defined spherical morphology with particle sizes below 100 nm. Considering these results
collectively, a plausible assumption is that the initially formed vesicles underwent a transformation
into smaller spheres after the loading hydrophobic drugs. Various factors, including intramolecular
interactions of drug hydrophobic components, changes in the thermodynamic stability of the
system, etc., could contribute to this phenomenon. Notably, prior instances of drug-induced
morphology transitions, such as shift from a worm to a polymersome have been documented in

the literature.*’*8

Table 5.2. Characteristics of DOX-loaded bioconjuagtes

DOX-loaded bioconjuagtes

Conjugate/DOX diameter (nm) PDI DLE (%) DLC (%)
5:1 106.3 0.244 71.7 11.9
5:2 124.5 0.204 89.6 25.6

*Drug loading effiency (DLE) (%) = Mass of drug incorporated/Mass of drug fed x100
Drug loading content (DLC) (%) = Mass of drug incorporated/Mass of drug-loaded bioconjuagtes x100
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Figure 5.8. TEM images of DOX-loaded BSA-PVS-b-PNVCL bioconjuagtes.

5.3.6 In vitro cytotoxicity of BSA-PVS-b-PNVCL conjugate

To access the biocompatibility of BSA-PVS-H-PNVCL conjugate, we performed
cytotoxicity evaluations using MTS assays on two cell lines: HeLa cells and HEK 293T cells.
Figure 5.9. illustrates cell viability at various concentrations of the conjugates after 24, 48 and 72
h of incubation. Remarkably, no discernible cytotoxic effects were observed for the BSA-PVS-b-
PNVCL bioconjugates, even at concentrations up to 500 pg/mL, on both tumor cells (HeLa) and
normal cells (HEK 293T). The viability of both cell lines exceeded 90% after 72 h of incubation,

underscoring the exceptional biocompatibility of BSA-PVS-b-PNVCL bioconjugates.
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Figure 5.9. In vitro cytotoxicity of BSA-PVS-b6-PNVCL conjugate with (A) HeLa and (B) HEK
293T cells after incubation for 24, 48, 72 h. Experiments were carried out three times
independently and data are presented as mean + SD.

The in vitro anticancer efficacy of DOX-loaded nanoconjugates was assessed using HeLa
cells, with free DOX employed for comparative analysis across a range of equivalent DOX
concentrations spanning from 0.31 to 40 pg/mL. As illustrated in Figure 5.10A, a 24 h exposure
revealed a 50% survival of HeLa cells at a DOX concentration of 5 pg/mL (equivalent to the
conjugate concentration of 19.5 pg/mL) when treated with DOX-loaded conjugates. In contrast,
the concentration required for 50% cell death with free DOX was estimated as 1 pg/mL Extending
the incubation period to 48 h (Figure 5.10B), DOX-loaded BSA-PVS-b-PNVCL conjugates
demonstrated an impressive cell killing performance, exceeding 80% at DOX concentrations of
2.5 ng/mL. Interestingly, this exhibited a comparable cell-killing efficiency to free Dox when the
DOX concentration reached above 5 pg/mL, highlighting a clear dose-dependent and time-
dependent cytotoxic effect. The slower cell-killing rate observed with loaded DOX, compared to
free DOX, can be attributed to gradual release of DOX from the conjugates at 37 °C, coupled with

distinct cellular uptake mechanisms for free drugs and polymersomes. Despite these findings, it is

imperative to acknowledge the inherent challenges associated with free drugs in practical in vivo
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applications, such as rapid clearance, low solubility, and high toxicity. The results indicated that

BSA-PVS-b-PNVCL conjugates hold promise as a potential anti-cancer drug delivery system,

offering both drug protection and enhanced therapeutic efficacy.
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Figure 5.10. Cell viability of HeLa cells after incubation with DOX-loaded BSA-PVS-b-PNVCL
conjugates for 24 h (A) or 48 h (B). Free DOX was used as a control. Data were presented as mean
+ SD. **p<0.01, comparing with DOX concentration at 0.31 pg/mL (Free Dox group); ##p<0.01,
comparing with DOX concentration at 0.31 pg/mL (DOX-loaded conjugates group).

5.3.7 In vitro uptake of bioconjugates in cellular models

The cellular uptake and intracellular localization of the DOX-loaded BSA-PVS-5-PNVCL
conjugates were observed using a confocal laser scanning microscope (CLSM). The DAPI was
employed to stain cell nuclei in blue, while the inherent red fluorescence of DOX facilitated its
visualization. As shown in Figure 5.11, both the free DOX and DOX-loaded protein-polymer
conjugates penetrated the cell membrane and were internalized by HeLa cells after a 4 h incubation
period. Notably, free DOX localized in cell nuclei, whereas DOX-loaded conjugates were

predominantly detected in the cytoplasm. With an extended incubation period from 24 to 48 h, the
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encapsulated DOX within the conjugates underwent a transition in distribution. Initially dispersed
throughout the entire cell, including both the cytoplasm and nucleus, DOX eventually exclusively
localized in cell nuclei. It is important to highlight that due to its small molecular size, DOX can
rapidly enter cells through passive diffusion. Once in the nucleus, DOX exerts its antitumor effects
by disrupting DNA structures through intercalation, inducing DNA strand breakages, and causing
cell damage.*” In contrast to free drugs, studies have indicated that drug-incorporated nanoparticles
enter cells through the endocytosis process.’*! Consequently, after internalization into cells, DOX
may initially be released from the conjugates into the cytoplasm before being transported to the
cell nuclei. These findings offer an explanation for the time-dependent cell-killing characteristics
observed in the cell viability assay, providing further confirmation of the effective delivery and

uptake of DOX.
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Figure 5.11. CLSM images of free DOX and DOX-loaded BSA-PVS-5-PNVCL conjugates in
HeLa cells at different incubation times.
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5.4 Conclusions

In this study, we have adopted a facile approach to fabricate temperature-responsive
protein-polymer bioconjugates comprising lipid-based amphiphilic block copolymers and
hydrophilic protein BSA. The building blocks were covalently linked through the exchange
reactions involving the pyridyl disulfide groups on the RAFT agent and the free thiols on BSA.
The resulting bioconjugates exhibited a well-defined structure, excellent biocompatibility, and low
cytotoxicity. The loading of DOX into the nanoconjugates achieved a high capacity of 25.6%,
displaying effective in vitro antitumor activity and efficient cellular uptake. These characteristics
collectively underscore the promising potential of these bioconjugates as an anti-cancer drug
nanocarriers. Furthermore, the tumor-targeting capability of the protein-based polymersome was
significantly improved by incorporating thermoresponsive PNVCL and hydrophilic BSA into the
hybrid building blocks. As the bioconjugates displayed phase transition behaviour at around 40 °C
slightly higher than body temperature, triggering the rapid drug release exclusively at the tumor
sites. We envision that these biocompatible BSA-PVS-b-PNVCL nanoconjugates could present a
promising strategy for practical cancer treatment, contributing to the diversification of smart

protein-polymer hybrid species, particularly as alternatives to PNIPAM-based systems.
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CHAPTER 6. General Discussion and Future Directions

6.1 General conclusions

Nanocarriers have been recognized as an effective platform for improving drug
solubilization, altering drug biodistribution, and prolonging their half-life in the bloodstream.
Achieving controlled drug release and targeting a drug to a specific site remain the overall goal
and challenge of modern drug delivery technologies. Encouraged by the growing number of FDA-
approval nanomedicines, drug delivery innovations that utilize diverse functional materials and
combine different technologies are underway.

This PhD thesis research aimed to synthesize and investigate thermoresponsive renewable
lipid-based block copolymers, along with their bioconjugates with proteins, as effective anti-
cancer drug delivery vehicles. The thesis consists of one chapter as a literature review and three
chapters with experimental data. The key findings and overall conclusions are summarized below.

In Chapter Three, a stearic acid-based methacrylate polymer (PSAMA) was synthesized
by microwave-assisted RAFT polymerization at 60 °C for 20 min, and it was further used as a
macro-CTA to block copolymerize with NIPAM to produce the thermoresponsive amphiphilic
block copolymer PSAMA-b-PNIPAM within 25 min. It has been proven that microwave
irradiation considerably shortened the reaction time. Besides, these amphiphilic block copolymers
could spontaneously be assembled into spherical micelles with an average size range of ~30 nm
via the combination of co-solvent evaporation and dialysis method. The balance between
hydrophobic and hydrophilic segments had an impact on the morphology and critical micelle

concentration (CMC) of PSAMA-H-PNIPAM micelles. When increasing the block lengths of the
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stearic acid segment, the CMC values decreased due to the stronger hydrophobic interaction,
whereas micelles showed some aggregation attributed to the long hydrophobic tail of fatty acid.
To demonstrate the proof-of-concept, carbamazepine (CBZ) was selected as a hydrophobic model
drug to evaluate the performance of these micelles as nanocarriers. The results indicated 31.6% of
CBZ was effectively loaded into PSAMA-bH-PNIPAM micelles. The drug release showed an
obvious temperature-triggered response at body temperature, with a sustained and slow release
lasting up to 84 h. These results demonstrated the feasibility of utilizing renewable fatty-acid based
polymers as hydrophobic core-forming materials for drug encapsulation. By incorporating the
thermoresponsive polymer PNIPAM, these smart nanocarriers presented controlled and sustained
drug release characteristics.

To investigate the impact of fatty acid type on self-assembly and drug encapsulation, two
distinct fatty acid-based polymers, poly(vinyl stearate) (PVS) and poly(vinyl laurate) (PVL), were
prepared as the hydrophobic segments for the polymeric micelles, as discussed in Chapter Four.
Given the significance of biocompatibility and biodegradability in practical biological applications,
another thermoresponsive polymer, poly(N-vinylcaprolactam) (PNVCL), was employed as the
hydrophilic shell. Upon varying fatty acid type and hydrophilic/hydrophobic block lengths, the
self-assembly behaviour of the block copolymer (PVS/PVL-b-PNVCL) proved to be highly
tunable in terms of their morphology and particle size. For PVS-6-NVCL, with an increase of
hydrophilic block length, they tend to form spherical micelles with smaller particle sizes, more
uniform particle size distribution and relatively higher CMC values, whereas both worm-like and
spherical structures were found for PVSis-b-PNVCL3s with an average size of 111 nm and low

CMC values of 1.10 mg/L. Notably, micelles made from PVL-b-PNVL exhibited exclusively
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spherical morphology and larger particle sizes with a relatively broad size distribution. This could
be attributed to the less efficient and looser packing or higher chain mobility of shorter fatty acid
chains. PVS-6-NVCL polymeric micelles demonstrated high drug loading capacity of the
anticancer drug DOX, good serum stability, controlled drug release, favorable biocompatibility,
and efficient in vitro uptake. In this study, a safe, efficient and tunable lipid-based micellar system
was developed for smart drug delivery and potential cancer treatments.

Chapter Five describes a protein-polymer bioconjugate containing bovine serum albumin
(BSA) and lipid-based thermoresponsive amphiphilic block copolymer (PVS-b6-PNVCL). The
resultant bioconjugates exhibited a well-defined structure, satisfactory biocompatibility, and low
cytotoxicity. In an aqueous environment, the amphiphilic BSA-polymer conjugates can self-
assemble into the vesicular compartments with a particle size of approximately 200 nm. DOX was
successfully encapsulated into the conjugates with a high loading capacity of 25.6%,
demonstrating effective in vitro antitumor activity and efficient cellular uptake. These attributes
all suggested their promising potential as an anti-cancer drug nanocarrier. Additionally, the lower
critical solution temperature (LCST) of the bioconjugates was tuned to around 40 °C due to the
incorporation of hydrophilic BSA, which enables their targeted drug delivery to tumors. These
smart protein-polymer conjugates with multifunctionalities are far more promising than most
traditional drug delivery vehicles, particularly in the field of anti-cancer therapy.

In conclusion, this work successfully prepared lipid-based amphiphilic block copolymers
and protein-polymer bioconjugates, each exhibiting thermoresponsive properties. These materials
can spontaneously self-assemble into high-order structures with different morphologies in aqueous

medium. Notably, they offer potential as effective drug nanocarriers, featured with a high drug
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loading capacity due to the large core volume facilitated by hydrophobic fatty acid-based polymers,
controlled and sustained drug release characteristics attributed to the incorporation of
thermoresponsive polymers, and enhanced tumor-targeting capability due to the attachment with
proteins. This study suggests an opportunity to further explore the utilization of renewable
materials as hydrophobic building blocks with good biocompatibility and biodegradability as
replacements of synthetic materials to advance green and sustainable approaches within smart drug
delivery systems and holds promising implications for future advancements in cancer therapies.

6.2 Recommendations for future research

To better address current gaps in the drug delivery field, the recommended future
investigations and studies from different perspectives are listed as follows:

(a) Considering that organic solvents and chemicals have been employed in this study, to
improve the safety profile of drug formulations, organic trace analysis should be carried out to
identify any residual amounts of organic compounds through NMR or chromatography techniques.

(b) The biodegradability of these polymeric micelles, and their protein-based bioconjugates
should be investigated to meet the requirements of drug delivery applications.

(c) The pharmacokinetics and pharmacodynamics of drug nanocarriers developed in this
study should be assessed with in vivo animal models, which is an essential step for the translation
of laboratory products to preclinical applications.

(d) The thermoresponsive lipid-based block copolymers can be further functionalized with
advanced materials for the integration of efficient and targeted drug delivery. For example, these
block copolymers can be extended with a hydrophilic monomer (e.g. PEG) to produce the triblock

copolymers with increased LCSTs above body temperature. Alternatively, they can conjugate with

164



ligands or molecules that can actively attach to the surface of certain target tissues for achieving
active-targeting strategies.

(e) The bioactivity of BSA should be determined after conjugation with block copolymers.

(f) In addition to small-molecule drugs, new generations of therapeutics, such as proteins,
peptides and antibodies, are playing an increasingly important role. The encapsulation capability
of BSA-PVS-b-PNVCL for these macromolecules should be explored.

(g) Other biomedical applications of these amphiphilic block copolymer and protein
conjugates can be further explored. This includes investigating their potential utilization as
adjuvants, or in bioimaging and bioreactors, etc.

(h) Modern advanced techniques such as machine learning or computational modelling can
be applied to improve the performance of the prepared nanocarriers for drug delivery by predicting
the potential interactions between drugs and specific targets within the body, drug pharmacokinetic

profile, optimal drug delivery system formulations in vivo.
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APPENDIX A: Supplementary Information of Chapter 3
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Figure S3.1. Temperature-dependent transmittance of PSAMA-b-PNIPAM in aqueous solution
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APPENDIX B: Supplementary Information of Chapter 4

— PVSg, M Gpc: 4015, PDI: 1.08

— PVS1g, My, GPC: 7045, PDI: 1.15
PVLyg Mn, GPC: 3874, PDI: 1.08

— PVLy7 Mp, Gpc: 5955, PDI: 1.16

min

Figure S4.1. GPC traces of PVS and PVL homopolymers.
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Figure S4.2. FTIR spectrum of PVS, PNVCL and PVS-5-PNVCL.

Figure S4.3. TEM images of PVL16-b-PNVCLsa4.
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Figure S4.4. Temperature-dependent transmittance of PV Sis-b-PNVCLos (1 mg/mL) in aqueous
solution at 500 nm (LCST was defined as the temperature corresponding to a 10% decrease in
optical transmittance)
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Figure S4.5. Fluorescence emission spectra (excitation at 570 nm) of NR-loaded PVSis-b-
PNVCLs3s micelles incubated in PBS solution
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Figure S4.6. Effect of DOX-loaded PV Sis-6-PNVCL3s micelles on HEK 293T cell viability. HEK
293T cells were incubated with free DOX and DOX-loaded micelles for 24 h (A) or 48 h (B). Data
were presented as mean = SD and obtained from three independent experiments. **p<0.01,
comparing with DOX concentration at 0.625 pug/mL (Free Dox group); #p<0.05, *p<0.01,

comparing with DOX concentration at 0.625 pg/mL (DOX-loaded micelles group); p<0.05,
&&
p<0.01.
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Figure S4.7. CLSM images (1000 x) of HeLa cells treated with DOX encapsulated into PV Sis-b-
PNVCL3s micelles and free DOX for 4 h or 24h.
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APPENDIX C: Supplementary Information of Chapter 5

Supplemental Method 5.1. Synthesis of 3-(2-pyridinyldisulfanyl)propanol

The synthesis of 3-(2-pyridinyldisulfanyl)propanol was conducted following standard
reported procedure with slight modification.?® Briefly, in a 100 mL round-bottom flask, 5 g (22.7
mmol) of 2,2’-dithiopyridine, 0.33 mL of glacial acetic acid, and 30 mL of methanol were
combined. Simultaneously, 1 g (11.2 mmol) of mercaptopropanol was dissolved in 4 mL of
methanol and added dropwise via a syringe. The reaction mixture was stirred for 3 h at room
temperature and the reaction progress was monitored by TLC (ethyl acetate/hexane:1/1, v/v).
Subsequently, the reaction solution was concentrated using a rotary evaporator, resulting in a green
oil. The crude product was purified by silica gel column chromatography, employing a gradient of
15-25% ethyl acetate in hexane for elution. This process was repeated twice to completely remove
the impurities, specifically unreacted 2,2 -dithiopyridine. The final yield of the purified product
was determined to be 57%.

The 'H NMR spectrum (500 MHz, CDCls, d, ppm) revealed characteristic peaks at 1.94
(pentet, 2H, C-CH2-C-0), 2.32 (broad, singlet, 1H, OH), 2.96 (triplet, 2H, S-S-CH2), 3.78 (triplet,
2H, C-CH2-0), 7.10 (multiplet, 1H, aromatic hydrogen meta to nitrogen), 7.63 (multiplet, 2H,
aromatic hydrogens para to nitrogen and ortho to thiol derivatized carbon), 8.46 (quartet, 1H,

aromatic hydrogen ortho to nitrogen).

Supplemental Method 5.2. Synthesis of S-(2-Propionic acid)-O-ethyl xanthate (X1)
A solution was prepared by dissolving 2.2 mL of 2-bromopropionic acid (24.0 mmol) in

35 mL of dry anhydrous methanol. The resulting solution was then cooled in an ice bath.
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Subsequently, 5 g of potassium ethyl xanthogenate (31.2 mmol) was slowly added to the solution
over a 30-minute period with continuous stirring. After complete dissolution of potassium ethyl
xanthogenate, the ice bath was removed, and the reaction was allowed to proceed at room
temperature for 24 hours. Following the reaction, the mixture was filtered to eliminate the by-
product KBr. The filtrate was then subjected to extraction using diethyl ether/ hexane mixture (2/1,
v/v). The organic phase was washed three times with water and dried over anhydrous Na2SOa. The
final product, a pale-yellow solid, was obtained after the solvent evaporation with a yield of 78%.

The characterization of the product by, 'H NMR (300 MHz, CDCl3, d, ppm) revealed the
following peaks:1.41 (triplet, 3H, -CH3-CH>-), 1.60 (doublet, 3H, -CH3-CH-), 4.41 (quartet, 1H, -

CH3-CH-S-), 4.65 (2 quartet, 2H, O-CHz-), 11.10, (broad, 1H, COOH).
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Figure S5.1. '"H NMR spectrum of S-2-(3-(pyridin-2-yldisulfanyl)propyl) propanoate)-O-ethyl
xanthate (X2)
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Figure S5.2. ATR-FTIR spectra of PDS-PVS and PDS-PVS-5-PNVCL
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Figure S5.3. MALDI-TOF spectrum of PVSi5-b-PNVCLss
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