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Abstract

Rational Design and Development of Dual location Dual Stimuli-Responsive Polymeric
Nanocarriers for Drug Delivery

Newsha Arezi, M.Sc.

Design and development of smart nano-sized delivery devices for controlled drug release in
response to endogenous stimuli (such as acidic pH and glutathione (GSH)) inherently found in
tumor tissue is a promising platform in tumor-targeting nanomedicine. This platform allows for
the maximization of therapeutic efficacy whilst reducing unwanted off-target side effects.
Particularly, polymeric nanocarriers self-assembled from amphiphilic block copolymers (ABCP)
have gained significant attention due of their size tunability and enhanced colloidal stability. Well-
controlled ABCPs enable the formation of core-shell micelles in aqueous solutions having
hydrophobic cores, enabling the physical entrapment of hydrophobic anticancer drugs, surrounded
with hydrophilic coronas. Further, an incorporation of stimuli-responsive degradable (SRD)

linkages in ABCPs allows for controlled micelle degradation and drug release at the site of action.

In this research, a dual location dual stimuli-responsive degradation (DL-DSRD) strategy is
explored as a versatile platform for intracellular tumor-targeting drug delivery. Two ABCPs
exhibiting dual acidic pH/reduction-responsive degradation are studied. The self-assembled
ABCPs form colloidally stable nanoassemblies showing synergistically rapid release of
encapsulated doxorubicin (a clinically used anticancer drug) at pH = 5.4 in 10 mM GSH solution
caused by the cleavage of acid-labile and disulfide linkages. In addition, a new approach utilizing
carbonylimidazole-hydroxyl coupling chemistry is explored to synthesize reduction-degradable
poly(carbonate-disulfides) labeled with disulfide linkage on the backbones. They possess multi-
functionalities as well as tunable and rapid reductive-degradation through main-chain degradation
mechanism. Further, the versatility of the approach is demonstrated with the synthesis of an

amphiphilic triblock copolymer exhibiting DL-DSRD responses.

Overall, the results obtained through this research contribute to the advancement of current
understanding and helps guide the design of improved SRD-exhibiting ABCP-based drug delivery

nanocarriers.
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Chapter 1

1.1 Overview of the research

My masters research is focused on the design, synthesis and characterization of smart
nanometer-sized carriers for anticancer drugs. These drug delivery nanocarriers are fabricated
through self-assembly of stimuli-responsive amphiphilic block copolymers and enable the

encapsulation and controlled release of hydrophobic drugs on demand.

1.2 Application of nanotechnology for treatment of cancer

Cancer is a genetic disease that causes an increased and uncontrollable proliferation of cells,
killing more than 8 million people worldwide per year.! Conventional methods for cancer therapy
include surgery, radiation therapy and chemotherapy; however they all have their limitations.? The
application of nanomedicine in cancer treatment is an emerging field offering various advantages
compared to the conventional treatment options. The main advantages include 1) the improved
solubility of poorly water-soluble drugs, 2) the possibility of co-delivering more than one type of
drug to increase effectiveness, 3) the enhanced targetability to the site of tumor and 4) the
possibility to deliver imaging agents in combination with pharmaceutical active ingredients to

achieve both diagnosis and therapy (called theranostics).?

Due to their relatively larger sizes compared to free drug molecules, nano-formulations fall
above renal clearance threshold (= 40 kDa) and thus show prolonged circulation times in blood
following an intravenous (i.v.) injection. Further, deformities in the fast-growing tumor tissues
present 1) larger fenestrations in abnormal tumor vasculatures and 2) poorly developed lymphatic
drainage systems. Due to these features, the phenomenon called Enhanced Permeation and
Retention (EPR) increases the extravasation of nanoparticles into tumor interstitial fluids as well
as their retention in tumors, a process known as passive targeting (Figure 1.1).* The EPR effect

could result in 10-50 folds higher concentration in solid tumors compared to healthy tissues.’
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Figure 1.1 Schematic illustration of the EPR effect.

After the discovery of the EPR effect by Maeda et al. in 1986, numerous proof-of-evidence
studies have shown the effectiveness of EPR in passive targeting of nanotherapeutics, turning EPR
into a "royal gate” for targeted antitumor therapy.”® An example is the report describing a
polymeric nanoconjugate based on poly(pB-L-malic acid) designed to deliver oligonucleotides. The
conjugate was accumulated in brain tumor following an i.v. injection which is attributed to the
EPR effect.” O’Brien et al. reported that a nanoformulation of the anticancer drug doxorubicin
(Dox) is accumulated selectively in breast cancer tissue, leading to a decrease in cardiac side
effects of the nanoparticle formulation compared to free drug.! However, heterogeneity between
tumors with different vasculature characteristics is an important parameter that leads to different
extents of the EPR effect.!! Recent reports claim that the EPR phenomenon is not the only
mechanism responsible for the entry and accumulation of nanoparticles into tumor tissue.'? In
addition, while the initial studies on the EPR effect has shown promising results in mice and

rodents, it has failed to show a significant benefit in humans in clinical trials.?

1.3 Types of nanocarriers for drug delivery

The year 1952 marks an important revolution in the field of drug delivery as the first sustained-
release formulation was reported which enabled controlling the rate of drug release in the body.!'
Research has continued to focus on design and development of a variety of controlled-release

strategies of encapsulated drugs at a specific site. The field of nanomedicines has offered



tremendous potential in the area of controlled-release delivery. After the first lipid-based
nanostructure that was reported in 1964, a variety of nanoformulations were developed as
promising drug delivery vehicles."> The timeline in Figure 1.2 summarizes the major
breakthroughs in the field of cancer nanomedicine from 1964 - 2015. As depicted by this figure,
the main three classes of drug delivery platforms in preclinical development include liposomes,
polymer-drug conjugates and polymeric micelles. This section summarizes a brief overview of

these nano delivery systems.
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Figure 1.2 Historical timeline of major developments in cancer nanomedicine, slightly modified
from original source.”

1.3.1 Liposomes

Liposomes are the most common nanocarrier platform for drug delivery. These spherical
particles have an aqueous interior enclosed with lipid bilayer and therefore enable the
encapsulation of both hydrophilic and hydrophobic drug molecules. Liposomes have large loading
capacities and allow for relatively simple surface functionalization for attachment of ligands or
biocompatible polymers. Doxil was the first FDA-approved nanomedicine in cancer therapeutics,
a liposomal formulation of Dox. Doxil significantly increases blood circulation time of Dox by
reducing the plasma clearance to 0.1 L/h compared to 45 L/h for free Dox.'® Different types of

liposomes have been designed including PEGylated liposomes with stealth properties,’ ligand-



targeted liposomes with proteins, antibodies or small molecules on their surface for specific cell
recognition'” and theranostic liposomes containing functionalized imaging agents together with
therapeutically active drugs (Figure 1.3).!® Despite their advantages, liposomes have drawbacks

including the potential to cause immunogenicity in the body, incomplete or slow release of cargo

at target site and premature drug release during blood circulation.'®*°
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Figure 1.3 Schematic illustration of various classes of liposomes for drug delivery.'®

1.3.2 Polymer-drug conjugates

Polymer-drug conjugates are polymer prodrugs where small drug molecules are covalently
linked with water-soluble polymeric chains. Such conjugation increases the solubility and size of
drug molecules, which enhances their blood circulation half-life and thus promotes accumulation
into tumor tissues by EPR effect.?! By incorporating labile linkages as cleavable spacers between
drug molecules and polymers, the active form of the drug can be released in the body. Various
types of cleavable linkages (either enzymatically or chemically) have been investigated in polymer
prodrugs, including amide and ester bonds that could potentially cleave anywhere in the body, but

also linkers that cleave in response to an endogenous trigger present specifically at the target site.



Due to the slight acidic pH present in tumor microenvironment (pH = 6.5) and low pH values
found in endosomes and lysosomes inside the cells (pH = 5.0 - 5.5), acid-labile linkages are
common in polymer-drug conjugates of chemotherapeutic agents. Wang et al. developed a
polymer-Dox prodrug system using acid-labile hydrazone in the linker that released the active drug
after acid treatment.?? In another study, a HPMA copolymer-Dox conjugate was shown to have
more than 10-100 folds of tumor accumulation when compared to the free drug, a factor that
showed dependency to tumor size.?® The biggest drawback of polymer-drug conjugate strategy is
that the covalent attachment between the drug and the polymer, making the prodrug
pharmacologically inactive. If the linker does not cleave to release the active drug after
administration, the therapeutic efficiency of the drug will be heavily affected. In addition, prodrugs
are considered new chemical entities, which require re-validation from regulatory bodies to ensure

their safety, causing significant delays in their clinical translation.?*
1.3.3 Polymeric micelles

Polymeric micelles are colloidal particles consisting of self-assembled amphiphilic block
copolymers (ABCP). These amphiphilic molecules contain two distinct immiscible regions: a
hydrophilic block and a hydrophobic block. In an aqueous environment, these amphiphiles can
exist as individual polymeric chains (unimers) or as self-assembled aggregates (micelles)
depending on their concentration in the solution. The concentration at which the first self-
aggregate is formed is known as the critical micellar concentration (CMC). There is an inverse
relationship between the CMC for an amphiphile and the stability of its micelles. The CMC of
polymeric micelles (10 - 10”7 M) are much lower than the CMC values for smaller surfactant
molecules (107 - 10* M), suggesting their higher stability in aqueous environment with a lower
sensitivity to dilution.”> In addition, advances in the field of polymer chemistry and material
sciences now allows for the synthesis of more complex well-defined ABCPs with variable
properties, easy incorporation of labile-linkages into the polymer structure and post-modification
of polymers for the attachment of targeting ligands or imaging moieties. By fine-tuning the
structure of the ABCPs, polymeric nano-assemblies with various morphologies, architecture and

sizes can be fabricated.?¢

ABCPs can also be designed with pendant functional groups to allow cross-linking of the

polymeric micelles after the self-assembly process. This strategy has been particularly important



in the development of anticancer drug delivery carriers with higher colloidal stability in blood
circulation. Biswas et al. developed a core cross-linked polymeric micellar system based on redox-
responsive ABA-type triblock copolymer PHMssEt-b-PEG-b-PHMssEt.?” The stability of the
cross-linking micelles compared to non-cross-linked micelles was evaluated using dynamic light
scattering by diluting the micelles with DMF. Note that DMF was chosen to fully dissolve the
ABCP. Upon dilution, non-cross-linked micelles dissociated while the core cross-linked micelles
were intact but swollen, suggesting their higher colloidal stability. The reduction-responsive cross-
links were able to cleave in the presence of a reducing agent, leading to a controlled disassembly

and drug release at tumor site.

1.3.3.1 Self-assembly of amphiphilic block copolymer

The self-assembly of the ABCPs is a result of the covalent attachment of the two immiscible
blocks in a selective solvent, preventing them from a macroscopic phase separation. Hence, when
the ABCP is present in a solvent which can thermodynamically dissolve one of the blocks, but is
a precipitant for the other block, a microscopic phase separation occurs due to the unfavorable
mixing enthalpy. The self-assembly process is the attempt of the ABCP to minimize the
unfavorable contact between the solvophobic block and solvent molecules. This is mainly driven
by two opposing forces: an attractive force between the insoluble core-forming blocks, and a

1.26 For an amphiphilic diblock copolymer in

repulsive force between the soluble blocks in the shel
aqueous environment, two spherical micellar structures can be formed with varying the relative
lengths of the two block. As illustrated by Figure 1.4, if the length of the core-forming hydrophobic
block (Lc) is longer than the shell-forming soluble hydrophilic block (Ls), the resulting micelles
have a large core with a short corona and are referred to as "crew-cut” micelles. However, if Ls is

longer than Lc, "hairy” micelles with small dense cores and large coronas are observed.
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Figure 1.4 Schematic representation of AB deblock copolymer micelles, with Lc = Core thickness
and Ls = Shell thickness.

ABA type triblock copolymers can also self-assemble to spherical micelles; but the structures
of these micelles are more complicated. An A-selective solvent will result in "star-like” micelles

while in the presence of a B-soluble solvent, the middle block will fold to form "Flower-like”

WA W,

ABA-type triblock copolymer

micelles (Figure 1.5).
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Figure 1.5 Self-assembly of ABA-type triblock copolymer under different conditions.



1.4 Stimuli-responsive polymers for drug delivery application

Stimuli-responsive polymers undergo chemical or physical changes upon exposure to external
triggers. Their 'smart’ behavior mimics the functions of regulatory macromolecules in living
organisms that respond to their environments. This feature makes them useful in biomedical and
pharmaceutical fields. Particularly in drug delivery, they offer a beneficial role in designing

nanocarrier systems for controlled drug release at target tissue (such as tumor).

One class of stimuli-responsive polymers undergoes physical changes in response to an
external trigger. Examples include thermo-responsive polymers exhibiting hydrophobic/
hydrophilic transition upon a change in temperature’® and pH-responsive polymers bearing
ionizable groups that undergo a phase transition in response to pH.>’ Another class of stimuli-
responsive polymers involves an integration of dynamic chemical bonds that can be cleaved upon
exposure to stimuli. Such stimuli-responsive degradation (SRD) utilizes chemical, physical or

biological stimuli, including light, acidic pH, reduction and enzymatic reactions.

The type of stimuli triggering the polymer can be classified as exogenous or endogenous
triggers. A common external stimulus for inducing drug release at the tumor site is temperature.
The idea is to design thermo-sensitive nanocarriers which remain stable at normal body
temperature (= 37 °C) and administer them simultaneously while locally heating tumor site at
temperatures ranging from 40-42 °C.3° Thermo-responsive Dox-loaded liposome
(THERMODOX®) is in clinical trials and has demonstrated promising results of increasing the
survival of primary liver cancer patients up to more than two years.>! Tagami et al. reported a dual-
functional thermo-sensitive liposomal formulation co-encapsulating an MRI probe (Gd-DTPA)
and the anticancer drug Dox in order to achieve stimuli-responsive release and real-time release
monitoring.** Their liposomes were shown to have a surprisingly fast release of 100% of the
encapsulated Dox in only 3 minutes when heated up to 40-42 °C and in-vivo studies showed very
high correlation between the Dox release and the Ti-mediated response of the imaging agent (R?
=0.98). Thermo-responsive polymers with their lower critical solution temperature (LCST) in the
physiologically relevant temperatures have also been investigated for tumor-targeted drug
delivery. Poly-N-isopropylacrylamide (PNIPAM) is the most studied LCST polymer which was
first used for drug delivery applications by the Okano group in 1999.% By studying the cell
viability of their PNIPAM-based Dox-loaded polymeric micelles at two temperatures, they



demonstrated heat-responsive drug release as the micelles showed cytotoxicity at 42.5 °C but not
at 37 °C.» Other reported external triggers include the use of magnetic fields,***> light***’ or

ultrasound waves.>%3°

Internally regulated delivery systems typically respond to endogenous triggers found in the
body including acidic pH, enzyme and glutathione (GSH). This strategy offers a tremendous
advantage over conventional drug delivery methods because the rate and the location of drug
release in the body can be tailored according to the specific physiological or chemical properties
of different tissues in-vivo. For tumor-targeted drug delivery, the two popular and promising
internal stimuli are acidic pH and reducing environment in tumor tissue and cancer cells

respectively.

As summarized by Figure 1.6, several designs of block copolymers with SRD characteristics
have been reported.***! These classifications of micelles are based on the number and location of
the SRD linkages in the polymer, and the resulting nanoparticles. Class A includes polymers with
more than one labile linkage incorporated in their side chains, thus forming pendant multi-
cleavable micelles. Class B are polymers with multiple SRD linkages placed repeatedly in their
backbone resulting in backbone multi-cleavable micelles. Class C are cross-linked micelles formed
using SRD crosslinkers. Classes D and E involve micelles with only one degradable linkage in
their backbone, positioned either in the middle of the hydrophobic block or at
hydrophilic/hydrophobic block junctions that self-assemble to mono-cleavable and sheddable

micelles respectively.
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Figure 1.6 Strategies for block copolymer micelles with SRD elements with various number and
locations of cleavable linkages (x).*!

1.4.1 Reduction-responsive systems

Glutathione is a tripeptide with cysteine residue that acts as a cellular reducing agent for drug
release inside cancer cells. GSH concentration is # 10 uM in extracellular compartment while its
concentration is 0.1-10 mM in intracellular environment and is known to be 4-7 times higher in
cancer cells.*? Disulfide (-SS-) linkages are labile covalent bonds that can be cleaved to the
corresponding thiols in a reducing environment, potentially in the presence of GSH. This section
reviews two types of GSH-responsive block copolymer designs for drug delivery, named as

pendant multi-cleavable and backbone multi-cleavable systems.

1.4.1.1 Pendant multi-cleavable reduction-degradable systems

Figure 1.7 illustrates a schematic diagram of the self-assembly of a block copolymer having
pendant -SS- placed in the side chain of the hydrophobic block to from a pendant multi-cleavable
reduction-degradable nanoassemblies. The disulfide pendants are located in the hydrophobic core
which can be cleaved in the presence of a reducing agent through a solubility change of the
hydrophobic block to a more hydrophilic block. This change of hydrophobic/hydrophilic balance
causes the disintegration and destabilizing of micelles, leading to the enhanced release of

encapsulated cargo. Further, this system is attractive as to allow the formation of core-cross-linked
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micelles through disulfide-thiol exchange chemistry in the presence of a small catalytic amount of
a reducing agent. Core cross-linked nanoassemblies improve colloidal stability during blood

circulation compared to non cross-linked particles.
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Figure 1.7 Schematic representation of pendant multi-cleavable reduction-responsive amphiphilic
polymers and their self-assembled micelle.

A popular approach to the synthesis of pendant multi-cleavable reduction-responsive
polymers utilizes the direct polymerization of disulfide-bearing monomers. Figure 1.8 shows the
monomers reported in the literature. Dithiolane trimethylene carbonate (DTC) was synthesized for
use in ring opening polymerization (ROP) while the rest of the monomers shown contain vinyl
groups that can participate in various free radical polymerizations. Wong et al. reported the
synthesis of versatile pyridyl disulfide ethyl methacrylate (PDSM)-based polymers with -SS- in
pendant chains via RAFT polymerization.** The same group also developed Dox-conjugated
cross-linked micelles based on reductive-sensitive PDSM polymers for potential anti-tumor drug

delivery applications.**

Disulfide-bearing HMssEt was designed and synthetized in Dr Oh’s laboratory. The
methacrylate has been incorporated into the design of various amphiphilic block copolymers.?”#>-
48 Khorsand et al. reported the synthesis of the amphiphilic block copolymer PEO-b-PHMSssEt via
atom transfer radical polymerization (ATRP) which could self-assemble into reduction-responsive
micelles.*> Dox was encapsulated in the micelles and upon exposure to GSH, the -SS- bonds in the
core were cleaved resulting in disintegration of the particles and a significant increase in Dox
release. A dual acid/reduction-responsive polymer was also synthesized containing a thermo-

sensitive block with pendant PEO and -SS- conjugated to PEG via an acid-labile acetal linkage.*’



The temperature-driven self-assembly of this double-hydrophilic polymer followed by the in-situ
cross-linking process formed stimuli-responsive cross-linked nanogels with low toxicity and high

colloidal stability for biomedical applications.

m=0or1
X = methylene or phenyl

PDSM HMssEt M1 M2 CPTM

Figure 1.8 Typical monomers bearing pendant -SS- linkages reported for the synthesis of pendant
multi-cleavable block copolymers by direct polymerization approach.*’

Disulfide groups have also been incorporated into the side chains of polymers by post-
conjugation, through well-established conjugation chemistries such as carbodiimide coupling
reactions or click chemistries. Various reports describe the conjugation of lipoic acid (LA) to
various OH-bearing polymers, such as the conjugation of LA to poly(N-2-hydroxypropyl
methacrylamide) via DCC coupling®® and the conjugation of lipoic acid anhydride to poly(L-

tyrosine) by esterification.’!

1.4.1.2 Backbone multi-cleavable reduction-responsive systems

These polymers contain more than one -SS- linkages in their backbones (Figure 1.9). They
have been commonly synthesized by step-growth polymerization techniques including

polycondensation and polyaddition. Numerous reports describe reduction-responsive

52,53 54,55

polyphosphates, polyurethanes, polypeptide,®® polycarbonate’” and polyesters.”® An
example published by Dr. Oh’s laboratory involves step-growth polymerization of a disulfide-
bearing diol (ssDOH) and a disulfide-bearing dicarboxylic acid (ssCOOH) to yield a backbone

cleavable reduction-responsive polyester.> After esterification to introduce a bromine end-group,

12



the formed bromine-functionalized polyester was used as a macroinitiator for ATRP. The formed
block copolymer degraded in reducing environment.®® Another example includes thiol-disulfide
exchange reaction to synthesize poly(disulfide)s (PDs). Basak et al. developed triblock
copolymers containing PDs to study the effect of the hydrophobicity of the core-forming block on
the reduction-responsiveness of their micelles.®! Their approach for the PD synthesis involved a
direct disulfide-thiol exchange reaction between di-thiols and dipyridyl disulfide. Subsequent
functionalization of the chain-ends allowed for bromination of HO-PD-OH to the ATRP
macroinitiator Br-PD-Br and chain extension by ATRP. The results of their GSH-induced release
study indicated a significantly faster release of NR from the micelles made of polymer with a more
hydrophilic PD attributed to the relatively faster diffusion of polar GSH towards the more
hydrophilic PD core. In addition to step-growth polymerization, chain growth polymerization
techniques including ROP>>>* and RAFT®? have also been reported for synthesis of hyperbranched

polymers with multiple -SS- linkages incorporated in their backbone.

Backbone multi-cleavable polymers have also been synthesized for the development of
polymeric prodrugs. Fan et al. designed graft co-polymers based on disulfide-containing
poly(amido amine) with alkyne side chains, that were conjugated to either camptothecin-azide or

azide-terminated poly(ethylene glycol) methyl ether via click chemistry.5

Sy
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Figure 1.9 Schematic representation of backbone multi-cleavable reduction-responsive
amphiphilic polymers and their self-assembled micelle.

1.4.2 Acidic pH-responsive systems

pH-responsive drug delivery systems have been designed to achieve target-specific drug
release by taking advantage of the various pH levels found in the human body. Figure 1.10

illustrates that pH values in human body can vary at organ level such as the drastic pH variation
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between various organs within the gastrointestinal tract. It could also vary at tissue level whereby
pathological changes cause a change in pH in tissues such as the tumor or inflamed tissue
compared to normal tissue. pH variations are also observed at cellular level for different organelles
within a cell. Due to the lower pH of tumor tissue compared to healthy tissue (pH = 6.7 - 6.9) and
acidic environment of the endosomes and lysosomes (pH = 5.0 -6.0) inside the cancer cells, acidic

pH-responsive polymers are promising in the design of tumor-targeted drug delivery systems.

Acidic pH-responsive polymers used in drug delivery can be classified into acid-ionizable
polymers and acid-cleavable polymers. The first class are polymers with ionizable functional
groups undergoing protonation/deprotonation depending on environmental pH, thus leading to a
change in hydrophobic/hydrophilic balance of the polymeric system. Examples of widely used
functional groups in this category are tertiary amine and carboxylic acid. Amines with pKa values
lower than physiological pH are protonated in acidic conditions and become hydrophilic and
water-soluble. Ko et al. reported the synthesis of an acid-responsive block copolymer based on
PEG and poly(B-amino ester) which self-assembled into micelles demonstrating pH-dependent

t.64

destabilization under weak acidic environment.” Their in-vitro Dox release profile demonstrated

an enhanced drug release of = 80% in 6 hours at pH = 6.4, compared to 30% release in 24 hours

atpH=74.
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Figure 1.10 pH Variation in the body, in the organism, tissue, and cellular levels.%

Acid-cleavable polymers are designed with dynamic covalent bonds that can break in the
presence of acidic pH, leading to the chemical degradation of the polymer into smaller fragments.

Table 1.1 summarizes common acid-degradable linkages with references reported in the design of

acid-responsive polymers for drug delivery.

15



Functional Structure Ref
group
Acetal 0 66,67
o o [H*]
R \( SR —— 4y * R—OH
Ketal o 68,69
o] o [H*]
R----" >< SR — * R—OH
Imine o) 70,71
N R [H*]
\ 2
Ry N — R, W t R—NH,
Hydrazone - 0 7273
R N2 . R1\N/NH2
H ; R, H N
Oxime 4 0 74
R1\O/N\/Rz T e ] )J\H . R1\0/NH2
2
Table 1.1 Acidic pH-cleavable linkages commonly used in polymer-based drug delivery
systems.

Acid-labile shell-sheddable nanoassemblies have been particularly popular as they can
address the long-debated phenomenon known as "PEG dilemma” in tumor-targeted drug
delivery.” This term refers to the unfavorable poor cell-internalization caused by covering
nanoparticles with PEG chains despite the enhanced prolonged blood circulation time offered by
PEGylation. By incorporating an acid-labile linkage at core/corona interfaces, nanoparticles can
benefit from favorable stealth properties offered by PEG coating during blood circulation,
followed by a pH-induced shell-shedding at tumor interstitial fluid to enhance cellular uptake by
cancer cells.”®”” This strategy can be achieved by carefully selecting acid-labile linkages which
can undergo cleavage at slightly acidic pH environment (pH = 6.5 - 6.8). This rational design
approach has been used to develop nanocarriers based on silica nanoparticles and targeting
peptides coated with PEG, with acid-labile benzoimine linkages positioned between PEG chains
and peptides to achieve PEG shedding and exposure of peptide ligands at tumor tissue.’® Based on
a similar approach, Sun et al. reported PEG-PLA-based nanoparticles with an acid-cleavable 2-
propionic-3-methylmaleic bridge between the two blocks.” Release of PEG chains in slightly

acidic tumors improved cellular uptake and in-vivo tumor inhibition rate by 30%.
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1.4.3 Dual acidic pH/reduction-responsive systems

Recent advances in designing environment-sensitive materials shows a noticeable shift to
design and synthesis of macromolecules constructed with multiple stimuli-responsive components
responding to more than one type of triggers. These types of responses are found in biological
processes whereby multiple changes in the environment can be sensed and responded to. For
tumor-targeted therapy, combining acid and reduction responsiveness has been particularly
popular with various designs and locations of incorporating acid-responsive linkages as well as
disulfides in polymer structures. These include acid/reduction-responsive nanoassemblies
developed by incorporating acid-sensitive and -SS- linkages as pendant chains in the hydrophobic

block,3#! polymer backbone,®? or cross-linkers.33-34

Polymeric prodrugs have also been developed with dual acid/reduction-responsive properties,
including a poly(Dox) with acid-labile hydrazone and -SS- linkages placed repeatedly in the
backbone demonstrating complete drug release in 1.5 days at pH = 5.0 and 10 mM GSH
concentration.®> Recently, a polymeric prodrug consisting of covalent conjugation of two
anticancer drugs in a single system was reported.®® Polymer chains were conjugated to
camptothecin drug molecules through -SS- linkage and to Dox drug molecules through hydrazone
bonds, hence forming a dual acid/reduction-degradable delivery system. In-vitro drug release
assay showed enhanced release of camptothecin with increasing concentration of the reducing
agent GSH in the medium in 80 hrs, as well as 50% increased Dox release at acidic pH = 5.0

compared to pH = 7.4 as control.

The blooming field of stimuli-responsive materials contributes to a significantly large
proportion of research in material science and polymer chemistry fields. While responding to the
environmental cues is a long-known behavior observed in plants and animals, design of intelligent
synthetic material is a relatively new concept, and yet, with the vast majority of applications for
such materials, research from fundamental understanding of stimuli-responsiveness to design and
synthesis of functional environmentally-sensitive polymers continues to be a hot topic. The
examples of SRD systems reviewed in this chapter are only a small proportion of the broad
literature in the field of stimuli-responsive polymers. And yet, they demonstrate the versatility and

broad application for synthetic stimuli-responsive polymers and intelligent materials.
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1.5 Scope of the thesis

The main objective of my MSc research is to explore dual location dual acid/reduction-
degradation strategy towards tumor-targeting intracellular drug delivery. With my focus on the
synthesis, characterization, and in-vitro evaluation of three novel block copolymers, my research
results are outlined in two research chapters. Chapter 2 describes the development of two tumor-
targeting intracellular polymer-based drug delivery carriers based on dual location dual
acid/reduction-degradable strategy. Chapter 3 is devoted to the synthesis and characterization of
reductively degradable poly(carbonate-disulfide)s (PCss) with multifunctionality. A novel
synthetic approach based on carbonylimidazole-hydroxyl chemistry was explored for the synthesis
of a series of various PCss polymers including a block copolymer for potential applications in the
biomedical and pharmaceutical industries. Lastly, the summary and future suggestions for the

projects are discussed in Chapter 4.
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Chapter 2

Development of tumor-targeting intracellular drug delivery carriers
based on dual location dual acid/reduction-degradable
nanoassemblies

2.1 Introduction

The development of smart nanoassemblies based on well-controlled block copolymers
undergoing a chemical transition through stimuli-responsive degradation (SRD) has attracted
significant attention as a promising platform for tumor-targeted drug delivery with control over
drug release profile.*!¥”# Such controlled/enhanced drug release not only improves the
biodistribution of anticancer drugs but also ensures their minimal dosage, thus improving drug
efficacy and minimizing undesired cytotoxicity to normal tissues common to small molecule
drugs. Well-designed SRD-exhibiting nanoassemblies enable the encapsulation of hydrophobic
anticancer drugs inside cores, surrounded with hydrophilic coronas endowing biocompatibility.®*-
%l After being administered through intravenous (i.v.) injection to the blood, drug-loaded
nanoassemblies are targeted to tumor tissues through Enhanced Permeability and Retention (EPR)
effect during blood circulation.”>®> Following endocytosis into cancer cells, they are exposed to
endogenous stimuli found in tumor tissues or cancer cells. This SRD process causes the
degradation (or disintegration) of the nanoassemblies, leading to controlled release of encapsulated

dI'llgS 96-98

Acidic pH and glutathione are typical endogenous stimuli found in cancer cells and tumor
tissue. Tumor tissues are slightly acidic (pH = 6.5-6.9) and further endosomes and lysosomes are
more acidic (pH = 4.5-5.5).%° Ketal, acetal, orthoester, and imine are typical acid-labile linkages
that can be cleaved through acid-catalyzed hydrolysis in a mild acidic condition.!?*!°! Glutathione
(a tripeptide with cysteine, GSH) is found at concentration as high as 40-60 mM and further has a
large difference in redox potential between intracellular and extracellular compartments.'%* In the
presence of cellular glutathione, disulfide bonds are cleaved to the corresponding thiols for

reductive degradation of nanoassemblies.**:193-106
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Dr. Oh’s research group has recently explored a new strategy called dual location dual stimuli-
responsive degradation (DL-DSRD).!%” This strategy offers the versatility in that response to each
stimulus can independently regulate the release of encapsulated molecules and can facilitate
synergistic/accelerated release at dual locations. To explore this approach, several reports have
explored the synthesis of polycarprolactone-based grafted copolymers bearing pendant acetal

108-110

junction and single disulfide linkages on the hydrophobic backbone and a poly(ethylene

"1 or hydrazine''? junction and

glycol) (PEG)-based linear polyurethane with benzoic imine
disulfide hydrophobic backbones. These copolymers synthesized by controlled polymerization
techniques self-assembled to form dual acid/reduction-degradable nanoassemblies with acid-labile
interfaces and disulfide cores. In addition, a report describes the synthesis of a PEG-based
polypeptide bearing dimethylmaleic anhydride junction and thiol cores by ring opening
polymerization, which formed disulfide-core-crosslinked nanogels with dimethyl maleic
anhydride at interfaces.!!? Despite the advances, most systems have one or more drawbacks such
as the inefficiency of reductive degradation because of only single disulfide incorporation on the

hydrophobic backbone or the difficulty in control of disulfide-crosslink formation through

uncontrolled oxidation of pendant thiols.

This chapter describes my research projects to investigate the versatility of dual location dual
acid/reduction-degradable block copolymer nanoassemblies toward tumor-targeting drug delivery.
Figure 2.1 shows the chemical structure of two novel copolymers synthesized by Dr. Oh’s research

group (Arman Moeini Jazeni, PhD candidate).
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2.2 Part I: P1 diblock copolymer

These works have been described in our publication Polym. Chem., 2019,10, 2840-2853,

adapted from the original source material.

2.2.1 P1 Polymer design

The P1 diblock polymer was synthesized through reversible addition-fragmentation chain
transfer (RAFT) polymerization using a PEG-labeled macro-RAFT agent and HMssEt as
hydrophobic monomer. '"H-NMR analysis showed the degree of polymerization (DP) for the
HMssEt blocks to be 32, with My = 24.6 kg/mol. This novel block copolymer is designed with a
ketal linkage at block junction and multiple disulfide pendants in the hydrophobic block. Further,
the ketal linkage is sensitive to acidic pH in a mild range (< 6.8) and its acid-catalyzed hydrolysis

rate can be tuned with its chemical structure.

As illustrated in Figure 2.2, the formed PEG-K-PHMssEt polymer (labelled as P1 in this
chapter) self-assembles to form dual acid/reduction-degradable nanoassemblies with ketal
linkages at interfaces and disulfide pendants in micellar cores. Given dual acid/reduction responses
at dual core and interface locations, they exhibit synergistic and excellent release of encapsulated

anticancer drugs, compared with their single response counterparts.

Cancer cell

lutathi
,\:‘i f fff Acidic pH-responsive AlEug
L PEG shedding to
facilitate cell uptake

Endosomal
escape

Figure 2.2 Schematic diagram of stimuli-responsive degradation and drug release of Pl
nanoassemblies in tumor tissue.
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2.2.2 Experimental section
2.2.2.1 Instrumentation

"H-NMR spectra were recorded using a 500 MHz Varian spectrometer. The CDCl; singlet at
7.26 ppm was selected as the reference standard. Molecular weight and molecular weight
distribution were determined by gel permeation chromatography (GPC). An Agilent GPC was
equipped with a 1260 Infinity Isocratic Pump and a RI detector. Two Agilent PLgel mixed-C and
mixed-D columns were used with DMF containing 0.1 mol% LiBr at 50 °C at a flow rate of 1.0
mL/min. Linear poly(methyl methacrylate) standards from Fluka were used for calibration.
Aliquots of the polymer samples were dissolved in DMF/LiBr. The clear solutions were filtered
using a 0.40 mm PTFE filter to remove any DMF-insoluble species. A drop of anisole was added
as a flow rate marker. The size of micelles in hydrodynamic diameter by volume was measured by
dynamic light scattering (DLS) at a fixed scattering angle of 175° at 25 °C with a Malvern
Instruments Nano S ZEN1600 equipped with a 633 nm He-Ne gas laser. Fluorescence spectra on
a Varian Cary Eclipse fluorescence spectrometer and UV/vis spectra on an Agilent Cary 60 UV/vis

spectrometer were recorded using a 1 cm wide quartz cuvette.

Transmission Electron Microscopy (TEM) images were obtained using a Philips Tecnai 12
TEM, operated at 80kV and equipped with a thermionic LaB6 filament. An AMT V601 DVC
camera with point to point resolution and line resolution of 0.34 nm and 0.20 nm respectively was
used to capture images at 2048 by 2048 pixels. To prepare specimens, aqueous Dox-loaded NP
dispersion was dropped onto copper TEM grids (400 mesh, carbon coated), blotted and allowed to
air dry at room temperature. Subsequently, uranyl acetate (1%) was applied on the TEM grids and

then dried again at room temperature.

2.2.2.2 Materials

Bovine serum albumin (BSA), immunoglobulin G from human serum (IgG, reagent grade, >
5%, essentially salt-free, lyophilized powder), glutathione (GSH), doxorubicin (Dox, -NH3"CI”
forms, >98%), and 1,4-dithreithiol (DTT) were purchased from Sigma Aldrich and used as

received.

22



2.2.2.3 Aqueous micellization by dialysis method

PBS (pH = 7.4, 10 mL) was added dropwise to an organic solution of P1 dissolved in THF
(2 mL) using a syringe pump equipped with a plastic syringe (20 mL volume, 20 mm diameter) at
an addition rate of 0.2 mL/min. The resulting dispersion was dialyzed against phosphate buffer
saline (PBS) solution (1 L) changed twice in 24 h, yielding aqueous micellar dispersion at 0.9

mg/mL concentration.

2.2.2.4 Colloidal stability in the presence of proteins

Aliquots of the formed micellar dispersion (1 mL, 0.6 mg/mL) were mixed with aliquots of
aqueous PBS solutions of BSA (1 mL, 80 mg/mL) and IgG (1 mL, 16 mg/mL). Being incubated
at 37 °C for 48 hrs, the resulting mixtures, along with controls (without micelles), were first
analyzed with DLS to observe the occurrence of undesired protein-micelle aggregation. Then, they
were subjected to centrifugation (10,000 rpm x 20 min, room temperature) to remove any
aggregates. The absorbance of the resultant supernatants was recorded at A = 562 nm using a
Powerwave HT Microplate Reader (Bio-Tek) in triplicates. Quantitative analysis was conducted
to estimate the concentration of proteins remaining in supernatants using a bicinchoninic acid
(BCA) assay (Pierce BCA Assay Kit), according to the protocol reported in our report,*® based on

the manufacturer’s instructions.

2.2.2.5 Investigation of dual acidic pH/reduction-responsive degradation

For aqueous micelles of P1 (1 mg/mL), their aliquot (1 mL) was mixed with 10 mM aqueous
stock solution of GSH (3 mL) in PBS (pH = 7.4) for GSH response. Separately, their aliquots (1
mL) were mixed with aqueous acetate buffer solution at pH = 5.4 (3 mL) for acidic pH response,
and aqueous acetate buffer solution containing GSH (10 mM) at pH = 5.4 (3 mL) for dual acidic
pH/GSH responses. DLS was used to follow any changes in sizes and size distributions of the

micelles.

2.2.2.6 Preparation of aqueous Dox-loaded micellar dispersions (Dox-NPs)

An organic solution consisting of Dox (2 mg), EtzN (5 uL), and P1 (20 mg) dissolved in DMF
(1.6 mL) was mixed with PBS at pH = 7.4 (10 mL) under magnetic stirring. The resulting mixture
was placed in a dialysis tubing (MWCO = 12000 g/mol) for dialysis over PBS (1 L) for 24 hrs.
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The formed dispersion was passed through 0.45 um PES filter, yielding aqueous Dox-loaded

micellar dispersion at 1.6 mg/mL.

To determine the loading level of Dox using UV/vis spectroscopy, an aliquot of aqueous Dox-
loaded micellar dispersion (1 mL) was mixed with DMF (5 mL) to form a clear solution. After
being passed through 0.25 um PTFE filter, its UV/vis spectrum was recorded. The loading level
was determined by the weight ratio of loaded Dox to P1.

2.2.2.7 Dual acidic pH/reduction-responsive Dox release from aqueous Dox-loaded micelles

Aliquots of Dox-loaded micellar dispersion (1.6 mg/mL, 2 mL) were transferred into dialysis
tubing (MWCO = 12,000 g/mol) and immersed in outer buffer solutions (40 mL) prepared under
various conditions: aqueous PBS at pH = 7.4 and aqueous acetate buffer solution at pH = 5.3 with
and without 10 mM GSH. Aliquots of the outer buffer solutions (3.5 mL) were taken and their
fluorescence spectra were recorded at Aex = 470 nm. The equal volume of fresh buffer was added

to keep the same volume of outer buffer.

For quantitative analysis, aqueous Dox solutions (10 mL) were prepared as Dox (46 pug) being
dissolved in PBS at pH = 7.4, Dox (50 pg) in acetate buffer solution at pH = 5.3, and Dox (47 pug)
in aqueous PBS at pH = 7.4 with 10 mM GSH. The resultant solutions were diluted to prepare a
series of solutions at various concentrations of Dox. Their fluorescence spectra were recorded at

rex = 470 nm to construct the calibration curves.

2.2.2.8 Cell viability using MTT assay

HeLa cervical cancer cells were cultured in DMEM (Dulbecco’s modified Eagle’s medium)
containing 10% fetal bovine serum (FBS) and 1% antibiotics (50 units/mL penicillin and 50
units/mL streptomycin) at 37 °C in a humidified atmosphere containing 5% CO.. HeLa cells were
plated at 5 x 10° cells per well into a 96-well plate and incubated for 24 h in DMEM (100 pL)
containing 10 % FBS and 1 % antibiotics. Then, they were incubated with various concentrations
of empty (Dox-free), free Dox, and Dox-NPs for 48 hrs. Blank controls without nanoparticles
(cells only) were run simultaneously as control. Cell viability was measured using the CellTiter 96
Non-Radioactive Cell Proliferation Assay kit (MTT, Promega) according to the manufacturer’s
protocol. Briefly, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution

(15 pL) was added to each well. After 4 hrs of incubation, the medium containing unreacted MTT
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was carefully removed. DMSO (100 pL) was added to each well to dissolve the formed formazan
purple crystals, and then the absorbance at A = 570 nm was recorded using a Powerwave HT
Microplate Reader (Bio-Tek). Cell viability was calculated as the percent ratio of absorbance of

mixtures with micelles to control (cells only without NPs).

In another set, HeLa cells were incubated with Dox-NPs in DMEM without (control pH = 7.4)
and containing 10 mM GSH and 15 mM HEPES buffer (pH = 6.8). Blank samples without
nanoparticles were run simultaneously as controls. After 48 hr incubation at 37°C, treated cells
and controls were treated with DMEM containing MTT dye at a final concentration of 10%. After
further incubation at 37 °C for 4 hrs, the media was carefully removed and the standard procedure

was followed.

2.2.3 Results and discussion
2.2.3.1 Aqueous micellization and colloidal stability

My project started with investigating the self-assembly behavior of the polymer previously
synthesized in our lab. Due to its amphiphilic nature, P1 polymer self-assembles in aqueous
solution to form micellar aggregates at concentrations above CMC. Its CMC was found by Arman
Moeini Jazeni (PhD candidate) to be 8.2 ug/mL. To confirm the self-assembly behavior,
nanoprecipitation method followed by dialysis was examined with THF as the organic solvent to
form aqueous micellar aggregates at 1 mg/mL. DLS analysis indicates the average hydrodynamic

diameter is 84.5 nm, along with the negligible presence of large aggregates (<1%) (Figure 2.3).
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Figure 2.3 DLS diagram of P1 empty micelles in water.

Next, the formed micellar aggregates were examined for colloidal stability in physiological
conditions. Serum (plasma) proteins are known to form highly undesired "protein corona” on
nanoparticles in the blood, which results in their rapid elimination from blood circulation.’! >
Albumin (35-50 g/L) and IgG (7—16 g/L) are typical serum proteins found in the blood. Here, to
examine the stability of Pl-based nanoassemblies against serum proteins, aliquots of empty
micelles were incubated with BSA (40 mg/mL) and human IgG (8 mg/mL) in PBS (pH = 7.4) at
37 °C for 48 hrs. DLS analysis shows the distinct size distributions of individual proteins and
micelles, suggesting no occurrence of significant aggregation (Figure 2.5). Further, *100% of both
proteins (BSA and IgG) remained in the supernatants of the mixtures after centrifugation,
confirmed by quantitative analysis using BCA assay (Figure 2.4). These results suggest that the
P1 micelles do not significantly interact with serum proteins. This could be attributed to the
presence of hydrophilic PEG coronas, offering excellent stealth effect and thus excellent colloidal

stability in the presence of serum proteins.
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Figure 2.4 Percentage of free BSA and IgG in supernatants of mixtures of P1-micelles with
physiological concentration of BSA and IgG after 48 h of incubation determined by BCA assay.
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Figure 2.5 DLS diagrams to show colloidal stability of PI-micelles in the presence of serum
proteins.

27



2.2.3.2 Investigation of dual acidic pH/reduction-responsive degradation of micelles

The next part was to study the degradation in response to stimuli in aqueous micelles (a
heterogeneous system). Figure 2.6a shows the schematic illustration of micelle degradation as a
consequence of the cleavage of the ketal linkages at core/corona interfaces and the cleavage of
disulfide pendants in micellar cores. Figure 2.6b shows a typical DLS diagrams of micelles
incubated at acidic pH = 5.4 as well as physiological pH = 7.4 with and without 10 mM GSH for
6 hrs. Note that pH = 7.4 without GSH was included as a control of no stimuli. Upon trigger with
various stimuli, the change in the diameter of the micelles were monitored with Z-average diameter
(by light scattering intensity) over incubation time (Figure 2.6¢). When the micelles were exposed
to acidic pH = 5.4, the size distribution became multimodal with the occurrence of large
aggregation. Such change in size distribution at pH = 5.4 could be indicated by abrupt increase in
their Z-average diameter within 12 hrs. In the presence of 10 mM GSH, the size distribution
became bimodal with the appearance of a significant population of large aggregates. This is
attributed to the destabilization of the micelles through polarity change of PHMssEt chains to the
more hydrophilic PHMSH chains in micelle cores upon the cleavage of pendant disulfide groups,
a mechanism known as solubility switch. As shown in Figure 2.6c, The Z-average diameter
gradually increased over incubation time for 20 hrs, indicating destabilization of the micelles due
to change in hydrophobic/hydrophilic balance upon the cleavage of pendant disulfides to
corresponding hydrophilic thiols. When being incubated with 10 mM GSH at pH = 5.4 (with dual
stimuli present simultaneously), the Z-average diameter increased more rapidly up to 8 hrs,
compared with single stimulus; however, upon further incubation, it decreased gradually over
incubation time. After 24 hrs, the DLS diagram shows a significant population of small species
with diameter < 1 nm. This observation which was different from the response observed for single
stimulus, is in fact very promising because it can suggest that the degraded products in dual stimuli

could exist at molecular level as being soluble in aqueous environment.
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Figure 2.6 Schematic illustration of dual acidic pH/reduction-responsive degradation of P1-
micelles (a); typical examples of DLS diagrams after 6 hrs (b) and evolution of z-average diameter
of micelles over time (c) incubated at acidic pH= 5.4 and physiological pH = 7.4 with and without
10 mM GSH.

2.2.3.3 Preparation and characterization of Dox-loaded micelles

Doxorubicin was selected for this study as a clinically used anticancer drug. To encapsulate
Dox in micelles, an organic solution of Dox treated with Ets;N in DMF was mixed with PBS (pH
= 7.4) under stirring. The base treatment step of the Dox solution was important to neutralize the
HCl present in commercially available Dox, to avoid cleavage of the acid-responsive ketal linkage

during drug-loaded micelle preparation. The resulting mixture was subjected to intensive dialysis
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over PBS to remove free (not encapsulated) Dox and Et;N, yielding Dox-loaded micelles (Dox-
NPs) at 1.6 mg/mL. After filtration to remove any formed aggregates, the UV/Vis spectrum of the
dispersion was recorded (Figure 2.7). Using the pre-determined extinction coefficient of Dox

(12,400 M'em™) in DMF/water = 5/1 (v/v),'!? the loading level of Dox was determined to be 2.5

wt%.
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Figure 2.7 UV/Vis spectrum of a mixture of aqueous P1 Dox-micelles (1 mL) with DMF (5 mL).

Next, the size and morphology of Dox-NPs were characterized using DLS and TEM
techniques. The average diameter was determined to be 116.4 + 4.0 nm for the micelles in
dispersed form by DLS (Figure 2.8a). TEM analysis indicates spherical micelles with diameter =
79 £ 30 nm in dried state (Figure 2.8b and c¢). Note that the size by TEM is smaller than that by
DLS one, which is attributed to the dehydrated state of micelles on TEM grids, therefore showing

only the hydrophobic cores.
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Figure 2.8 DLS diagram and digital image (inset) (a) and TEM images at high (b) and low (c)

magnifications of P1 Dox-NPs. For TEM analysis, >80 micelles were selected randomly to
manually calculate the average diameter.

2.2.3.4 In vitro stimuli-responsive release of encapsulated Dox

In-vitro release of Dox from Dox-NPs was examined by following the fluorescence intensity
of Dox using fluorescence spectroscopy. For this study, aliquots of Dox-NPs were placed in a
dialysis tubing (MWCO = 12 kDa) and submerged in outer buffer solutions under different
conditions. Upon stimuli-responsive degradation of the micelles, Dox could be released from
micelles and diffused out of dialysis bag into outer buffer. Aliquots (3 mL) of outer buffer were

removed at given times to record their fluorescence spectra upon excitation at Aex = 470 nm. An
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important underlying assumption in in-vitro release assay is that the rate of drug release is not
limited by the solubility of the drug in the medium. Therefore, it is necessary to ensure that sink
conditions are met during the study.!'* To keep a sink condition, the same volume of fresh outer
buffer was added to keep the total volume of outer buffer solution constant and to prevent
saturation solution of the drug. The fluorescence intensity at Amax= 593 nm was used to determine
the cumulative %Dox release. For the quantitative analysis, the correlation curves of fluorescence
intensity at Amax= 593 nm over various concentration of free Dox was constructed at pH = 7.4 and
5.4 with and without 10 mM GSH. Their slopes estimated from linear progression were similar
(Figure 2.9a), suggesting that Dox fluorescence could not be affected under these conditions.
Furthermore, %Dox release at pH = 7.4 (control with no stimuli) was examined in triplicate as an

example to show the validity of our %Dox release data (Figure 2.9b).
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Figure 2.9 Calibration curves constructed with maximum fluorescence intensity at 593 nm over
Dox concentration in buffer solutions at pH = 5.4 and pH = 7.4 with and without 10 mL GSH (a);
%Dox release from Dox-NPs in triplicate being incubated at pH 7.4 (control with no stimuli) (b).

Figure 2.10 shows the %Dox release over incubation time in the presence of dual pH =5.4/10
mM GSH, compared with single stimuli (pH = 5.4 or 10 mM GSH) as well as a control (pH = 7.4).
In the absence of stimuli (i.e. pH = 7.4), the release of Dox was slow as %Dox release reached a
plateau to be = 25% after 24 hrs. In the presence of single stimulus (i.e. acidic pH = 5.4 and 10 mL
GSH), the Dox release was enhanced. For example, %Dox release reached ~ 50% when Dox-NPs

were incubated at pH = 5.4. Such enhanced Dox release could be attributed to acid-responsive
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degradation upon the cleavage of block junction ketal linkages. Interestingly, %Dox release also
reached = 50% in the presence of 10 mM GSH as a consequence of the cleavage of disulfide
pendants. Promising Dox-release was found when Dox-NPs were incubated with 10 mM GSH at
pH = 5.4 buffer solution, in the presence of both stimuli simultaneously. Dox release was
synergistically accelerated under this condition, as %Dox release reached >85%. Such excellent
Dox release could be attributed to the degradation of Dox-NPs upon the cleavage of both ketal
junction and disulfide pendants located in both interfaces and cores. These results show the faster
release kinetics with GSH in acidic pH, compared with not only single stimuli but also neutral pH,
suggesting the clear benefits for dual location dual acid/reduction degradation systems exhibiting

accelerated and synergistic release kinetics.
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Figure 2.10 Cumulative %Dox release from P1 Dox-NPs being incubated at pH = 5.3 and 7.4 with
and without 10 mM GSH.
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2.2.3.5 Anticancer activity and intracellular trafficking of Dox-NPs

To ensure the biocompatibility of these micelles, the cytotoxicity of Pl micelles was
evaluated by Sung Hwa Hong (MSc) in our lab on HeLa cervical cancer cells using an MTT
colorimetric assay. As seen in Figure 2.11a, the viability of HeLa cells was >80% in the presence
of empty micelles up to 300 ug/mL, suggesting non-toxicity of empty micelles to HeLa cells.
When being incubated with Dox-NPs, their viability decreased. For example, it decreased to 70%
with the presence of Dox-NPs equivalent to 1 pg/mL of Dox and further to 50% with 2.6 ng/mL
of Dox (Figure 2.11b). Given that empty micelles were biocompatible, this result suggests that the
inhibition of HeLa cell proliferation is presumably due to the release of Dox from Dox-NPs.
However, the viability of HeLa cells was lower for free Dox at similar concentrations, compared
with Dox-NPs. ICso value was determined to be 0.64 pg/mL for free Dox vs 2.86 pg/mL for Dox-
NPs. Such difference in cell viability could be possibly due to the time required for cleavage of
ketal and disulfide linkages to release Dox from Dox-NPs whereas free Dox intercalate with DNA
followed by internalization. In another set to see the significance of dual acid/reduction response
to cell toxicity, we then designed an experiment where HeLa cells were incubated with Dox-NPs
(i.e. Dox) in the presence of 10 mM GSH as GSH-OEt at pH = 6.8 for 48 hrs. This experiment
was carried out by Chaitra Shetty (MSc Candidate) in our lab. Figure 11c reveals the lower HeLa
viability with dual stimuli, compared with pH = 7.4 (control with no stimuli). This preliminary

result suggests the versatility of our dual location dual-responsive NP strategy toward effective

drug delivery.
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Figure 2.11 Viability of HeLa cells incubated with empty P1 micelles(a); P1 Dox-NPs and free
Dox at physiological pH = 7.4 (b) and P1 Dox-NPs at pH = 6.8 with 10 mM GSH and at pH =7.4
(no stimuli) (c).
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2.3 Part II: P2 triblock copolymer
2.3.1 P2 Polymer design

The polymer was synthesized through a combination of two controlled radical polymerization
techniques, namely the atom transfers radical polymerization (ATRP) and reversible addition-
fragmentation chain transfer (RAFT) polymerization using OEOMA as hydrophilic monomer and
HMssEt as hydrophobic monomer. 'H-NMR analysis showed the DP was 21 for POEOMA and
26 for HMssEt block. The copolymer had the Mn = 16.0 kg/mol, determined by GPC.

The P2 ABA-triblock copolymer consists of poly(oligo(ethylene oxide) methacrylate)
(POEOMA) having pendant OEO groups as the B block and two polymethacrylate blocks having
multiple disulfide pendants (PHMssEt) as the A blocks. Both acid-labile acetal and reduction-
responsive disulfide linkages are positioned in only one block junction, thus attaining asymmetric
block junctions, which according to our anticipation can demonstrate unique aqueous

micellization, compared with conventional triblock copolymers.
2.3.2 Experimental section
2.3.2.1 Materials

Nile red (NR), glutathione (GSH), doxorubicin (Dox, -NH3 CI”™ forms, >98%), and 1,4-
dithreithiol (DTT) were purchased from Sigma Aldrich and used as received.

2.3.2.2 Determination of critical micellar concentration (CMC) using a NR probe

A stock solution of NR in THF at 1 mg/mL and stock solutions of P2 in THF at 1 mg/mL.
Water (10 mL) was then added dropwise into mixtures consisting of the same amount of the stock
solution of NR (0.5 mL, 0.5 mg NR) and various amounts of the stock solution of P2. The resulting
dispersions were stirred for 40 hrs to remove THF, and then were subjected to filtration using 0.45
um PES filter to remove excess NR. A series of NR-loaded micelles at various concentrations of
P2 ranging from 10~ to 0.1 mg/mL were formed. From their fluorescence spectra recorded with

Aex= 480 nm, the fluorescence intensity at maximum Aem = 620 nm was recorded.

2.3.2.3 Aqueous micellization by dialysis method

PBS buffer (pH = 7.4, 10 mL) was added dropwise to an organic solution of P2 dissolved in
THF (2 mL) using a syringe pump equipped with a plastic syringe (20 mL volume, 20 mm

35


https://en.wikipedia.org/wiki/Reversible_addition%E2%88%92fragmentation_chain-transfer_polymerization
https://en.wikipedia.org/wiki/Reversible_addition%E2%88%92fragmentation_chain-transfer_polymerization
https://en.wikipedia.org/wiki/Reversible_addition%E2%88%92fragmentation_chain-transfer_polymerization
https://en.wikipedia.org/wiki/Reversible_addition%E2%88%92fragmentation_chain-transfer_polymerization

diameter) at an addition rate of 0.2 mL/min. The resulting dispersion was dialyzed against PBS (1

L) twice for 24 h, yielding aqueous micellar dispersion at 0.9 mg/mL concentration.

2.3.2.4 Acidic pH-responsive degradation

A solution of polymer (10 mg) dissolved in DMF (3 mL) was mixed with HCI (20 uL, 0.24
mmol) for 72 hrs. The degraded mixture was characterized using GPC to follow any changes in
molecular weight and its distribution. For '"H-NMR analysis, a solution of polymer (10 mg)

dissolved in CDCI3 (1 mL) was mixed with DCI for 24 hrs.

2.3.2.5 Reduction-responsive degradation

A solution of polymer (10 mg) dissolved in DMF (2.5 mL) was mixed with DTT (5 mole
equivalents to disulfide linkages in the polymer) for 72 hrs. The degraded mixture was

characterized using GPC to follow any change in molecular weight and its distribution.

2.3.2.6 Dual acidic pH/reduction-responsive degradation of aqueous micellar aggregates

For GSH-induced response, an aliquot of aqueous micelles (1 mg/mL, 0.2 mL) was mixed
with 10 mM aqueous stock solution GSH (2 mL) in PBS (pH = 7.4). Aliquots of aqueous micelles
(1 mg/mL, 1 mL) were mixed with aqueous acetate buffer solution at pH = 5.4 (3 mL) for acidic
pH response and mixed with 10 mM aqueous acetate buffer solution of 10 mM GSH at pH = 5.4
(3 mL) for dual acidic pH/GSH responses. DLS was used to follow any changes in sizes and size

distributions of the micelles.

2.3.2.7 Preparation of aqueous Dox-loaded micellar dispersions (Dox-NPs)

An organic solution consisting of Dox (2 mg), EzN (5 L), and P2 (20 mg) dissolved in DMF
(1.6 mL) was mixed with PBS at pH = 7.4 (10 mL) under magnetic stirring. The resulting mixture
was placed in a dialysis tubing (MWCO = 12000 g/mol) for dialysis over PBS (1 L) for 24 hrs.
The formed dispersion was passed through 0.45 um PES filter, yielding aqueous Dox-loaded

micellar dispersion at 0.8 mg/mL.

To determine the loading level of Dox using UV/vis spectroscopy, an aliquot of aqueous Dox-
loaded micellar dispersion (1 mL) was mixed with DMF (5 mL) to form a clear solution. After
being passed through 0.25 um PTFE filter, its UV/vis spectrum was recorded. The loading level
was determined by the weight ratio of loaded Dox to P2.
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2.3.2.8 Dual acidic pH/reduction-responsive Dox release from aqueous Dox-loaded micelles

Aliquots of Dox-loaded micellar dispersion (0.8 mg/mL, 2 mL) were transferred into dialysis
tubing (MWCO = 12,000 g/mol) and immersed in outer buffer solutions (40 mL) prepared under
various conditions: aqueous PBS at pH = 7.4 and aqueous acetate buffer solution at pH = 5.3 with
and without 10 mM GSH. Aliquots of the outer buffer solutions (3.5 mL) were taken and their
fluorescence spectra were recorded at Aex = 470 nm. The equal volume of fresh buffer was added

to keep the same volume of outer buffer.

2.3.3 Results and discussion
2.3.3.1 Stimuli-responsive degradation of P2 polymer

After the synthesis of P2 copolymer by Arman, I then studied the acid/reduction-responsive
degradation of the polymer and as well as structural investigation. This block copolymer bears
acid-labile acetal linkage at the junction between the hydrophobic and the hydrophilic block, as
well as reduction-cleavable disulfide bonds placed at the junction and as pendant groups in the
hydrophobic block. To get an insight into its degradation, the P2 polymer dissolved in DMF was
incubated with hydrogen chloride (an acid) and 1,4-dithiothreitol (DTT, a reducing agent) and
GPC and 'H-NMR analysis were used to follow any changes in molecular weight and its
distributions upon the cleavage of acetal and disulfide linkages at the block junction and
hydrophobic pendants. The degradation products upon stimuli-responsive cleavage of the labile

bond are shown in Figure 2.12.
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Figure 2.12 Stimuli-responsive degradation of P2 polymer and the structure of degradation
products, courtesy of Arman Moini Jazeni.

In acidic pH, the junction acetal linkage was cleaved to generate PHMssEt-b-POEOMA-SS-
OH and HO-PHMssEt as degraded products. As a consequence, the GPC trace was shifted to lower
molecular weight region and their M, = 13.1 kg/mol decreased from that (M, =17.6 kg/mol) of P2
(Figure 2.13). It was observed that the GPC trace of degraded products did not overlap with the Po
POEOMA precursor. When being incubated with DTT, the disulfide linkages at the block junction
and hydrophobic PHMssEt blocks were cleaved to generate PHMSH-b-POEOMA-SH and HS-
AC-PHMSH as degraded products. Their GPC trace did not overlap with the POEOMA precursor.
Their M, also decreased to 10.4 kg/mol, which is smaller than that of acid-responsive degraded
products. Such decrease is attributed to the cleavage of pendant disulfide groups in the response
to DTT. The results from GPC analysis was able to successfully confirm the dual acid/reduction-
responsive degradation of P2, while also providing evidence for the asymmetric structure of the
triblock copolymer PHMssEt-AC-SS-POEOMA-b-PHMssEt having acetal and disulfide linkages

at one block junction.
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Figure 2.13 GPC traces of P2 before and after treatment with each stimulus in DMF, compared
with that of P, macro-RAFT agent precursor.

The acid-responsive cleavage of the acetal linkage was also confirmed through NMR
spectroscopy. After the incubation of the P2 polymer with HCI, an aldehyde peak at 9.75 ppm was
seen in the "TH-NMR spectrum, which provided further evidence for the acid-responsive nature of

the polymer (Figure 2.14)
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Figure 2.14 '"H-NMR spectrum of P2 after treatment with HCI.
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2.3.3.2 CMC determination by fluorescence spectroscopy

The CMC of P2 was determined using fluorescence spectroscopy with NR as a probe. This
method utilizes the low fluorescence of NR in aqueous environment because of its low solubility
in water. However, the NR fluorescence becomes intense when NR is surrounded by hydrophobic
environment. Figure 2.15 (inset) shows the overlaid fluorescence spectra of NR over an increasing
concentration of P2. At its lower concentration, the NR fluorescence intensity was low because of
the existence of most NR molecules in aqueous solution. Upon increasing concentration of P2, the
intensity increased, indicating the encapsulation of NR in micellar cores. As shown in Figure 2.15,
two linear progressions of maximum fluorescence intensity allow for the determination of CMC

to be 15.9 pg/mL, suggesting P2 is an amphiphilic polymer.
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Figure 2.15 Overlaid fluorescence spectra (inset) and fluorescence intensity at maximum
wavelength for aqueous mixtures consisting of NR with various amounts of P2 to determine CMC.
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2.3.3.3 Aqueous micellization

Aqueous micellization through self-assembly of P2 at concentration above its CMC was
investigated through a nanoprecipitation method with THF, followed by dialysis against PBS
buffer. The formed micelles had hydrodynamic diameters of 61 + 2.4 nm by DLS (Figure 2.16a).
Their TEM image shows the micelles are spheres in the dehydrated state, with their average

diameter of 27 + 4.6 nm (Figure 2.16b).

(a) 18-

D, = 61%2.4 nm

1 100
Size (d.nm)

Aqueous self-assembly

O \OJ\o/

Figure 2.16 DLS diagram(a); TEM image of P2 empty micelles in water(b); schematic diagram
showing the self-assembly of P2 into flower-like micelles, showing the location of stimuli-
responsive linkage within the micelles(c).
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2.3.3.4 Dual acidic pH/reduction-responsive degradation of the micelles

Aliquots of micelles were incubated with various buffer solutions under different conditions
of stimuli and their degradation was followed with DLS technique (Figure 2.17 and 2.18). At pH
= 7.4 (control), the size distribution of micelles kept unchanged within 24 hrs, suggesting great
colloidal stability in physiological conditions. When being incubated in buffer solutions with
single or dual stimuli, their size distribution became bimodal and eventually turned to be
aggregates within 24 hrs. These changes in size distributions could be the consequence of
destabilization or disintegration of micelles upon the cleavage of acetal and disulfide linkages in

response to acidic pH and glutathione.
1 -

Control

10mMGSH at pH 7.4
10 mM GSH at pH 5.4
pH 5.3

Normalized Volume (%)

0 AN

10 100 1000 10000
Diameter (nm)

Figure 2.17 Summary of DLS diagrams of P2 micelles in the presence of various buffer solutions,
after 24 hrs.
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Figure 2.18 DLS diagrams of P2 micelles showing the progression of the stimuli-responsive
degradation at various time points.

2.3.3.5 Preparation and characterization of Dox-loaded micelles

The similar procedure described in section 2.2.2.6 was used in an attempt to fabricate well-
defined Dox-loaded nanoparticles in the desired range of 50-150 nm. After the dialysis of Dox-
micelles over PBS to remove free Dox, the resulting dispersion of Dox-loaded NPs were cloudy
with large aggregates present. DLS analysis showed a bimodal distribution with 70% of large
particles (> 1 um) (Figure 2.19a). Filtration through a PES filter (0.2 um) enabled the removal of
large aggregates confirmed by DLS. The resulting Dox-loaded NPs after filtration had
hydrodynamic diameter Day= 35 £ 6 nm (Figure 2.19b).
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Figure 2.19 Digital image and DLS diagram of the P2 Dox-NPs before PES filtration with 0.2 pm
pore size(a); digital image and DLS diagram of the P2 Dox-NPs after PES filtration (b).

For the filtered solution, the loading level of Dox was determined to be 0.94 wt% by UV/Vis
spectroscopy with the pre-determined extinction coefficient of Dox (12,400 M cm™)!3 in

DMF/water = 5/1 (v/v) (see Figure 2.20 for UV/VIS spectrum).

0.030
0.025 4
0.020 4
0.015
0.010 4

\
\
0.005 \

0.000 T 1
400 500 600

wavelength / nm

UV/IVIS Absorbance

Figure 2.20 UV/Vis spectrum of a mixture of aqueous P2 Dox-micelles (1 mL) with DMF (5 mL).
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2.3.3.6 In-vitro stimuli-responsive release of encapsulated Dox

In-vitro release of Dox was investigated using fluorescence spectroscopy. Here, Dox-NPs
were placed in a dialysis tubing (MWCO = 12 kDa) and submerged in various buffer solutions.
Upon stimuli-responsive degradation of the micelles, the encapsulated drug molecules released
and diffused out of dialysis bag into an outer buffer kept at sink conditions. The fluorescence
intensity at Amax= 593 nm was used to determine the cumulative %Dox release. For the quantitative
analysis, the slope of the concentration-fluorescence intensity correlation curve in Figure 2.9a was

used.

As seen in Figure 2.21, drug release was abruptly increased within 10 hrs to reach 60%
regardless of the presence or absence of any stimuli. This unexpected could be attributed to the
incomplete encapsulation of Dox molecules in micellar cores. After 10 hrs, the drug release
became faster in the presence of stimuli compared to our control (pH = 7.4, mimicking the normal
physiological pH). As expected, it appeared to be faster in 10 mM GSH solution of pH = 5.4 (dual
stimuli) than at pH = 5.4 (single stimulus).
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Figure 2.21 In-vitro Dox release profile of P2 Dox-NPs.
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2.4 Conclusion

This chapter describes our investigation on the value for a new strategy called dual location
dual stimuli-responsive degradation (DL-DSRD) by studying two types of acidic pH/glutathione-
degradable amphiphilic polymers. P1 is an amphiphilic diblock copolymer with acid-labile ketal
linkage at the block junction and reduction-cleavable disulfide pendants in the hydrophobic block.
P2 is an amphiphilic ABA triblock copolymer with acid-labile acetal linkage and a disulfide
linkage positioned at one of the block junctions, as well as disulfide pendants in two hydrophobic
blocks. These two polymers were comprehensively characterized for tumor-targeting drug
delivery application. Both successfully self-assembled into nano-sized micelles with spherical

morphology.

Their core-shell structure allowed for the interaction and encapsulation of Dox, a hydrophobic
anticancer drug. The formed Dox-loaded micelles responded to cellular glutathione, acidic pH,
and their combination at different locations (micellar cores and core/corona interfaces). These
results obtained from our comprehensive characterization suggests the versatility of DL-DSRD
strategy and its benefits in terms of enhanced drug release in the presence of dual stimuli for
advanced drug delivery and cancer therapy. Further, in order to get an insight into the structure-
property relations of the two polymers, we point out their significant differences in drug loading

and release profile.

The first significant difference between the P1 and P2 micelles was their drug loading
capacity, which was 2.5% and 0.94% respectively. The higher loading capacity of the P1 is in part
due to the larger size of the hydrophobic block, also known as the DP for the HMssEt which was
32 for P1 and 26 (distributed between two blocks) for P2. This suggests a larger core of the P1
micelles, potentially allowing for the encapsulation of more hydrophobic cargo. This finding is
consistent with the factors that has been reported to affect drug encapsulation efficiency in
polymeric micelles, including the nature of the hydrophobic core-forming block and the
hydrophobic block length.!'> Another distinction between the two micellar systems lies in their
fundamentally different self-assembly process. As discussed in Chapter 1, the process of self-
assembly of the diblock copolymers and triblock copolymers are very different, with the assembly
of triblock copolymers being more complicated. Figure 2.22 compares and contrasts P1 "crew-cut”

micelles and P2 "flower-like” micelles. Based on my analysis reported in this chapter, although the
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CMC for both the polymeric systems studied were relatively low compared to low molecular
weight surfactants, but the value for CMC of the asymmetric triblock copolymer P2 (15.9 pg/mL)
was almost double the CMC of diblock copolymer P1 (8.2 pg/mL). This interesting finding
suggests that more of P2 polymer chains are needed to come together to form stable core-shell
micellar assemblies, which is likely to be attributed to the smaller hydrophobic tails of P2
compared to one long hydrophobic tail of P1.

My results in this chapter suggest a lower drug loading capacity for flower-like micelles made
from asymmetric triblock copolymers compared to diblock copolymers micelles. A plausible
explanation could be due to the presence of aqueous pockets in the core of the P2 micelles caused
by the asymmetric nature of the sizes of the two hydrophobic blocks creating more space for
solvent penetration. This in turn will cause a lower hydrophobicity of the core, and therefore less
favorable interactions with hydrophobic drugs leading to lower loading capacity. The lower
hydrophobicity also suggests a weaker interaction between the drugs and the hydrophobic core,
which can explain easy leakage of the drugs shown by the “burst-release” phenomenon of P2

micelles in the in-vitro release assay (see Figure 2.21)

~ <=

P1 P2

Aqueous self-assembly

P1 crew-cut micelles P2 flower-like micelles

Figure 2.22 Schematic diagram of structure of P1 and P2 self-assembled micelles.
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Chapter 3

Synthesis and block copolymerization of fully bio-reducible
poly(carbonate-disulfide)s through carbonylimidazole-hydroxyl
coupling chemistry

3.1 Introduction

In recent years the development of stimuli-responsive polymers which can degrade through a
change in their chemical characteristics in response to environments has been extensively explored
in material science, biotechnology, tissue engineering and biosensing.!'*!!® Inspired by complex
responses to dynamic environments occurred naturally in biological systems, smart polymers have
proven as effective building blocks for constructing advanced delivery platforms for various
biomedical and pharmaceutical applications exhibiting controlled drug/gene delivery. Reduction-
responsive degradable polymers are of special interest because they can be degraded in tumor
tissues as a consequence of high concentration of cellular glutathione (GSH) found in cancer cells,
compared with that in extracellular environments and healthy normal cells. Disulfide bond is a
typical labile linkage that undergoes the cleavage to the corresponding thiols triggered by
endogenous GSH under physiological conditions. Further, polydisulfides have been reported to

enhance cellular uptake.'"”

Numerous approaches have been explored to synthesize GSH-degradable polymers and block
copolymers for anticancer drug delivery. However, a major challenge still remains, which is
polymer backbones staying unaffected after disulfide cleavage.'?®!?? This has risen a major
concern on their biocompatibility and ultimately the fate of their degraded products in biological
systems after drug release. In this context, there is an immediate need for design and synthesis of
GSH-responsive polymers that are fully biodegraded. Polydisulfides with disulfide linkages
positioned repeatedly on their backbone have been previously synthesized by mainly step-growth
polymerization techniques through esterification,’®®® Michael addition,'”® and thiol-disulfide

exchange 61124

This chapter describes a novel approach to synthesize robust reduction-responsive degradable

poly(carbonate-disulfide)s (PCss) constructed with both carbonate and disulfide bonds repeatedly
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on the backbones. Our approach explores a robust carbonylimidazole-hydroxyl (CI-OH) coupling
chemistry for step-growth polymerization through polycondensation, which to our best
knowledge, has never been reported for applications in polymer synthesis. A novel bifunctional
ssDCI monomer was synthesized and reacted with various commercially available/synthesized
diols to build a variety of functional PCss copolymers for biomedical applications. In the presence
of a reducing agent, these responsive copolymers underwent a two-step degradation whereby the
entire polymer chains were disintegrated into small degradation products. Using this novel
approach, we developed and characterized a library of PCss polymers with various molecular
weights and degradation properties. As a proof-of-concept demonstration, a dual acid and
reduction-responsive PCss-based amphiphilic block copolymer was synthesized and self-

assembled to form nanoassemblies for potential applications in controlled release drug delivery.

3.2 Experimental
3.2.1 Materials

2-Hydroxyethyl disulfide (ssDOH, 99%), 1'-carbonyldiimidazole (CDI, >90%), 1,1,1-
tris(hydroxymethyl)ethane (THME, 99%), terephthalaldehyde (TPA, 99%), phosphate buffered
saline (PBS) tablets, 1,12-dodecanediol (C12-DOH, 99%), polycaprolactone diol (PCL-DOH, M,
= 2000 g/mol), poly(ethylene glycol) (PEG-DOH, average M, = 1305-1595 g/mol), triethylamine
(EtsN, >99%), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, 98%), 1,4-dithreithiol (DTT),
poly(ethylene oxide) monomethyl ether (mPEG-OH, My, = 5000 g/mol, #EO unit =113), 4-
(dimethylamino)pyridine (DMAP, 99%), and vanillin (99%) from Sigma-Aldrich; succinic
anhydride (SA, 99%) from Acros; and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-HCl salt

(EDC) from Matrix Innovation were purchased and used as received.

A reduction-degradable polyester labeled with backbone dislufide linakges (PEss) with M, =
1,800 g/mol and Mw/M, = 1.56 was synthesized and purified as described in our previous
publication.®® Briefly, 3,3” -dithiodipropionic acid (5.0 g, 23.8 mmol) reacted with ssDOH (3.7
g, 24.3 mmol) in the presence of DCC (10.0 g, 48.5 mmol) and a catalytic amount of DMAP (0.3
g, 2.4 mmol) in THF (70 mL) at 0 °C.
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3.2.2 Instrumentation

"H-NMR spectra were recorded using a 500 MHz Varian spectrometer. The CDCl; singlet at
7.3 ppm, DMSO-ds quintet at 2.5 ppm, and DMF-d5 singlet at 8.03 were selected as the reference
standard. Spectral features are tabulated in the following order: chemical shift (ppm); multiplicity
(s - singlet, d - doublet, t — triplet, m - complex multiplet); number of protons; position of protons.
Molecular weight and molecular weight distribution of (co)polymers were determined by gel
permeation chromatography (GPC). An Agilent GPC was equipped with a 1260 Infinity Isocratic
Pump and a refractive index (RI) detector. Two Agilent PLgel mixed-C and mixed-D columns
were used with DMF containing 0.1 mol% LiBr at 50 °C at a flow rate of 1.0 mL/min. Linear
poly(methyl methacrylate) (PMMA) standards from Fluka were used for calibration. Aliquots of
the polymer samples were dissolved in DMF/LiBr. The clear solutions were filtered using a 0.40
mm PTFE filter to remove any DMF-insoluble species. A drop of anisole was added as a flow rate
marker. A Viscotek GPC was equipped with a VE1122 pump and a RI detector with
onePolyAnalytik column (PAS-103L) running THF as an eluent at 30 °C at a flow rate of 1.0

mL/min. With PMMA standards from Fluka, samples were prepared using the similar procedure.

The size and size distribution of nanoassemblies in hydrodynamic diameter was measured by
dynamic light scattering (DLS) at a fixed scattering angle of 175° at 25 °C with a Malvern
Instruments Nano S ZEN1600 equipped with a 633 nm He-Ne gas laser.

Transmission electron microscopy (TEM) images were obtained using a FEI Tecnai G2 F20
200 kV Cryo-STEM with Gatan Ultrascan 4000 4kx4k CCD Camera System Model 895. To
prepare the specimens, a drop of the aqueous NP dispersion was added onto copper TEM grids

(300 mesh, carbon coated), blotted and allowed to air dry at room temperature.

3.2.3 Synthesis of a disulfide-bearing ssDCI

ssDOH (2.6g, 16.7 mmol) was mixed with CDI (10.8 g, 66.7 mmol) in anhydrous acetonitrile
(200 mL) under stirring for 3 hours at room temperature. The reaction was quenched with water
(250 mL) and the product was extracted from chloroform. The chloroform was washed with water
twice and aqueous brine solution once. After being dried over sodium sulfate, chloroform was
removed by rotary evaporation. The product was dried in a vacuum oven at room temperature for

18 hrs to white powder: Yield = 5.0 g (87%).
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3.2.4 Synthesis of a cyclic acetal-bearing diol (CAC-DOH)

THME (3 g, 25 mmol) was mixed with TPA (0.42 g, 3 mmol) in a CEM Discover SP
microwave reactor at 140 °C for 15 min. The reaction mixture was dissolved in DMF (10 mL) at
120 °C, and then precipitated from cold PBS buffer solution (10 mM, pH = 7.4). The product was

isolated by vacuum filtration and dried in a vacuum oven at room temperature for 18 h. Yield =

0.7 g (72%).
3.2.5 General procedure for step-growth polymerization to synthesize PCss polymers

The purified, dried ssDCI was mixed with diols in the presence of a base catalyst (EtsN or
DBU) in an organic solvent including anhydrous THF or DMF (5 mL) under stirring for 18 hrs.
The formed products were precipitated from cold diethyl ether (400 mL), isolated by vacuum

filtration, and dried in a vacuum oven at room temperature for 18 h.

The similar process was applied to synthesize functional PCss polymers with the use of ssDCI
(0.20 g, 0.58 mmol), ssDOH (94.4 mg, 0.58 mmol) and DBU (11 pL) in anhydrous THF (3 mL)
at room temperature for PCss-E; ssDCI (0.30 g, 0.89 mmol), C12DOH (0.19 g, 0.89 mmol) and
DBU (20 pL) in anhydrous THF (5 mL) at room temperature for PCss-G; ssDCI (0.20 g, 0.58
mmol), PCL-DOH (1.18 g, 0.58 mmol) and DBU (11 pL) in anhydrous THF (6 mL) at room
temperature for PCss-H; ssDCI (0.27 g, 0.78 mmol), PEG-DOH (1.12 g, 0.78 mmol) and DBU
(14.5 uL)in a 1/1 THF/DCM v/v (6 mL in total) at room temperature for PCss-I; and ssDCI (0.20
g, 0.58 mmol), CAC-DOH (0.18 g, 0.58 mmol), DBU (11 pL) in anhydrous DMF (6 mL) at 130
°C for PCss-J.

3.2.6 Reductive degradation of PCss

Aliquots of the purified, dried PCss (10 mg) were dissolved in THF (2 mL) and then mixed
with DTT (3.1 mg, 0.02 mmol) to retain 10 mM DTT for GPC analysis. "H-NMR analysis was
conducted on PCss-F (10 mg) dissolved in DMF-d7 (1 mL) mixed with DTT (8.5 mg, 0.06 mmol).

3.2.7 Synthesis of mPEG-cyclic acetal-OH (mPEG-CAC-OH)

mPEG-COOQOH: An organic solution consisting of mPEG-OH (2.0 g, 0.4 mmol), EtzsN (0.17
pL, 1.2 mmol), and DMAP (50 mg, 0.4 mmol) dissolved in DCM (15 mL) was mixed with a
solution of SA (0.12 g, 1.2 mmol) dissolved in DCM (7 mL) under stirring for 48 hrs. The resulting
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mixture was precipitated from diethyl ether twice and dried in a vacuum oven at room temperature

for 24 hrs to yield white powder: 1.8 g (88%).

mPEG-benzaldehyde (mPEG-BA): The purified, dried PEG-COOH (0.8 g, 0.16 mmol) was
mixed with vanillin (0.24 g, 1.6 mmol), EDC (0.24 g, 1.2 mmol), and a catalytic amount of DM AP
in a 1/1 DCM/THF v/v (50 mL in total) under stirring for 24 hrs. After the removal of solvent by

rotary evaporation the product was dissolved in DCM (25 mL), washed with water twice and with
aqueous brine solution once, and then dried over sodium sulfate. The product was precipitated

from cold diethyl ether to remove impurities and dried in a vacuum oven at room temperature for

24 hrs: Yield 0.64 g (79%).

mPEG-CAC-OH: The purified, dried PEG-BA (0.16 g, 0.03 mmol) was mixed with THME
(2.5 g, 21.1 mmol) and HCI (2.5 p) in THF (15 mL) under stirring at 60 ° C for 30 min. The
reaction mixture was quenched with EtzN (1 pL). After the removal of solvent by rotary
evaporation, the residue was dissolved in chloroform (10 mL) and passed through PTFE filter
(0.25 um) to remove excess and unreacted THME. The product was precipitated from cold diethyl
ether to remove impurities and dried in a vacuum oven at room temperature for 24 hrs: Yield =

0.12 g (75%).
3.2.8 Block copolymerization of PCss

The purified, dried PCss-F (synthesized with mole equivalent ratio of CI/OH = 1.2/1 (0.3 g)
was mixed with mPEG-CSC-OH (30 mg) and DBU (0.01 mmol) in anhydrous DCM (2 mL) under
stirring for 18 hrs at room temperature. The block copolymers were precipitated from cold diethyl

ether (600 mL), isolated by vacuum filtration, and dried in a vacuum oven at room temperature for

12 hrs.

3.2.9 Aqueous micellization by nanoprecipitation

The block copolymer (10 mg) dissolved in a mixture of THF (1 mL) and DMF (200 pL) was
mixed dropwise with deionized water (10 mL) under stirring. After THF was removed, the mixture
was dialyzed against water using a dialysis tubing with MWCO = 12 kg/mol for 6 hrs to form an

aqueous dispersion of nanoassemblies at 1.4 mg/mL.
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3.2.10 Cell viability using Alamar Blue assay

HeLa cells (8000 cells) were seeded into a 96-well plate and incubated at 37 °C for 24 hr. The
existing media was replaced with DMEM containing varying concentrations of mPEG-CAC-PCss-
CAC-mPEG micelles and incubated at 37 °C for 48 hr. The media was replaced with media
containing Alamar blue dye. After 4 hrs incubation, the absorbance was recorded at 570 nm and

600 nm.

3.3 Results and discussion
3.3.1 Synthesis of a disulfide-bearing ssDCI

Figure 3.1a depicts our approach to synthesize a disulfide-bearing difunctional monomer with
terminal carbonyl imidazole groups (ssDCI). The approach utilizes a facile coupling reaction of
ssDOH with CDI in acetonitrile. No catalysts were required for the reaction to achieve a yield as
high as 88% after purification. 'TH-NMR in Figure 3.1b shows the presence of methylene groups
adjacent to terminal CI groups at 4.7 ppm and CI moieties at 7.1, 7.4, and 8.2 ppm (see Figure A.1
in Appendix A for its 'TH-NMR spectrum overlaid with its precursors of ssDOH and CDI). This
result, combined with 3C-NMR of ssDCI (Figure A.2), confirms the synthesis of ssDCI with

>98% conjugation efficiency.
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Figure 3.1 Synthetic route (a) and 'H-NMR spectrum in CDCl3 of ssDCI (b).
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3.3.2 Investigation of step-growth polymerization to synthesize reduction-degradable PCss

As illustrated in Figure 3.2, our approach to synthesize PCss explores a carbonylimidazole
(CI)-mediated step-growth polymerization of the formed ssDCI with various diols. This
polycondensation undergoes a facile coupling reaction of a CI group with an OH group in the

presence of a base catalyst at a given temperature. Table 3.1 summarizes our results.

(o]
H
ssDCl + HOWWRwWOH — 229 foMRWOTO\/\S's\/\OJL}N“N
_ 18 hrs n\—/
diols (0] PCss
Diols:
HO S H
5PN NoH HO/HEOH \éo/\/O}H
ssDOH C12-DOH

PEG-DOH

0 9 0 0
o\/\/\)L} N0 AH\/\/\/Oi X >—< >—< X
H/{/ o ° " HO o 0 OH

PCL-DOH CAC-DOH

Figure 3.2 Schematic illustration of our approach to synthesize a variety of functional PCss
polymers with various diols.
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Table 3.1 Characteristics and molecular weight data of various PCss polymers synthesized by
step-growth polymerization of ssDCI with various diols. a) Conditions for step-growth
polymerization: 18 h at room temperature; b) Based on OH mole equivalent; ¢) Temp = 120 °C;
d) By GPC calibrated with PMMA standards.

DBU® . .

€q%)
A CI2-DOH  1/1 6.3 THF 8600 1.25
B C12-DOH  1/1 12.5 THF 6700 1.98
C CI2-DOH  1/1 25 THF 12700 1.50
D C12-DOH  1/1 37.5 THF 9100 1.26
E ssDOH 1.2/1 12.5 THF 3,300 2.00
F ssDOH 1/1 12.5 THF 21,000  1.40
G PCL-DOH 1/1 6.3 THF 13,000  1.38
H PEG-DOH 1/1 6.3 THF/DCM 50,300  1.46
I CAC-DOH 1/1 6.3 DMF 5,300 1.46

We investigated the important parameters that can significantly influence the final properties
of the polymers, particularly molecular weights (or the average number of disulfide linkages on
the backbones) and CI functionalities of PCss copolymers. First, the nature and amount of base
catalysts were examined at a stoichiometric balance of CI to OH groups at 1/1 mole equivalent
ratio. C12-DOH was chosen as a source of OH for this experiment. In the absence of catalysts and
with Et3N as a base catalyst used up to 55 mol eq% (which is much greater than DBU used later)
to OH groups, no polymerization was observed. A plausible reason could be due to the lower
basicity of EtsN. DBU is known to be a stronger base than EtsN. Under similar conditions, the
amount of DBU was varied to examine its effect on molecular weight and CI functionality of the
formed PCss polymers (PCss-A to D). As summarized in Table 3.1, they had relatively high
molecular weights as their number average molecular weight (My) ranging at 6.7-12 kg/mol with
relatively broad dispersity (D) of 1.3 - 2.0 by GPC analysis (Figure A.3). Interestingly, no trend of
molecular weight over the amount of DBU is noticed. Further to GPC analysis, the polymers were
characterized for chemical structure using 'H-NMR spectroscopy. Figure 3.3 shows 'H-NMR
spectrum of PCss-A as a typical example, which shows the peaks presenting ssDCI and C12-OH
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moieties on the backbones. Their integral ratio was estimated to be 1/1, which is in good agreement

with that in the feed.

An interesting observation was the dependence of the CI functionality in the formed PCss
chains over the amount of DBU. When a 1/1 mole equivalent ratio of CI/OH group is designed,
the major PCss polymers could be expected to have both OH and CI groups at their chain ends,
thus the formation of HO-PCss-CI. Although the quantification of terminal CI groups by end group
analysis using 'H-NMR was not straightforward, Figure A.4 shows the clear decrease in the peaks
corresponding to CI protons with an increasing amount of DBU used (PCss-A to C). Ultimately,
no CI peaks appeared in '"H-NMR spectra of PCss-D prepared with 37.5 mole eq% of DBU. A

plausible reason is the over-reaction of DBU with CI groups.
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Figure 3.3 '"H-NMR spectrum in CDCI; of PCss-A composed of ssDCI and C12-DOH as a
typical example.

Given our investigation of step-growth polymerization with DBU catalyst, an excess CI mole
equivalent was examined with the choice of ssDOH. Under stoichiometric imbalance condition,
the major product is expected to be a PCss functionalized with CI groups at both ends, thus the
formation of CI-PCss-CI. To test this, two PCss polymers were synthesized: PCss-E with the mole
eq ratio of CI/OH = 1.2/1, while PCss-F with CI/OH mole eq = 1/1 for comparison. As shown in
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Figure 3.4, 'TH-NMR spectrum of PCss-E shows the peaks at 4.4 and 3.0 ppm corresponding to
two types of backbone methylene protons. These peaks are also seen in 'H-NMR of PCss-F (Figure
A.5). However, the peaks at 7.1, 7.4, and 8.2 ppm corresponding to imidazole protons appeared
only in PCss-E NMR spectrum. In addition, the peak at 4.7 ppm (b") corresponds to methylene
protons adjacent to terminal CI group and the peak at 4.1 ppm (b") is equivalent to methylene
protons adjacent to a terminal OH group (which is not functionalized with a CI group). Using the
integral ratio of the peaks (b’ and b”), the CI functionality could be estimated to be 91%.
Furthermore, the integral ratio of the peaks (b’ and b) allow for the estimation of the DP of the
repeating unit whose molecular weight = 360.5 g/mol to be 17, in the assumption that CI-PCss-CI
is a major population along with small and negligible portion of CI-PCss-OH and HO-PCss-OH.
This end group analysis allows for the estimation of theoretical M, = 6.13 kg/mol of PCss-E.

Given our NMR analysis, PCss-E and PCss-F polymers were further characterized by GPC
(Figure A.6). PCss-E (prepared with excess CI) had the M, = 3.3 kg/mol, which is much smaller
than that (M, = 21 kg/mol) of PCss-F (prepared under the stoichiometric balance). Such difference
could be predicted by Carothers’ theory for step-growth polymerization under stoichiometric
imbalance. Based on the results above, our approach allows for the synthesis of PCss with higher

functionality of terminal CI groups with scarifying molecular weight at stoichiometric imbalance.
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Figure 3.4 'H-NMR spectrum in CDCl3 of PCss-E synthesized under stoichiometric imbalance.
X denotes residual THF.
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3.3.3 Synthesis of functional PCss

Our approach utilizing step-growth polymerization through Cl-induced OH-activation was
further investigated with various diols to synthesize reductively degradable functional PCss
polymers. The chemical structures of various diols used in our experiments are depicted in Figure
3.2. The formed polymers were characterized by 'H-NMR (Figure A.7-A.9) and GPC (Figure
A10). As described above, the polymerization with ssDOH yielded PCss-F with a higher density
of disulfide linkages on the backbone. Compared with other PCss prepared with diols with no
disulfide, this polymer could degrade faster, because the reductive degradation greatly depends on
the backbone disulfide density.> Polycarprolactone (PCL) is known to be biocompatible and
crystalline as well as exhibit crystallinity-driven shape memory upon heating.!>>!2¢ A PCL diol
(PCL-DOH) with My = 2000 g/mol reacted ssDCI to form PCss-G with the M, = 13,000 kg/mol
and D = 1.38. Its 'H-NMR spectrum shows the characteristic peaks for both ssDCI and PCL
segments. With PEG-DOH with My, = 1450 g/mol, the formed PCss-H had its molecular weight
as high as My = 51 kg/mol, compared with other diols. It is composed of alternating units of PEG
with ssDOH on the main chain (see Figure A.8 for 'TH-NMR). This polymer is amphiphilic to form

self-assembled nanoassemblies with the diameter =12 nm in aqueous solution (Figure A.11).

Further to the commercially available diols, a diol labeled with cyclic acetal group (CAC-
DOH) was examined to synthesize PCss-1 exhibiting dual acid and reduction-responsive
degradation. As illustrated in Figure A.12a, CAC-DOH was synthesized by the reaction of TPA
with THME through a microwave-assisted process. The procedure was slightly modified as
described in literature.'?” This process is advantageous because of no requirements for catalysis
for the reaction and extra purification steps such as column chromatography. The chemical
structure of the synthesized CAC-DOH was confirmed by 'H-NMR analysis (Figure A.12b). Then,
CAC-DOH was subjected to step-growth polymerization with ssDCI under similar conditions,
yielding PCss-I with M, = 5300 g/mol and b = 1.46. Overall, our results suggest that our approach
exploring a CI-OH coupling-mediated step-growth polymerization of ssDCI with various diols

enables the synthesis of functional poly(carbonate-disulfide)s.
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3.3.4 Reduction-responsive degradation and tunable degradation rate of PCss

PCss is designed with disulfide linkages positioned on the backbones, which can be cleaved
in a reducing environment to corresponding thiols. Such reductive cleavage can lead the
dissociation of PCss polymers through main-chain degradation mechanism. With a choice of PCss-
F prepared by reaction of ssDCI with ssDOH, we investigated the reductive degradation in the
presence of DTT (a typical reducing agent) using NMR spectroscopy. Figure 3.5a schematically
illustrates DTT-induced reductive degradation of PCss-F. "H-NMR spectra in Figure 3.5b shows
the disappearance of the peaks (a) at 4.4 ppm and (b) at 3.1 ppm representing polymer units,
suggesting the cleavage of backbone disulfide linkages to the corresponding "thiol A” and 2-
mecaptoethanol. Further, the degraded thiol A can be subjected to facile 5S-membered cyclization
to generate ethylene monothiolcarbonate because of the B-position of thiol to carbonate bond. This

is confirmed by the appearance of new peaks (a*) at 4.9 ppm and (b*) at 3.1 ppm.
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Figure 3.5 Schematic illustration of reduction-responsive degradation of PCss (a) and "H-NMR
spectra of PCss-F before and 10 min after the addition of DTT (b).
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Knowing the possible mechanism, the DTT-induced reductive degradation of PCss polymers
were further investigated. GPC analysis was used to follows the shift of molecular weight
distribution of degraded products to smaller molecular weight region with a decrease in their
molecular weights upon the cleavage of the backbone disulfide linkages. Two PCss polymers with
different backbone disulfide densities, PCss-F with high density and PCss-B with low density were
examined and compared with a poly(ester-disulfide) (PEss) as a control. Note that intramolecular
cyclization is not favorable for the degraded product of PEss.!?® For the reasonable comparison of
degradation rate for three different polymers, the same amount of their aliquots were incubated in
10 mM DTT solution in THF; thus, the density of backbone disulfide linkages of PCss-E (ssDOH)
is similar to PEss, however, greater than PCss-B (C12-DOH). Figure 3.6 shows the GPC traces
with the characteristic peaks corresponding to polymers and DTT. For PCss-E, the polymer peak
disappeared rapidly within 10 min after the treatment with DTT in THF. For PCss-G, the polymer
peak was shifted to lower molecular weight region within the same time, but completely
disappeared in 2.5 hrs. This result suggests that the cleavage of backbone disulfide linkages for
PCss with lower disulfide density is slower than that with greater disulfide density. Further, PEss
did not show no significant cleavage of backbone disulfide linkages within 30 min, although the
disulfide density is similar to PCss-E. Our GPC analysis suggests that PCss with a carbonate
linkage exhibits the enhanced disulfide cleavage rate compared to PEss, the counter part of PCss
with an ester linkage. Further, the disulfide cleavage rate for PCss could be finely- tuned with

varying disulfide densities.

60



o

o o
H S, 0. S H
\éo/\/ g~ s on fo/\/s\s/\/o\“/o\/\S's\/\oJ)‘N&N H O/H\/O O\/\S,S\/\OJ}N&N
o n o n \—/ 12 I n

e Poly (carbonate-disulfide) Poly (carbonate-disulfide)
gtesor=dlsutfide) High S-S density Low S-S density
a) anisole b) anisole c)

anisole
DTT

DTT|

DTT30min /- \J| DTT 60 min
DTT 10 min

-

r T T T T ) ; : . . . ) r T T T T 1
6 8 10 12 14 16 6 8 10 12 14 16 6 8 10 12 14 16
Retention time (min) Retention time (min) Retention time (min)

DTT 180 min

DTT 10 min

T

Figure 3.6 GPC traces of PCss and PEss degradation before and after addition of 10 mM DTT.

3.3.5 Synthesis of an mPEG-CAC-OH precursor

The three steps synthesis of an acid-cleavable cyclic acetal-bearing mPEG precursor (mPEG-
CAC-OH) is depicted in Figure 3.7. Starting with mPEG-OH, the first step is its reaction with SA
in a basic condition to synthesize a COOH-terminated mPEG (mPEG-COOH) according to the
previous publications.'?’ Beside the peaks at 3.4 - 3.7 ppm corresponding to EO protons, two peaks
at4.25 and 2.6 - 2.7 ppm newly appeared. Their integral ratio is quantitative as 2/4 (Figure A.13).
In the second step, the formed mPEG-COOH reacted with vanillin through an EDC-medicated
coupling reaction between COOH and OH groups, yielding an mPEG-benzaldehyde (mPEG-BA).
'"H-NMR spectrum in Figure 3.8a shows the peak at 9.9 ppm (i) corresponding to the aldehyde
proton. Its integral ratio to the peak at 3.2 ppm (d) corresponding to the terminal methyl group of
mPEG moiety is quantitative to be 1/3. In the last step, the formed mPEG-BA reacted with THME
under acidic condition (HCI) to synthesize mPEG-CAC-OH. The peak at 5.5 ppm (i") corresponds
to the acetal proton in the cyclic acetal moiety and its integral ratio to PEG methyl peak is
quantitative to be 1/3 (Figure 3.8b). These results confirm the successful synthesis of mPEG-CAC-

OH precursor for our block copolymerization.
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Figure 3.7 Synthetic route to mPEG-CAC-OH.
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3.3.6 Block copolymerization and aqueous micellization of PCss

Given the promising synthesis and tunable reduction-responsive degradation, the PCss was
further evaluated for block copolymerization. We investigated a post-modification approach of
PCss with OH-bearing mPEG precursors through a CI-OH coupling reaction. Figure 3.9 illustrates
our proof-of-concept approach to synthesize a novel PCss-based dual location dual acid/reduction-
responsive amphiphilic degradable triblock copolymer for intracellular drug delivery application.
The synthesized PCss bearing CI groups at both chain ends (CI-PCss-CI) with CI functionality =
90% and M, = 4.7 kg/mol were conjugated with the synthesized mPEG-CAC-OH in the presence
of DBU at room temperature, yielding mPEG-CAC-PCss-CAC-mPEG triblock copolymer. The
conjugation was designed with the weight ratio of mPEG-CAC-OH/PCss-F = 0.1/1, which
corresponds to 0.05/1 mole equivalent of OH/DI.

After being purified by precipitation from diethyl ether, the block copolymer was analyzed
for molecular weight by GPC. As shown in figure 3.10, the molecular weight distribution appeared
to be bimodal, with M, = 11.2 kg/mol with Mw/M, = 1.86. The peak appeared in higher molecular
weight region corresponds to the block copolymer, while the peak appeared in lower molecular
weight region overlapped with free PEG-CAC-OH precursor. Our GPC analysis suggests that the
triblock copolymer could contain free precursor. Using deconvolution analysis, the portion of free

PEG precursor is estimated to be 27% (Figure A.14).
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Figure 3.9 Synthetic approach to a novel PCss-based amphiphilic triblock copolymer.
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Figure 3.10 GPC diagram of mPEG-CAC-PCss-CAC-mPEG triblock copolymer compared with
its two precursors: mPEG-CAC-OH and PCss.

The synthesized triblock copolymer is amphiphilic and thus its aqueous micellization through
self-assembly was examined. Using the nanoprecipitation method followed by solvent-evaporation
and dialysis to remove the organic solvents, aqueous nanoassemblies were formed with cyclic
acetal linkages at core/corona interfaces and backbone disulfides in hydrophobic cores in dual
locations. DLS analysis confirms the average diameter = 143 £ 1.4 nm (Figure 3.11b). TEM
images show that the nanoparticles in a dried state is spherical with the average diameter to be of
20 + 6 nm, which is significantly smaller than that determined by DLS because as the micelles are

dehydrated on the TEM grids and their PEG shells are not visible. (Figure 3.11¢ and 3.11d).
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Figure 3.11 Schematic diagram of the self-assembly of mPEG-CAC-PCss-CAC-mPEG triblock
copolymer (a); DLS diagram (b) and TEM images at high (¢) and low (d) magnifications of the

micelles. For TEM analysis, >100 micelles were selected randomly to manually calculate the
average diameter.

3.3.7 Cytotoxicity evaluation

To ensure the biocompatibility of these micelles, the cytotoxicity of of mPEG-CAC-PCss-
CAC-mPEG micelles was evaluated by Chaitra Shetty (MSc) in our lab on HeLa cervical cancer

cells using an Alamar Blue assay. As seen in Figure 3.12, the viability of HeLa cells was >90% in

the presence of empty micelles up to 200 pg/mL, suggesting non-toxicity of empty micelles to

HelLa cells and an excellent biocompatibility.
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Figure 3.12 Viability of HeLa cells incubated with mPEG-CAC-PCss-CAC-mPEG micelles.

3.4 Conclusion

A new approach utilizing step-growth polymerization through CI-induced OH activation was
explored for the synthesis of bio-reducible poly(carbonate-disulfide)s (PCss). Their molecular
weight and chain-end functionality could be fine-tuned with variations in the amount of base
catalyst and stoichiometric ratio of monomers. Use of various diols reacting with a difunctional
ssDCI bearing terminal CI groups enabled the synthesis of PCss with various backbone designs
exhibiting multi-functional structures such as amphiphilicity, acid-responsive degradation, and
shape memory. The formed PCss exhibited tunable and rapid reductive degradation compared with
counterpart of a polyester. To demonstrate the versatility of the designed PCss, a proof-of-concept
block copolymerization was examined to successfully synthesize an mPEG-based triblock
copolymer bearing a cyclic acetal linkage at the junction of PEG and PCss blocks. Due to its
amphiphilic nature, the resulting acid/reduction- degradable block copolymer self-assembled into
nanoaggregates having disulfide linkages in the hydrophobic PCss cores and acid labile linkages
at core/corona interfaces. These results demonstrate that our approach can be used as a facile
means to synthesize a variety of functional PCss polymers and allow for careful engineering of
their backbone architecture which can widen the rang of building blocks available for the
development of novel stimuli-responsive degradable polymeric nanomaterials for drug delivery

and biomedical applications.
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Chapter 4

4.1 Conclusion

My MSc research investigated an effective dual-location dual stimuli-responsive degradation
(DL-DSRD) strategy with three block copolymers exhibiting dual responses to endogenous acidic
pH and glutathione found in tumor tissues and cancer cells for intracellular tumor-targeting drug

delivery.

In Chapter 2, two amphiphilic block copolymers self-assembled to form aqueous
nanoassemblies having acid-labile and/or disulfide linkages at the core/corona interfaces and
disulfide pendants in the hydrophobic cores, thus attaining dual locations. They were colloidally-
stable in a physiological condition, including with serum proteins. In the presence of dual stimuli
(pH = 5.4 with 10 mM GSH), the formed nanoassemblies exhibited synergistically rapid release
of encapsulated Dox as a result of their disassembly at both interfaces and cores caused by the
cleavage of acid-labile and disulfide linkages. Furthermore, they had excellent anti-tumor activity
upon cellular uptake to inhibit the proliferation of HeLa cancer cells due to the effective and rapid

release of Dox.

In Chapter 3, a novel approach utilizing carbonylimidazole-hydroxyl coupling chemistry was
explored to synthesize reduction-degradable PCss labeled with carbonate and disulfide bonds on
the backbones exhibiting multi-functionalities as well as tunable and rapid reductive-degradation.
Further, the versatility of the approach was demonstrated with the synthesis of an mPEG-based
triblock copolymer bearing a cyclic acetal linkage at the junction of PEG and PCss blocks. The
resulting acid/reduction-degradable block copolymer self-assembled into nanoaggregates having

disulfide linkages in the hydrophobic PCss cores and acid labile linkages at core/corona interfaces.

Overall, DL-DSRD strategy with acidic pH and GSH responses is demonstrated as a robust
means to design and synthesize intracellular tumor-targeting drug delivery nanocarriers based on
smart amphiphilic block copolymers, exhibiting enhanced/accelerated release of encapsulated

drugs at tumor site.
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4.2 Future work

New designs of DL-DSRD block copolymers and their nanoassemblies with different

properties can be investigated. Below are my suggested future directions for this project.

First, as described in Chapter 2, P1 and P2 copolymers were designed with different
architectures (diblock vs triblock), chain lengths, and hydrophilic blocks (PEG vs POEOMA). As
a result, their nanoassemblies have different properties such as CMC, size, morphology, and chain
entanglement in core and corona. These differences could cause the variations in observed trend
of loading capacity and stability of Dox-loaded micelles as well as burst-release of Dox.
Fundamental studies on structure-property relationship could be carried out with the design of a

variety of DL-DSRD block copolymers.

Second, as described in Chapter 3, an mPEG-based triblock copolymer with a GSH-
responsive  degradable poly(carbonate-disulfide) copolymer was synthesized through
carbonylimidazole-hydroxyl coupling chemistry between a difunctional PCss labeled with
terminal carbonylimdazole groups (CI-PCss-CI) and a terminal hydroxyl group of mPEG-OH. Our
preliminary results suggest the possible loss of terminal carbonylimidazole groups during block
copolymerization in the presence of DBU catalyst. As a consequence, the formed block copolymer
contains ~ 30% free mPEG-OH based on my deconvolution analysis. A better reaction condition
is required to slow down or eliminate the loss of terminal CI groups. Another challenge is the
reproducibility in a large-scale synthesis of a difunctional PCss labeled with terminal
carbonylimdazole groups (CI-PCss-CI) with high conjugation efficiency (>95%). The current
approach involves the use of excess carbonylimidazole (CI) functional groups over hydroxyl (OH)
groups to synthesize CI-PCss-CI. As depicted in Figure 4.1, another proposed approach is to
synthesize a PCss labeled with terminal OH groups, forming HO-PCss-OH, followed by the
activation of OH groups with CDI, thus yielding CI-PCss-CI. This approach can avoid the possible
loss of terminal CI groups during polymerization.

(0)
JI\N\ilN o o

NiNJ\ A

NN

HO— PCss —OH - O—PCss—0" "N™N

Figure 4.1 Proposed approach for synthesis of PCss with high CI end-functionality.
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Third and last, the design and synthesis of the acid-labile linkages for the junction of
hydrophilic and hydrophobic blocks are crucial for the synthesis of DL-DSRD copolymers.!3%!3!
This linkages should be stable in physiological environment (pH = 7.4), whereas be unstable to be
cleaved rapidly in mild pH condition (6.5 - 6.9 in tumor extracellular compartment). Thus, one of
the requirements of the linkage is to have adjustable acid-catalyzed hydrolysis (i.e. cleavage) rate
(not too fast and not too slow at pH = 6.5 - 6.9). More importantly, the linkages should be stable

during polymerization.'3?

In an effort to investigate this topic in my MSc research, I synthesized two novel cyclic acetal-
labeled PEG precursors. The synthesis and 'H-NMR analysis of mPEG-CAC-OH was described
in Chapter 3 (Section 3.2.7), and mPEG-CAC-OH-T2 in Appendix B. Figure 4.2b shows the %
cleavage of cyclic acetal linkages over incubation time in a pH = 4 buffer solution (see Appendix
B for degradation conditions). According to my preliminary degradation kinetics study, their
degradation rates were slow and are anticipated to be even slower at pH = 6.5 - 6.9 (tumor tissue
pH). From literature publications,'**13* three candidates of ketal/acetal family (L, M, and N) might
meet our criteria (Figure 4.2¢). These groups can be integrated to the block junctions of copolymer

by various polymerization techniques and their acid hydrolysis rate can be studied.
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Figure 4.2 Chemical structures of two cyclic acetal-bearing PEG precursors (a), % cleavage of
their acetal linkages at pH = 4 (b) and three potential candidates of ketal/acetal family (c).
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Appendix A

Figure A.1 Overlaid '"H-NMR spectra of ssDCI, ssDOH, and CDI in CDCls. *Unidentifiable
impurities.
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Figure A.2 3C-NMR spectrum of ssDCI in CDCls.
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Figure A.3 GPC traces of PCss-A to PCss-D.
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Figure A.4 '"H-NMR spectrum of PCss-A to PCss-D in CDCls.
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Figure A.5 '"H-NMR spectrum in CDCI; of PCss-F synthesized under stoichiometric balance.
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Figure A.6 GPC diagrams of PCss-E (under stoichiometric balance) and PCss-F (under
stoichiometric imbalance) synthesized with ssDOH diol.
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Figure A.7 '"H-NMR spectrum in CDCl; of PCss-G.
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Figure A.8 '"H-NMR spectrum in CDCls of PCss-H.
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Figure A.9 'H-NMR spectrum in CDCl; of PCss-I.
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Figure A.10 GPC diagrams of PCss-G, PCss-H and PCss-I prepared by different diols.
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Figure A.11 DLS diagram of nanoassemblies self-assembled from PCss-H in aqueous solution.
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Figure A.12 Synthetic scheme for CAC-DOH (a); '"H-NMR Spectrum of CAC-DOH in DMSO-
ds (b).
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Figure A.13 '"H-NMR of mPEG-COOH in CDCls.
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Figure A.14 Deconvolution analysis on GPC trace of mPEG-CAC-PCss-CAC-mPEG triblock
polymer.
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Appendix B

B1. Synthesis of mPEG-cyclic acetal-OH-Type 2

Three steps were involved as depicted in Figure B.1. Synthesis of PEG-COOH was described

in section 3.2.7.

mPEG-benzaldehyde (mPEG-BA-T2): mPEG-COOH (0.3 g, 0.05 mmol) was mixed with 4-
hydroxybenzaldehyde (0.07 g, 0.54 mmol), EDC (1.0 g, 0.54 mmol), and a catalytic amount of
DMAP in a 1/1 DCM/THF v/v (20 mL in total) under stirring for 24 hrs. After the removal of

solvent by rotary evaporation the product was dissolved in DCM (25 mL), washed with water
twice and with aqueous brine solution once, and then dried over sodium sulfate. The product was
precipitated from cold diethyl ether to remove impurities and dried in a vacuum oven at room

temperature for 24 hrs: Yield 0.18 g, 64 %. (Figure B.2)

mPEG-CAC-OH-T2: The purified, dried PEG-BA (0.05 g, 0.01 mmol) was mixed with
THME (0.82 g, 6.9 mmol) and HCI (1.0 p) in THF (10 mL) under stirring at 60 ° C for 30 mins.
The reaction mixture was quenched with EtsN (2 pL). After the removal of solvent by rotary
evaporation, the residue was dissolved in chloroform (10 mL) and passed through PTFE filter
(0.25 um) to remove excess and unreacted THME. The product was precipitated from cold diethyl
ether to remove impurities and dried in a vacuum oven at room temperature for 24 hrs: Yield =

0.04 g, 71%. (Figure B.3)

B2. Degradation study of PEG-based cyclic acetal precursors.

mPEG-based precursor (10 mg) was dissolved in acetate buffer at pH = 4 (700 pl) and the
degradation of the acetal linkage was followed by 'H-NMR.
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Figure B.1 Synthetic route to mPEG-CAC-OH-T?2.
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Figure B.2 'H-NMR spectra of and mPEG-BA-T2 in CDCls.
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Figure B.3 '"H-NMR spectra of and mPEG-CAC-OH-T2 in DMSO-de.
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