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Abstract

Rational Design, Synthesis and Degradation of Acidic pH-Responsive Block Copolymer
Nanoassemblies for Controlled Drug Delivery

Brandon Andrade-Gagnon, Ph.D.
Concordia University, 2025

Acidic pH-responsive degradable block copolymer-based nanoassemblies that degrade
through the cleavage of acid-labile linkages have gained significant attention due to their
biological relevance, particularly in tumor tissues, having acidic environments (pH 4.2-6.9) due
to irregular vasculatures of endothelial cells. Although they hold great potential for achieving
controlled and enhanced drug release, developing a systematic understanding of the structural
factors that influence their pH sensitivity remains a challenge—especially in designing effective
acid-degradable, shell-sheddable nanoassemblies. This is particular for acetals and ketals, where
their acid-catalyzed hydrolysis could be adjusted with the substituents attached to oxygen atoms
as well as central carbon atom in acetal/ketal moieties. The relationship between the location of
cleavable linkages and the drug release performance of polymeric micelles is critical in
modulating their therapeutic behavior. This not only improves the biodistribution of anticancer
drugs but also ensures minimal dosage, enhancing drug efficacy while reducing undesired

cytotoxicity to normal tissues.

My PhD research aims at designing and synthesizing single location and dual location acid-
degradable block copolymers and their nanoassemblies for controlled drug delivery. My first
project (Chapter 3) evaluates single location strategy on acid-degradable shell-sheddable
nanoassemblies, where the acid-labile linkage for the block junction was examined by the
hydrolysis behaviour at different pH levels relevant to biological environments. The suitable
candidate demonstrated that under acidic conditions, the nanoassemblies tend to form large
aggregates as a result loosening the core structures, causing destabilization. My second project
(Chapter 4) expands my scope of single location strategy to focus on dual location acid-
responsive degradation strategy. The dual location nanoassemblies were extensively examined
by assessing by the encapsulation of an anticancer drug (Curcumin) and evaluating the controlled
drug release, as well as in vitro (cell) studies. My third project (Chapter 5) investigates the

relationship of sensitivity to acid and stability to radical polymerizations for acetals and ketals.
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Overall, my PhD thesis work provides important design principles for the synthesis of well-
defined acid-degradable amphiphilic block copolymers (ABPs) with respect to acid-catalyzed
hydrolysis rate and stability of acid-labile acetal/ketal, thus eventually, release rate of

encapsulated drug molecules from their nanoassemblies in acidic environment.
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Chapter 1: Introduction

1.1 Drug Delivery Systems Towards Cancer Treatment

Nanomedicine is an important area in nanotechnology, focused on the diagnosis, prevention
and treatment of diseases to specific medical intervention at the molecular level. A major goal in
nanomedicine is site-specific drug delivery, which aims to achieve selective targeting of cancer
cells. This approach involves using carriers that conjugate with or encapsulate drugs to deliver
them directly to predetermined or targeted cells in a controlled manner. As a result, therapeutic
agents are concentrated at the intended site while minimizing exposure to healthy cells, thereby
reducing side effects and enhancing efficacy.!** Conventional therapeutics, particularly those
with low molecular weights, tend to distribute indiscriminately throughout the body. They can
penetrate various compartments and affect numerous cell types and subcellular structures. This
form of indiscriminate distribution leads to not only the occurrence of side effects but also the
need for higher doses of drugs to elicit a satisfactory pharmacological response. Overall,
conventional therapeutics suffer from major drawbacks, including limited water solubility, low

bioavailability, toxicity, and premature degradation.>’

To address these challenges, the development of advanced drug delivery systems has
become a priority. These systems are designed to improve pharmacological performance,
allowing for lower drug doses and reduced side effects.® In this context, research to develop
novel drug delivery systems is of interest, as they provide advantages of (i) an increase in the
drug’s hydrophilicity, (ii) prevention of premature drug degradation, (iii) enhancement in cellular
uptake, and (iv) reduction in toxicity. Additionally, many of these systems exploit the enhanced
permeability and retention (EPR) effect—where leaky tumor vasculature and inefficient

lymphatic drainage allow for greater drug accumulation at tumor sites.®°
1.2 Polymeric Nanocarriers as Potential Drug Delivery Systems

Synthetic polymers have played a pivotal role in advancing drug delivery systems for cancer
therapy. One of the earliest approaches involved the use of polymeric micelles capable of
encapsulating drug molecules, thereby enhancing their solubility and protecting them from
enzymatic degradation.’!? Since then, a wide range of polymeric micelles has been developed,
with variations in polymer structure and preparation methods tailored to achieve specific

properties and controlled release profiles for optimized delivery. These micelles are typically
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formed via the self-assembly of amphiphilic block copolymers (ABPs) in aqueous solutions. '3 14
ABPs, composed of covalently—and more recently, non-covalently—linked macromolecular
segments, serve as a key platform for constructing soft-matter-based core—shell nanoparticles
with valuable properties and functionalities. In aqueous environments, ABPs spontaneously self-
assemble to reduce energetically unfavorable interactions between hydrophobic segments and
water (Figure 1.1). The packing behavior of these ABPs, and the resulting nanostructure
morphology, is primarily governed by their amphiphilic shape. This shape is determined by the
relative size of the hydrophilic and hydrophobic blocks under equilibrium self-assembly
conditions, which dictates the curvature at the hydrophilic-hydrophobic interface. Additional
factors such as polymer concentration, solvent composition, and temperature also significantly

influence the final morphology.'>: 16

&,;:’
»
)992
% o® X
pot
Eh
G-
ﬁ:
[~
®

Ny

Qo
—~qel
Ly g
7’ 2 28 &3 03
Organic v / / / j
Phase l j o
L e B
I iR
Aqueous -
Phase o £
Bring Water ME Phase ME Phase Nanoemulsion
Phases Diffuses Formed at Breaks up Formed
together into Qil Boundary

Figure 1.1. Mechanistic approach for formation of micelles by spontaneous emulsification
method. When the organic phase and aqueous phase (water) are brought into contact, a

bicontinuous microemulsion (KE) is formed at the boundary, which breaks up and forms tiny oil

droplets.!” Copyright 2016 Wiley.



1.3 Stimuli-Responsive Degradation (SRD) Platforms in Drug Delivery Systems (DDS):

Conventional ABP-based nanoassemblies, though they provide preferential accumulation in
tumors due to passive targeting, they suffer adverse effects as a result of nonspecific
biodistribution and uncontrolled drug release.'® '° To address these challenges, stimuli-
responsive degradation (SRD) polymers have been engineered with built-in, environment-
sensitive features. ABPs exhibiting stimuli-responsive degradation (SRD)—through cleavage of
labile covalent bonds or molecular conformational changes triggered by endogenous (internal) or
exogenous (external) stimuli—have been widely used as building blocks for constructing self-
assembled nanoassemblies.?’ These systems serve as platforms for drug delivery, offering
controlled drug release profiles.?!">* Following endocytosis into cancer cells via the EPR effect,
these SRD-enabled nanoassemblies disassemble through various mechanisms, such as shifts in
the hydrophilic/hydrophobic balance or degradation of polymer backbones. This disassembly is
typically initiated by stimuli like acidic pH, light, and redox conditions, including reductive,
oxidative, or enzymatic reactions (Figure 1.2). As a result, encapsulated drugs are selectively
released within tumor tissues or cancer cells. Such controlled drug release enhances the
biodistribution of anticancer agents, allows for lower dosing, and reduces off-target cytotoxicity

commonly associated with small molecule drugs.?*3°
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Figure 1.2. Physical, chemical, and biochemical SRD material.' Copyright 2021 American
Chemical Society.



Among various stimuli, changes in acidity are particularly noteworthy, as the extracellular
environment of tumor tissues is slightly acidic (pH = 6.5-6.9), while endosomes and lysosomes
within cells are even more acidic (pH = 4.5-5.5), in contrast to the neutral pH of normal tissues
(pH = 7.4).33 Among the various acid-labile linkages, acetals and ketals hold significant
promise, as their acid-catalyzed hydrolysis rates can be finely tuned by modifying the
substituents attached to the oxygen atoms and the central carbon atom within the acetal/ketal
structure.*® Most of the SRD-based nanoassemblies have been designed with cleavable-labile
linkages positioned at the interfaces of hydrophobic cores and hydrophilic coronas. The position
of these cleavable linkages plays a critical role in the design and function of nanomaterials, as it
directly influences the disassembly mechanism of micelles. While initial efforts focused on
incorporating cleavable linkages at a single site, this approach has limitations. More recent
studies are exploring dual or multiple linkage sites to better understand how their placement
affects drug release profiles and enhances other therapeutic properties of polymeric micelles,

such as tumor penetration and cellular uptake. 4142
1.4 Synthesis of SRD-based ABPs

Over the past 25 years, the development of SRD-based ABPs has made considerable strides,
largely driven by advancements in controlled radical polymerization (CRP), also referred to as
reversible deactivation radical polymerization (RDRP) by the International Union of Pure and
Applied Chemistry (IUPAC). This type of polymerization represents approximately 50% of all
polymers formed in the industry.** There are three main radical methods that can apply proper
control to its polymerization, including nitroxide mediated polymerization (NMP), atom transfer
radical polymerization (ATRP) and reversible addition fragmentation chain transfer (RAFT)
polymerization.***° In NMP and ATRP, the equilibrium is established by a reversible
termination mechanism of the propagating chain, in which the balance strongly favors the
dormant species. The RAFT polymerization proceeds through a degenerative chain transfer
process, where the reproduced species are balanced with the dormant species. More versatile and
simpler approaches involve ATRP and RAFT polymerization. However, ATRP is not commonly
approached as it is a radical pseudo-living polymerization, catalyzed by a transition metal, which
is also called an activator. The initiation occurs through a transfer of single electrons from the
metal to the halogen in the covalent bond, which leads to the homolysis to give the radical,

oxidizing the metal complex by a (+1), causing an attachment of the free halide. One particular
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type of ATRP commonly used is activators regenerated by electron transfer (ARGET) ATRP, in
which minimal concentration of copper species is applied, and the reaction initially has an
inactive copper species, as well as a reducing agent to re-activate the copper species for radicals

to form (Figure 1.3).46-48.30
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Figure 1.3 General mechanism for ARGET ATRP polymerization. Note: R*= radical species, X
= halogen species, L = ligand, kit = rate constant of activation, Kqeact = reversible deactivation
rate constant, and k, = propagating chain rate constant.>! Copyright 2023 Wiley.

1.5 Objectives and Significance of my PhD Research:

The overall objective of my PhD thesis is to design and develop robust strategies that allows
for the synthesis of acid-degradable block copolymer nanoassemblies, aiming to solve the critical
challenges, such as PEG dilemma, controlled drug release, and enhanced drug efficiency for
tumor-targeting drug delivery. These copolymers were designed to have acid-labile benzyl acetal
(BzAc) groups at the junction of the hydrophilic and hydrophobic blocks, thus at the interfaces of
cores and coronas in their nanoassemblies. The synthesized copolymers were characterized for
aqueous micellization driven by self-assembly, acidic pH-responsive degradation and
disassembly, drug loading and release, as well as biological activities towards cancer cells.
Furthermore, we studied the stability of acid-labile linkages under radical polymerization
methods to understand the relationship of sensitivity to acid and stability to controlled

polymerizations to acid-labile linkages. This could provide important design principles for the



synthesis of well-defined acid-degradable ABPs with respect to acid-catalyzed hydrolysis rates,
thus eventually, release rate of encapsulated drug molecules from their nanoassemblies in acidic

environment.

This thesis consists of six chapters, namely preface (Chapter 1), review literature
encapsulating the recent advances of shell-sheddable acid-degradable ABPs (Chapter 2), three

research projects (Chapters 3-5), conclusion and future works (Chapter 6).

Chapter 2 describes the literature overview of SRD-based shell-sheddable (ShS) ABP
nanoassemblies for controlled drug delivery. This review highlights the recent advances in
synthetic strategies for single-location ShS ABP nanoassemblies and advanced strategies for
dual-location ShS/core-degradable ABP nanoassemblies, focusing on their acidic pH and GSH-
responsive degradation. Furthermore, the benefits and drawbacks of these nanoassemblies in

biological aspects and outlooks for effective tumor targeting drug delivery are also investigated.

Chapter 3 describes the synthesis and acid-responsive degradation through acid-catalyzed
hydrolysis of three acetal and ketal diols and identified benzaldehyde acetal (BzAc) to be a
suitable candidate for junction acid-labile linkage. The suitable candidacy was used to explore
the synthesis and aqueous micellization, utilizing ARGET ATRP to form well-defined PEG-
based block copolymer bearing BzAc linkage covalently attached to a polymethacrylate block
for the formation of colloidally-stable nanoassemblies with BzAc groups at core/corona
interfaces. The acid-catalyzed hydrolysis and disassembly of the formed nanoassemblies confirm
that the approach with the choice of BzAc linkage as the block junction is promising in the
development of acid-degradable ShS nanoassemblies and further dual-acid/stimulus-degradable

nanoassemblies as advanced drug delivery nanocarriers.

Chapter 4 describes the initially adopted synthetic route using an initiator introduced in
chapter 3 to utilize AGET ATRP, followed by post-polymerization modification to synthesize a
dual location acidic pH degradable block copolymer (PEG-BzAc-PBzI). This block copolymer is
labeled with an acid-labile benzyl acetal linkage at the block junction and acid-labile benzoic
imine pendant groups in the hydrophobic block. This chapter focuses on the investigation of self-
assembly, dual acidic pH, and release of Curcumin from the nanoassemblies. In addition, studies

of their anticancer cell activity and cellular internalization are also investigated to emphasize the



synergistic and accelerated release of encapsulated Curcumin, compared to single reduction at

the core and acidic pH at the interface.

Chapter 5 investigates the relationship of sensitivity to acid and stability to radical
polymerizations for acetals and ketals. The ATRP and ROP polymerization methods are applied
to both benzyl acetal and cyclohexyl ketal as the acetal and ketal candidates, respectively.
Despite comprehensive studies on their acid-catalyzed hydrolysis rate with substituents attached
to oxygen atoms, the stability of the groups under ATRP and tin-catalyzed ROP conditions have
been rarely studied. This work could provide important design principles for the synthesis of
well-defined acid-degradable ABPs with respect to acid-catalyzed hydrolysis rates, thus
eventually, release rate of encapsulated drug molecules from their nanoassemblies in acidic

environment.

Chapter 6 describes the summary and conclusion of the research conducted during the

program and proposed future works.



Chapter 2: Recent Advances in Synthesis and Shell-Sheddable Disassembly of
Acid/Glutathione-Degradable Block Copolymer Nanoassemblies for Drug
Delivery

2.1. Introduction

Development of smart nanoassemblies based on amphiphilic block copolymers (ABPs)
exhibiting stimuli-responsive degradation (SRD) through chemical transitions has been explored
as a promising platform for controlled drug delivery targeting tumors.’>>* These SRD-exhibiting
ABPs have been designed through the incorporation of labile covalent linkages, which can be
cleaved in response to stimuli when needed. SRD causes the disintegration or destabilization of
nanoassemblies, leading to controlled/enhanced release of encapsulated therapeutics in targeted
tissues (e.g. tumor tissues).?* ¢! Endogenous triggers, including acidic pH, GSH, enzymes, and
reactive oxygen species, are those found in biological environments of the body, which can attain
biodegradation.®*7° In particular, acidic pH is the most promising as the extracellular
compartment of tumor tissues is slightly acidic at pH = 6.5-6.9 and further endosomes and
lysosomes in cancer cells are more acidic at pH = 4.5-5.5, compared to normal tissues (pH =
7.4).71-3 GSH is a tripeptide consisting of cysteine reside with a pendant thiol group. GSH exists
at a millimolar concentration (0.5-10 mM) in intracellular compartments, while at a micromolar
concentration (2-20 uM) in extracellular compartments and plasmas. Moreover, its concentration
is known to be 4-5 times greater than that of normal tissues.”*’® Thus, the cellular GSH as a

biological reducing agent provides a reducing environment.

Because of these features, the design and synthesis of well-defined ABPs and their

79-83 and in the presence of GSH**-# have been

nanoassemblies degradable in acidic environments
extensively investigated. Depending on where the degradation (e.g. response to acidic pH or
GSH) occurs, these nanoassemblies could be sorted to be core-degradable and ShS.3% 87 Core-
degradable nanoassemblies have been mainly fabricated through self-assembly of SRD-ABPs
labeled with cleavable linkages on hydrophobic backbones or in pendant chains. These
nanoassemblies could be dissociated via the breakdown of main chains upon the cleave of the

linkages in the cores. Contrastingly, ShS nanoassemblies have been assembled with SRD-ABPs

having cleavable linkages at the junction of hydrophilic and hydrophobic blocks. They could be



disintegrated by shedding hydrophilic coronas from hydrophobic cores upon the cleavage of the
linkage at core/corona interfaces. Such detachment of corona, mostly poly(ethylene glycol)
(PEG), could achieve enhanced release of encapsulated drugs. PEGylated nanoassemblies have
prolonged circulation lifetimes because PEG corona minimizes undesired protein absorption in
serum; however, they have limited ability for entry to cells (e.g. endocytosis or cellular uptake)
because PEG is neutral and thus less interact with anionic phosphates on cell membranes. This
so-called “PEG dilemma” could be overcome by PEG detachment after extravasation to tumor
tissues during blood circulation.®®°! Further to the single location (SL) ShS nanoassemblies
where the degradation occurs only at core/corona interface, dual location (DL) nanoassemblies
degrade in both interface and core. These DL nanoassemblies have been recently explored to
overcome the drawbacks such as undesired large aggregation as well as controlled/enhanced and

programed degradation and drug release profile on demands.

This review describes the recent advance in ShS-ABPs and their nanoassemblies with a
focus on synthetic strategies for acid- and GSH-responsive degradation. These strategies are
summarized by direct polymerization and conjugation approaches for SL ShS ABPs and DL
ShS/core-degradable ABPs. In addition, advanced strategies allow for the synthesis of dual
acid/GSH-degradable junction ShS ABPs which contain both acid-labile and disulfide linkages
at the block junction and thus at core/corona interfaces of nanoassemblies. These strategies could
correlate the benefits and drawbacks on the number and location of linkages towards enhanced
drug release. This review also discusses biological aspects and outlooks of these ShS ABP-based

nanoassemblies for tumor-targeting controlled drug delivery.
2.2. Single-Location Shell-Sheddable Block Copolymers
2.2.1. General Synthetic Approaches

Figure 2.1 shows the schematic illustration of two main approaches to synthesize ShS ABPs
bearing labile linkages at the block junctions. Approach I involves direct polymerization mostly
exploring ring opening polymerization (ROP)°?¢ or controlled radical polymerization (CRP)
techniques,®”!% particularly atom transfer radical polymerization (ATRP)!0!-194 and reversible
addition fragmentation chain transfer (RAFT) polymerization.!>-'1% As depicted in Figure 2.1,
these direct polymerization techniques require the synthesis of hydrophilic macroinitiators for

ROP and ATRP or macro-agents for RAFT polymerization. The synthesized macroinitiators or



macro-agents are used for chain extension with hydrophobic polymer blocks in a living manner,
thus yielding well-defined PEG-based ABPs with determined molecular weights and narrow
molecular weight distribution. This approach presents relatively easy purification with no need to
separate excess homopolymers. Furthermore, this approach allows for the variation of
hydrophobic block lengths with the choice of the initial mole ratio of monomer to macroinitiator
(or macro-agent). This design principle could be advantageous in that the content of hydrophilic
PEG corona in nanoassemblies is optimized, which significantly influences their morphology
and colloidal stability in biological environments as well as loading and release kinetics of drug
molecules. However, this approach could present the potential instability of labile linkages under

polymerization conditions.

Approach II involves the conjugation of hydrophilic and hydrophobic homopolymers
bearing reactive functional groups. The reactive precursor polymers are synthesized mostly by
ROP or CRP techniques, followed by post-polymerization modification. Thus, this approach
examines the combination of ROP or CRP with conjugation reaction. “Click-type” reactions are
preferably investigated for high efficiency conjugation reactions of both reactive polymers under
mild conditions. As illustrated in Figure 2.1, Method A explores the facile coupling reactions of
reactive functional groups through the formation of ester or amide bonds. One of two reactive
(co)polymers are required to be labeled with designated labile linkages. Method B involves in
situ formation of labile linkages at the block junction, typically including acetal/ketal and imine
formation as well as thiol-disulfide exchange reaction. While allowing for the synthesis of broad
spectra of ShS-ABPs, approach II requires tedious purification steps to remove excess

(unreacted) homopolymers, and thus to obtain pure ABPs.

Both approaches allow for the synthesis of a variety of well-defined ShS-ABPs with linear
and non-linear (branched) architectures. Linear architectures are mostly studied, mainly because
they have less synthetic challenges and facilitate diverse structures and specifically-tailored
properties.!!''"117 Non-linear copolymers have been reported to provide enhanced colloidal

stability, high drug loading, and performance improvements.!!8-122
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Figure 2.1. Schematic illustration for two main approaches exploring I) direct polymerization
and II) conjugation to synthesize well-defined ShS-ABPs with labile linkages at the junctions of

hydrophilic (typically PEG) and hydrophobic blocks.

2.2.2. Acid-Degradable Systems

Ketal, acetal, orthoester, imine, hydrazone, and 2,3-dialkylmaleamidic amide are the typical

acid-labile linkages that have been studied for the synthesis of acid-degradable ShS-ABPs. As

illustrated in Figure 2.2, these linkages can be cleaved to the corresponding degraded products

through acid-catalyzed hydrolysis. Such cleavage results in shedding PEG coronas from

hydrophobic cores, causing the disintegration of nanoassemblies, leading to the enhanced release

of encapsulated drug molecules.
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Figure 2.2. Schematic illustration of typical acid-labile linkages including ketal, acetal,
orthoester, imine, hydrazone and 2,3-dialkylmaleamidic amide that have been explored for the
synthesis of acid-degradable ShS-ABPs.

2.2.2.1 Ketals, Acetals, and Ortho-esters

Ketal groups have been incorporated into the synthesis of acid-degradable ShS-ABPs
consisting of hydrophilic PEG and hydrophobic polycaprolactone (PCL) blocks, mainly by direct
polymerization through a ROP technique. Stepanek et al. synthesized a PEG bearing acid-labile
dimethyl ketal (DMK) linkage (PEG-DMK-OH) by a click-type azido-alkyne reaction of an
alkyne-labeled PEG (PEG-alkyne) with a derivative bearing an internal ketal group and a
terminal azido group (HO-Et-DMK-N3) in the presence of a copper (Cu)(I) catalyst. The formed
PEG-DMK-OH was utilized as a macro-initiator for the ROP of caprolactone (CL) in the
presence of a tin-based catalyst, yielding PEG-DMK-PCL diblock copolymers.!?* 124 Further to
linear ABPs, non-linear diblock copolymers bearing a cyclic ketal (CK) linkage at the junction of
PEG and PCL blocks were synthesized. Qian at el. reported the synthesis of Y-shaped ABPs
consisting of a PEG block and two PCL blocks as hydrophobic arms with CK linkage at the
block junction. As illustrated in Figure 2.3, a PEG bearing D-Ketal group (mPEG-Ketal -20H)
was first synthesized with three steps through the conjugation of PEG with a,a’-dichloro-m-
xylene and subsequently with a cyclic ketal derivative bearing terminal hydroxy and alkene
group, followed by the oxidation of the alkene group with OsO4. The purified mPEG-Ketal-20H

was then used as a macroinitiator for ROP of CL with tin (IT) octanoate, a typical catalyst for
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ROP of CL, yielding well-defined mPEG-Ketal-(PCL), ABPs with different PCL block
lengths.!?> The formed linear and Y-shaped ABPs self-assembled to form colloidally-stable
nanoassemblies with ketal linkages at the interfaces of PCL cores and PEG corona. In acidic pH
= 5.0, PEG corona was shed from PCL cores through acid-catalyzed hydrolysis of acid-labile
ketal linkages, which caused the disintegration of the nanoassemblies. Such degradation enabled
the enhanced release of encapsulated anticancer drugs such as doxorubicin (Dox) or paclitaxel
(PTX). Both drug-loaded nanoassemblies exhibit in vitro cytotoxicity and cellular uptake with a
HelLa cell line, as well as showed enhanced blood circulation time and good tumor-targeting

efficiency, based on in vivo studies with a mouse model.
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Figure 2.3. Synthesis of well-defined Y-shaped PEG-CK-(PCL), ABP.'?* Note that “CK”
denotes “Ketal” in the Figure and this Figure was redrawn by ourselves for better quality.
Copyright 2018 Elsevier.

Acetal groups have been incorporated through both conjugation and direct polymerization
approaches to synthesize acid-degradable ShS ABPs with acetaldehyde acetal (AcA) junction
linkage. Conjugation approach has been investigated mainly through a click-type copper-
catalyzed azide-alkyne (CuAAC) reaction mostly with AcA linkage. Ni et al. reported the
synthesis of a linear ABA-type triblock copolymer consisting of a PEG central block and PCL
terminal blocks with AcA junction linkage (e.g. PCL-AcA-PEG-AcA-PCL). A PEG-based
diazide bearing methyl acetal groups (N3-AcA-PEG-AcA-N3) was synthesized by the reaction of
HO-PEG-OH with chloroethyl vinyl ether, followed by the azidation of terminal chloro group to

the corresponding azido group. The formed diazide precursor was conjugated with PCL
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containing propargyl group (propargyl-PCL), synthesized by ROP of CL, yielding PCL-AcA-
PEG-AcA-PCL triblock copolymer.!?® The formed ABA triblock copolymer formed flower-type
nanoassemblies with a loop-shaped PEG corona. In addition to linear architecture, a three-arm
star architecture consisting of PEG-AcA-PCL diblock copolymer (e.g. (PEG-AcA-PCL-AcA-)3)
was synthesized by the reaction of triprop-2-ynyl benzene-1,3,5-tricarboxylate (a tri-functional
alkyne) with PEG-AcA-PCL-AcA-Nj3 (Figure 2.4). The azido precursor was synthesized by the
reaction of PEG-AcA-N3 with propargyl-PCL-AcA-Cl which was initially synthesized by the
reaction of propargyl-PCL with chloroethyl vinyl ether.'?” A feature of the formed star block
copolymer could be the design with AcA linkages located at both the junction of PEG and PCL
blocks in the arms and the junction of PCL block and star center. In an acidic environment, the
block copolymer allows for detachment of PEG corona as well as degradation of hydrophobic
star PCL block to the corresponding PCL and small molecule star species. Such dual location
could facilitate the degradation of cores of ShS nanoassemblies, along with the detachment of

PEG coronas in tumoral and endo/lysosomal pHs.

The azido-alkyne click reaction with AcA junction linkage has been further examined to
synthesize a variety of AcA-labeled ShS ABPs with different architectures. Typical ABPs
include polyester grafted with AcA-labeled PEG (e.g. polyester-g-AcA-PEG),!?® H40
hyperbranched polyester star of PCL-AcA-PEG (e.g. H40-star-PCL-AcA-PEG),!? and
hydrophilic vinyl copolymers conjugated with AcA-labeled PCL (e.g. vinyl copolymer-AcA-
PCL).!30. 131
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Figure 2.4. Synthesis of acid-cleavable three-armed star-block copolymer (PEG-AcA-PCL-
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Direct polymerization approach has been investigated through ROP technique for propylene
oxide!?? and D,L-lactide (LA).!3* 135 This approach is required for the synthesis of an acetal-
bearing PEG macroinitiator for ROP. Yang et al. synthesized an AcA-bearing PEG (PEG-AcA-
OH) by a facile coupling reaction of PEG-OH with butyl vinyl acetate, followed by the
deprotection of acetate group by a base-catalyzed hydrolysis. The formed PEG-AcA-OH
initiated ROP of LA, yielding PEG-AcA-PLA."** Oh et al. reported the synthesis of three PEG
precursors labelled with benzoic cyclic acetal (BzCA) group (PEG-BzCA-OH) with spacers
exhibiting different inductive effects between PEG and BzCA linkage (Figure 2.5a). The order of
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increasing acid-catalyzed hydrolysis was found to be ether > ester oxygen > ester carbonyl,
which is attributed to the stability of the benzylic carbocation. Particularly, PEG-BzCA-OH with
ether space (e.g. PEG-x-1) was synthesized in three steps, as depicted in Figure 2.5b, which
includes 1) the mesylation of PEG, 2) the reaction of the formed PEG-Ms with 4-
hydroxybenzaldehyde, and 3) the reaction of the formed PEG-et-Bz-CHO with 1,1,1-
tris(hydroxymethyl)ethane in the presence of HCI. The synthesized PEG-x-1 was stable under a
tin-catalyzed condition for ROP of LA, enabling the synthesis of well-controlled acid-degradable
PEG-BzCA-PLA ABP. In acidic pH, the junction BzCA linkage was cleaved, causing the
degradation of the copolymer (Figure 2.5¢).!3¢ Recently, Ajiro et al. synthesized a vanillin-
derived BzCA (VBzCA) bearing PEG (PEG-VBzCA-OH) with multi steps, including a coupling
reaction of vanillin with a diol bearing PEG. The phenylic OH group in the PEG-VBzCA-OH
successfully initiated the ROP of L-LA and D-LA, yielding PEG-VBzCA-PLLA and PEG-
VBzCA-PDLA whose PLA blocks have different stereo orientations. These block copolymers
formed supramolecular aggregates through stereo-complexation. Furthermore, they exhibit

enhanced aggregation rates in the composites with titanium oxide nanoparticles.!*>
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Figure 2.5. Chemical structures of three precursors labeled with different spacers, including
ether, ester oxygen, and ester carbonyl, between PEG and BzCA groups (a), synthesis of PEG-X-
1 labelled with an ether spacer (b), synthesis by ROP of LA initiated with PEG-X-1 under a tin-
catalyzed condition and acid-catalyzed degradation of PEG-BzCA-PLA block copolymer (c).!3¢
Copyright 2023 Wiley.
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CRP techniques have also been employed to the synthesis of acid-degradable ShS ABPs
with hydrophobic polymethacrylate blocks, thus PEG-based polymethacrylate ABPs. This
approach explores a general strategy with the synthesis of new PEG-based precursors bearing an
acid-labile linkage as macro-initiators for ATRP or as macro-agents for RAFT polymerization

and nitroxide-mediated polymerization (NMP).

An example includes the synthesis of PEG-RAFT macro-agent labeled with an ester
carbonyl-based BzCA linkage (PEG-BzCA-RAFT) by a facile carbodiimide coupling reaction of
a PEG-BzCA-OH with commercially-available 4-(cyanopentanoic acid)-4-dithiobenzoate. The
formed macro-agent was used for RAFT polymerization of a cholesterol-bearing methacrylate
(ChMA), thus forming PEG-BzCA-PChMA ABP. Upon further modification with RNA after
aminolysis of a terminal phenylthiodithio group, the copolymer was explored for gene delivery
exhibiting the enhanced release of therapeutic RNA upon the cleavage of junction BzCA
linkages in an endo/lysosomal pH condition.!3” The other example includes the synthesis of an
AcA-functionalized PEG-based nitroxide labeled with 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) (PEG-AcA-TEMPO) through three steps. They include 1) the reaction of PEG with 2-
chloroethyl vinyl ether, ii) azidation to PEG-AcA-N3, and iii) its reaction with TEMPO adducts
of an alkyne-bearing styrene. The PEG-AcA-TEMPO was used for NMP of styrene, yielding
well-defined PEG-AcA-polystyrene ABP. The formed copolymer was studied for self-assembly
and acid-degradation to fabricate nanoporous thin films in solid state.!3® Recent example
involves the synthesis of a PEG-based bromine macroinitiator bearing a benzaldehyde acetal
(BzAc) group (thus forming PEG-BzAc-Br). As illustrated in Figure 2.6, BzAc-labeled diol
(BzAc-DOH) was synthesized by the reaction of benzaldehyde with 1,6-hexanediol under acidic
condition. The synthesized BzAc-DOH reacted with a carbonylimidazole-activated PEG (PEG-
CI), yielding PEG-BzAc-Cl, followed by esterification. As a proof-of-concept, the PEG-BzAc-
Br initiated ATRP of benzyl methacrylate (BM) to synthesize well-defined PEG-BzAc-PBM
ShS-ABP. BzAc linkages have slow acid-catalyzed hydrolysis rate at tumoral pH = 6.5, while
rapid hydrolysis at endo/lysosomal pH = 5.0. The copolymer self-assembled to form well-
defined nanoassemblies with BzAc linkages at core/corona interfaces and disassembled in acidic

condition.!3°
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An interesting strategy includes the synthesis of PCL-based polymethacrylate ABPs with
sheddable PEG pendants. This strategy centers on the synthesis of an acid-labile methacrylate
bearing AcA group conjugated with PEG, thus MA-AcA-PEG. A double-head initiator bearing
both hydroxyl and bromo terminal groups initiated the ROP of CL, yielding hydrophobic PCL
block, and the ATRP of MA-AcA-PEG, yielding hydrophilic P(IMA-AcA-PEG) block, thus
forming well-defined PCL-b-P(MA-AcA-PEG) block copolymer. Different from conventional
ShS ABPs having acid-labile AcA linkages at the junction of hydrophilic and hydrophobic
blocks, the formed PCL-b-P(MA-AcA-PEG) ABPs were designed with AcA linkages in pendant
chains of hydrophilic blocks. When being self-assembled in water, the block copolymer formed
nanoassemblies with AcA linkages in hydrophilic coronas. In an acidic pH, the block copolymer
degraded to the corresponding PEG and PCL-b-poly(2-hydroxyethyl methacrylate) block
copolymer upon the cleavage of AcA linkages, which causes the detachment of PEG from

coronas. 40

Furthermore, a BZCA-bearing multifunctional molecule labeled with both RAFT species (as
RAFT agent) and bromide (as ATRP initiator) (RAFT-BzCA-Br) was synthesized by the
condensation of 2-bromoisobutyrate group derived benzaldehyde with glycerol, followed by a
carbodiimide coupling reaction with a carboxylated RAFT agent. The formed dual-head RAFT-
BzCA-Br initiator/agent enabled the synthesis of a well-defined block copolymer with BZCA
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junction under both ATRP and RAFT polymerization conditions. Although the feasibility was
demonstrated with common vinyl monomers including t-butyl acrylate and styrene, the strategy
is anticipated to the synthesis of ShS ABPs with both hydrophilic and hydrophobic

polymethacrylate blocks.'#!

Orthoester (ORT) groups contain an extra alcoholic unit compared to acetals and ketals.
As illustrated in Figure 2.2, their acid-catalyzed hydrolysis differs into two separate approaches
to create the corresponding alcohols and formates or esters depending on hydrophobic
substituents on orthoester (ORT) bonds. Li et al. synthesized a well-defined PEG-based ShS
linear ABP consisting of cationic poly(dimethyl aminoethyl methacrylate) (PDMAEMA) block
with ORT linkage at block junction, thus forming PEG-ORT-PDMAEMA. As illustrated in
Figure 2.7, PEG-based bromide bearing ORT group (PEG-ORT-Br, P5) was synthesized and
used as an acid-labile macroinitiator for ATRP of DMAEMA in the presence of Cu(I)Br and
tris(2-aminoethyl)amine. The formed copolymer enabled to form micelleplexes with genes and
exhibit enhanced release of genes upon the cleavage of ORT linkages in endosomal acidic pH =
5.0, suggesting the potential for controlled/enhanced gene delivery.'*? Recently, Tang et al.
reported the synthesis of an ORT-labeled ShS graft copolymer with PEG side chains. The
copolymer was synthesized through a carbodiimidazole-mediated coupling reaction of ORT-
bearing PEG with polyurethane backbones. The release of encapsulated Dox was investigated.
The results demonstrate the enhanced release of Dox at pH = 6.5, compared to pH = 7.4,

confirming the disintegration of the nanoassemblies at extracellular pH of tumor tissues.”® 143
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2.2.2.2. Imines and Hydrazone

Imine (C=N) bonds, also known as Schiff base, is generally formed through reactions
between an aldehyde group (-CHO) and a primary amine group (-NH3). Typically, benzoic imine
(BzI) groups have been incorporated into the block junction of ShS ABPs, through conjugation
or direct polymerization method, as conventional imines are known to be less stable under

physiological conditions.'#*

To explore conjugation method, both in-situ and facile coupling approaches were
investigated. In regard to in-situ imine formation approach, Tian et al. designed a triblock
copolymer for the encapsulation and enhanced drug release of PTX and curcumin. Initially, a
PEG bearing benzaldehyde (PEG-CHO) was synthesized through the esterification of PEG with
p-formylbenzoic acid. Separately, the hydrophobic poly(y-benzyl-L-aspartate)-b-poly(1-
vinylimidazole) (PBLA-b-PVIm) was synthesized by ROP of y-benzyl-L-aspartate in the
presence of PVIm as a macroinitiator. PVIm was synthesized by free radical polymerization of
VIm with an azo-type radical initiator and 2-aminoethanethiol as a chain transfer agent. Lastly,
the reaction of PEG-CHO and PBLA-b-PVIm bearing a terminal amine group through in-situ
formation of Bzl bond by Schiff base reaction yielded a well-defined PEG-BzI-PBLA-b-PVIm

triblock copolymer.'# In other reports, PEG-CHO was used for in-situ Bzl formation with 1-
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octadecylamine (C18) through Schiff base reaction to synthesize PEG-BzI-C18 for the
encapsulation and enhanced release of zoledronic acid for osteoporosis and cancer bone
metastasis.'*® Further, PEG-CHO was conjugated with an oxime-labeled PLA labeled with
terminal hydroxylamine group (called oxime-tethered PCL, OPCL) to synthesize PEG-oxime-
PCL-oxime-PEG ABA-type triblock copolymer.!4

More complex polymeric nanocarriers were developed by Dimitrov et al., where a well-
defined lactobionic acid (LBA)-PEG-BzI-PLA-b-PDMAEMA-triphenylphosphonium triblock
copolymer was synthesized and investigated with curcumin, exhibiting enhanced release at pH =
7.0 under physiological conditions, making it inefficient for tumor-targeting.'** In addition to

linear ABPs, bottlebrush ABPs provided in situ imine formation at the block junction with

149 150

hydrophobic pendants chains of polypeptides,'*® polyesters,'>° and polymethacrylates.'>' For
facile coupling approach, Lui et al. synthesized a PEG amine bearing BzI linkage (PEG-BzI-
NH>) by reaction of PEG-CHO with diaminopropane. A hydrophobic polymer, poly(amino ester)
(PAE), was synthesized by a Michael-type step-growth polymerization of hexane-1,6-
dioldiacrylate and 3-aminopropanol. Two reactive polymers were subjected to Michael-addition
reaction, followed by the conjugation with cholesterol (Chol) to synthesize PEG-BzI-PAE-g-
Chol triblock copolymer, where acid-labile Bzl is located at the hydrophilic/hydrophobic block

junction. 2

For direct polymerization method, Wei et al. studied the enzyme-mediated ROP of CL in the
presence of lipase Novozyme-435, initiated with PEG-BzI-NH> as the macroinitiator, yielding a
well-defined PEG-BzI-PCL ShS ABP.!>? In addition, Huang et al. studied RAFT polymerization
to synthesize a PEG-based ShS ABP bearing BzI at the block junction. As shown in Figure 2.8,
2-([2-4-(2-methylpropil)phenyl]propionyl]oxy) ethyl methacrylate (HEI) was synthesized
through the esterification of ibuoprofen with 2-hydroxyethyl methacrylate (HEMA). A PEG
bromide bearing a BzI (labeled as PEG-CBA-Br) was synthesized by the reaction of PEG-BzI-
OH (labeled PEG-CBA-OH) with 2-bromoisobutyryl bromide and then used for ATRP of HEI,
yielding PEG-BzI-PHEI ABP.!>
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text).

Hydrazones (HYD) can substantially improve the resistance to hydrolysis because of their

decreased electrophilicity by mesomeric effect.!33-15° Both direct polymerization and conjugation

methods have been explored. For the direct polymerization method, ROP technique has been

typically investigated to incorporate HYD linkages into the design of acid-degradable ShS ABPs.

Kurcok et al. reported the synthesis of well-defined ABPs, where initially, a PEG-levulinic acid
(LEV) conjugate bearing HYD linkage (thus, PEG-HYD-LEV) was first synthesized by the

carbamate formation of PEG-OH with a phenyl chloroformate, followed by the formation of
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hydrazone group. The synthesized PEG-HYD-LEV was used as a macroinitiator for anionic
ROP of 3-hydroxybutyrate (HB), yielding PEG-HYD-PHB ABP. The copolymer was examined
for the encapsulation of Dox and enhanced release of encapsulated Dox at pH= 5.0.'%" Song et
al., on the other hand, reported on the ROP of LA using a PEG-HY D-phenol macroinitiator in
the presence of tin (II) 2-ethylhexanoate (Sn(Oct),) catalyst, yielding well-defined PEG-HYD-
PLA. The formed copolymer exhibits enhanced release of both Dox and PTX at pH = 4.0 and
moderate release at pH = 5.0.1°! Aside from direct ROP methods, the conjugation method was
studied for PEG-HYD derivatives with PCL for cartilage repair treatments'®? and poly(lactic-co-
glycolic acid) (PLGA) for oral insulin delivery.'

2.2.2.3. Dialkylmaleamidic Amides

Dimethylmaleamidic acid (DMMA) group is sensitive to tumoral pH at 6.5-6.9 and
undergoes acid-controlled transition through the cleavage of amide bond to the corresponding
amine group, followed by the protonation to be converted to the corresponding cationic
ammonium salt. Such charge reversal has been conducted to overcome PEG dilemma. However,
due to the lack of additional functionality, DMMA group has been mainly used to modify the

side groups of acid-degradable copolymers.!'4-167

Replacing the conventional methyl group of DMMA with higher functional groups,'®3- 16?
Wang and coworkers have explored the strategies that allow for the synthesis of acid-degradable
ShS ABPs labeled with methylpropylmaleamidic acid group (Dlink») at the block junction
through both conjugation and direct ROP approaches for acid-responsive enhanced drug and
gene delivery.!7% 17! The strategies center on the modification of PEG with 2-propionic-3-
methylmaleic anhydride (CDM) to synthesize PEG-CDM. To investigate direct ROP approach,
PEG-CDM reacted with 6-amino-1-hexanol to yield an acid-degradable PEG-D/ink»-OH, which
was used as a macroinitiator for ROP of LA to synthesize PEG-D/inkn-PLA. In tumoral pH, the
Dlinkn linkage was cleaved to generate PEG and PLA degraded products, which was confirmed
with the change in chemical structures by "H-NMR analysis and average size and size
distributions of nanoassemblies by DLS analysis.!”? Further studies demonstrate that PEG-
Dlinkn-PLA is capable of meeting the requirements of several stages for gene delivery, including

prolonged blood circulation, enhanced accumulation and penetration in the tumor, facilitated
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cellular internalization through detachment of PEG shells and rapid release of the active drug in

the tumor cells.!”3

In another strategy exploring the conjugation approach, as illustrated in Figure 2.9, the PEG-
CDM precursor reacted with a PCL-based poly(alginate) (PCL-R9) through amidation, to yield
PEG-Dlinkn-R9-PCL. PCL-R9 was synthesized by multiple steps including 1) ROP of CL to
synthesize Boc-protected PCL, 2) deprotection of Boc group to amino-terminated PCL, 3) N-
hydroxysuccinimide (NHS)-mediated conjugation with Fmoc-R9-NHS, and deprotection of
Fmoc group. The copolymer formed micelleplex delivery system with siRNA, which features 1)
PEG corona, which is stable in the circulatory system and protects nanovectors from
reticuloendothelial system clearance; ii) a tumoral pH-responsive linkage breakage, which
induces PEG detachment at tumor sites and thereby facilitates cell targeting; and iii) a cell-
penetration peptide, which is exposed upon the removal of PEG and further enhances cellular

uptake.!’
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2.3. Dual-Location Shell-Sheddable/Core-Degradable Block Copolymers
2.3.1. General Synthetic Approaches

While single location ShS-ABPs are designed with either acid-labile or SS/SeSe linkage at
the block junction, dual location ShS/core-degradable ABPs (DL-ABPs) have been synthesized
with either acid-labile or SS linkage at the block junction and in the hydrophobic block.
Nanoassemblies fabricated from DL-ABPs are featured with cleavable linkages at both cores and
core/corona interfaces, thus attaining DL ShS/core-degradable nanoassemblies. These DL-ABP
nanoassemblies could circumvent the challenge for single location ShS ABP nanoassemblies that
involves their tendency to form aggregates upon the detachment of coronas upon the cleavage of
the labile linkages at the interfaces. This section focuses on acid- and GSH-responsive

degradable DL-ABPs and their nanoassemblies.

As illustrated in Figure 2.10, four different designs are discussed, including 1) acid response
both at interface and in core (called DL acid-responsive ABP), ii) GSH response both at interface
and in core (DL GSH-responsive ABP), iii) GSH response at interface/acid response in core (DL
dual GSH (interface)/acid (core)-responsive ABP), and iv) acid response at interface/GSH
response in core (DL dual acid (interface)/GSH (core)-responsive ABP).

a)

b) c)
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Figure 2.10. Schematic illustration of four types of DL nanoassemblies exhibiting acid/GSH
responses both at core/corona interfaces and in cores, self-assembled from DL single acid-
responsive ABP (a), DL single GSH-responsive ABP (b), DL dual GSH (interface)/acid (core)-
responsive ABP (¢), and DL dual acid (interface)/GSH (core)-responsive ABP (d).
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2.3.2. Dual Location Single Acid/GSH Stimulus-Degradable Systems

For the development of dual location acid-responsive ABPs, a novel strategy was explored
to synthesize dual location single acid-degradable nanoassemblies labeled with AcA groups both
at core/corona interfaces and in hydrophobic cores. As illustrated in Figure 2.11a, the strategy
investigated the direct polymerization through ATRP of a methacrylate bearing a pendant AcA
group (called ACMA) in the presence of an AcA-bearing PEG-based Br (PEG-AcA-Br) as an
acid-labile macroinitiator. PEG-AcA-Br was synthesized by the reaction of ethylene glycol vinyl
ether with 2-bromoisobuytryl bromide under basic condition, followed by direct acetalization
with PEG in the presence of pyridinium p-toluenesulfonate as an acid catalyst. The synthesized
block copolymer, PEG-AcA-PACMA bearing AcA group both at the block junction and in the
hydrophobic block (P1) self-assembled to form colloidally-stable nanoassemblies having AcA
groups in dual locations as at core/corona interfaces and in hydrophobic cores. Further, a
methacrylate bearing pendant imidazole group (called CIMA) was introduced to the hydrophobic
block, thus forming a hydrophobic random copolymer block of ACMA and CIMA, thus forming
PEG-AcA-P(ACMA-co-CIMA) ABP (P2). Interestingly, P2 improved the encapsulation of Dox
through n-w interaction and enhanced the acid-catalyzed hydrolysis of acetal linkages. In
addition, the presence of the imidazole pendants induced the occurrence of core-crosslinking that

compensates the kinetics of acetal hydrolysis and drug release.

Another strategy allows for the synthesis of a PEG-based DL acid-responsive ABP that
bears AcA group at the block junction and pendant boronate ester bonds in hydrophobic block
(Figure 2.11b). Bortezomib (BTZ), an anticancer drug containing a phenylboronic acid group,
was conjugated to the hydrophobic block through the formation of boronate ester linkage
between boronic acid and catechol groups. In acidic pH, PEG coronas were detached upon the
cleavage of junction AcA groups and BTZ drugs were released upon the cleavage of boronate

ester bonds.!7¢
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Figure 2.11. Schematic illustration of PEG-AcA-PACMA (noted as P1) and PEG-AcA-
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PEG-AcA-Br macroinitiator (a).>* Copyright 2021 Wiley; and a PEG-based DL acid-responsive
ABP bearing AcA at the block junction and pendant boronate bonds in hydrophobic block (b).!7¢
Copyright 2018 American Chemical Society.

For the synthesis of DL-GSH-responsive ABPs, Oh and his team reported three strategies

exploring direct polymerization through ROP and ATRP techniques.®” Strategy I enabled the

synthesis of a well-defined PEG-based ABP composed of PEG conjugated through SS with a

polymethacrylate block bearing pendant SS groups (PHMssEt), thus forming PEG-SS-PHMssEt
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diblock copolymer (Figure 2.12a). ATRP was examined for HMssEt in the presence of PEG-SS-
Br macroinitiator. The block copolymer was designed as a proof-of-concept to provide
accelerated release of encapsulated drugs upon GSH-responsive degradation through the

cleavage of SS linkages at dual locations.*

Strategy II explores the synthesis of a PLA-based ABC-type triblock copolymer consisting
of PHMssEt middle block and POEOMA block, thus PLA-SS-PHMssEt-b-POEOMA (Figure
2.12b). The strategy includes the ROP of LA in the presence of HO-SS-Br dual-head initiator to
synthesize PLA-SS-OH as the first step, the ATRP of HMssEt to synthesize PLA-SS-PHMssEt-
Br as the second step, and the ATRP of OEOMA to synthesize the triblock copolymer. Its
nanoassemblies consists of multiple pendant SS linkages in a hydrophobic interlayer as well as
single disulfides at interfaces of the interlayer and PLA cores, which exhibit enhanced colloidal

stability as well as rapid GSH-responsive destabilization.!”’

Strategy III allows for the synthesis of an ABA-type triblock copolymer composed of
hydrophobic PLA middle block and hydrophilic PEG terminal blocks. A SS linkage is labeled
both in the center of PLA middle block and at the junction of PLA and PEG block, thus forming
PEG-SS-PLA-SS-PLA-SS-PEG triblock copolymer (Figure 2.12¢). The strategy explores a
combination of ROP, facile coupling reactions, and ATRP. The reductive response to GSH as a
cellular trigger resulted in the cleavage of the SS linkages at the interface shedding hydrophilic
coronas as well as the disulfides in the PLA core causing disintegration of PLA cores. Such dual
disulfide degradation process led to a synergistically enhanced release of encapsulated anticancer

drugs in cellular environments.'”®
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Figure 2.12. Schematic illustration to synthesize PEG-SS-PHMssEt diblock copolymer (a);
PLA-SS-PHMssEt-b-POEOMA triblock copolymer (b).*? Copyright 2013 Royal Society of
Chemistry; and PEG-SS-PLA-SS-PLA-SS-PEG (c¢) triblock copolymer.'”® Copyright 2015
American Chemical Society.
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2.3.3. Dual Location Dual Acid/GSH Stimuli-Degradable Systems

For DL dual GSH (interface)/acid (core)-responsive ABPs, a few strategies have been
reported. One strategy investigates the combination of ROP of LA, ATRP of OEOMA, and their
coupling reaction to synthesize an ABA-type triblock copolymer composed of PLA and PEG.
The block copolymer is labeled with DMK linkage in the middle of PLA block and SS linkage at
the junction of PLA and PEG blocks, thus PEG-SS-PLA-DMK-PLA-SS-PEG.!” Another
strategy includes the synthesis of a PEG-based diblock copolymer with a polycarbonate block
having pendant cyclic acetal linkages by ROP of cyclic acetal-bearing carbonate monomer.'8°
Other examples include the synthesis of ABPs with PCL,'8! vinyl polymer,'®? and prodrugs.'®*

184 These ABPs self-assembled nanoassemblies with SS located at the interfaces and acid-labile

linkages in the cores. Both linkages were cleaved in response to GSH and in acidic pH.

In contrast, numerous strategies have been reported to synthesize a variety of novel DL dual
acid (interface)/GSH (core)-responsive ABPs mostly through direct polymerization approach.
Strategy I studies the combination of RAFT polymerization and ROP techniques to synthesize
PCL-based grafted or star-shaped copolymers bearing AcA groups at the block junction and SS
group in the middle of hydrophobic block.!8-137 Strategy II allows for the synthesis of
polyurethane-based linear block copolymer with BzI'® and HYD'® linkages at the block
junctions. Strategy III studies the fabrication of core-crosslinked nanogels through the formation
of SS crosslinks by the oxidation of pendant thiol groups in polypeptide block copolymers. As
illustrated in Figure 2.13a, this strategy involves the ROP of nitrobenzyl-bearing a-amino acid V-
carboxyanhydride initiated with DMMA-labeled PEG amine to form PEG-DMMA -poly(nitrobenzyl-
bearing a-amino acid N-carboxyanhydride). Following photo-cleavage reaction to generate pendant
thiol groups allowed for the synthesis of a PEG-DMMA-polycysteine block copolymer. The block
copolymer self-assembled to form nanoassemblies composed of pendant thiol groups in the cores and
DMMA at the interfaces. The oxidation of thiol groups allowed for the fabrication of core-crosslinked
nanogels with sheddable PEG corona composed of junction DMMA groups and SS-crosslinked
cores.'” Similar strategy to fabricate DL dual acid/GSH-degradable core-disulfide crosslinked

nanogels through oxidation was conducted with a BzI block junction.!*!

Strategy IV studies CRP techniques for HMssEt (a methacrylate bearing pendant SS group)
with the design and synthesis of acid-degradable PEG-based precursors bearing acid-labile
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linkages. As depicted in Figure 2.13b, a novel PEG-DMK-RAFT macro-agent was synthesized
by multiple steps and used for RAFT polymerization of HMssEt, yielding PEG-DMK-PHMssEt
diblock copolymer.?! Interestingly, ATRP of HMssEt in the presence of PEG-DMK-Br was not
successful because of the unexpected cleavage of DMK linkage under ATRP condition.!®?
However, PEG-AcA-Br successfully initiated the ATRP of a mixture of OEOMA and HMssEt to
synthesize well-defined PEG-AcA-P(OEOMA-co-HMssEt) double hydrophilic diblock
copolymer (Figure 2.13¢).*! For Strategy V, carbonylimidazole chemistry has been conducted to
synthesize polydisulfide having SS on the backbones, which was further conjugated with a PEG
bearing BzCA (benzylic cyclic acetal) (e.g. PEG-BzCA-OH) to synthesize PEG-BzCA-

polydisulfide-BzCA-PEG triblock copolymer (Figure 2.13d).!%}

Other strategies include the conjugation of two reactive polymers through in situ formation
of HYD or Bzl groups for acid-labile block junctions. A CHO-bearing PEG was synthesized and
used for conjugation with a reactive polyurethane labeled with multiple SS bonds on the
backbones bearing pendant amine groups (to form Bzl junction)!** and a reactive PCL labeled
with a SS bond in the middle of the central block bearing terminal hydrazine groups (to form
HYD junction).!®> Dextran was conjugated with a long chain alkyl (C18) group through
disulfide bond and then with a PEG through hydrazone bond after oxidation. As a result, this
yielded a PEG-grafted dextran labeled with SS in the hydrophobic block and HYD at the block

junction.!'%®
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2.4. Biological Evaluation

Drug-loaded ABP-based nanoassemblies designed with SRD are required to be internalized
into cells through endocytosis (or entry to cells). Depending on their endocytic pathways, these
nanoassemblies can be entrapped in either endosomes/lysosomes or cytosol inside cells. This is
critical because the nanoassemblies must escape endosomal/lysosomal pathway for the cargo to
be active. These nanoassemblies have been examined for their biological evaluation in vitro
(cells), and in vivo (animal models) as the drug release efficiency is not fully understood. For in
vitro evaluation, cytotoxicity test is one of the standard practices to measure the toxicity of the
nanoassemblies for target substance.!®” Typically, colorimetric assay using tetrazolium salts such
as 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) or 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
has been employed to determine the capability of mitochondria of live cells to reduce tetrazolium
salts to deeply coloured formazan dye as to determine the change in their UV/Vis absorption or
fluorescence.'?3-2> Alternatively, live/dead cell assay with fluorescent microscopy has also been
used to measure membrane integrity indicative of cytotoxicity, in addition to metabolic-based
assays for determining live, proliferating, cytotoxic and apoptotic cells.?%6-2% Most of ShS
nanoassemblies based on naturally-occurring and synthetic ABPs have been designed to not be

cytotoxic (e.g. biocompatible) up to certain concentrations.

Cellular uptake is another practice for in vitro evaluation, commonly by flow cytometry and
confocal laser scanning microscopy (CLSM). Flow cytometry determines the amount of
nanocarriers translocated by scanning a laser beam and fluorescent intensity responses occur to
discover the ratio of dead cells to marker cells. CLSM helps visualize the nanocarriers
localization by using a laser light through a standard light microscope and excite a specimen
through a narrow focus plane, leading to fluorescent imaging.2?-2!4 As an example, ShS
nanoassemblies based on PEG-based polyurethane ABP labeled with junction Bzl were
incubated with HeLa cancer cells. The nanoassemblies loaded with Dox were prepared with and
without folic acid cell-targeting ligand to folate receptor over-expressed on cancer-cell surfaces
to confirm the benefit of active targeting of folic acid (FA)-conjugated ShS nanoassemblies
through specific ligand-receptor interaction. As seen in Figure 2.14, both CLSM and flow
cytometry analysis suggest that both Dox-loaded nanoassemblies conjugated with and without

FA ligands have strong fluorescence intensity, meaning excellent cellular uptake, when they
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were incubated in mild acidic condition at pH = 6.5 (tumoral pH). Additionally, the conjugation
with FA appeared to have better cellular uptake through active targeting. Overall, these results
confirms that cellular uptake could be enhanced through the detachment of PEG corona upon the

cleavage of Bzl linkages at tumoral pH = 6.5 and additionally ligand-receptor interaction through

active targeting platform.?!
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Figure 2.14. Cellular uptake for PEG-BzI-PUSS nanoassemblies by CLSM (a) and flow
cytometry analysis (b). Samples were incubated at pH = 6.5 and 7.4 for 4 hrs and 24 hrs.?!3
Copyright 2023 Elsevier.

In vivo evaluation through animal studies, particularly mouse models, provide important

information on carcinogenicity, pulmonary, gastrointestinal, immunological, neurological, and
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cardiovascular toxicities of the nanoassemblies.?'®?>* Generally, after the nanoassemblies are
distributed into various organs, they can remain in the same structure or become modified or
metabolized for an unknown amount of time before leaving to other organs or be excreted. To
evaluate for these parameters, biodistributions of the mice are measured through
bioluminescence of implanted tumor cells in the mice for in vivo imaging and the
bioluminescence of the isolated organs of the liver, spleen, brain, heart and kidney through ex
vivo imaging. There have been few reports for single location!3* 143 152.225 and dual location?26-2%°
ShS nanoassemblies that have provided explicit differences between free Dox and Dox-loaded
micelles. One example is an ABP composed of PEG-BzI-poly(f-amino ester) grafted with
cholesterol (PEG-BzI-PAE-g-Chol), where tumor volumes were treated and measured with
injections of PBS, free Dox, PEG-BzI-PAE-g-Chol (Polymer), and PEG-BzI-PAE-g-Chol/Dox
(Dox-PMs). As shown in Figure 2.15a, tumor suppression occurred with Dox-PMs compared to
free Dox. Figure 2.15 b&c provide mean tumor weight after 30 days, illustrating Dox-PMs
provided a significant difference. Figure 2.15d demonstrated little to no body weight difference
in mice after 14-day post-injection, providing stability and consistency in results. Figure 2.15¢
shows histological examinations of each major organ under a microscope, where no signs of
metastasis occur in Dox-PMs, indicating biocompatibility and biosafety for enhanced drug
release.!> However, even with successful biological studies, there are major hurdles for getting
approval. One particular example is the lack of specific regulatory guidelines, where there are
inconsistent and insufficient standardized testing protocols to evaluate the in vitro and in vivo
properties of nanomedicines at the early stage. This leads to a high risk of failure in clinical

trials, impeding the clinical translation of nanoparticle-based drug delivery system.?30-237
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2.5. Summary and Outlooks

Recent advances in the development of well-defined ShS ABPs and their nanoassemblies
are summarized with the focus on acid- and GSH-responsive degradation. These ABPs have
been designed with acid-labile linkages such as acetal, ketal, orthoester, imine, hydrazone, and
dialkylmaleamidic amide (acid-responsive degradation) or SS/SeSe groups (GSH-responsive
degradation) at the junction of hydrophilic and hydrophobic blocks; consequently these linkages
are located at the core/corona interfaces in their self-assembled nanoassemblies. In response to
acidic pH or GSH as endogenous stimulus found in tumor tissues or cancer cells, the linkages
could be cleaved, causing the disintegration of ShS nanoassemblies, leading to the enhanced
release of encapsulated drug molecules in cancer cells or the improvement of PEG dilemma in
tumoral tissue environment. Numerous strategies have been developed to allow for the synthesis
of single location ShS-ABPs that are labeled with either acid-labile or SS/SeSe group at the
block junction. Most strategies have utilized either direct polymerization approach through
controlled polymerization techniques such as CRP and ROP or conjugation approach through
well-known coupling and in situ reaction. The strategies have proven to be robust as a means to
synthesize well-defined ShS ABPs with a variety of chemical structures and compositions of

particularly hydrophobic blocks, along with PEG as a common hydrophilic block.

Despite these advances, the current designs of single location ShS-ABPs present several
challenges to be addressed for various aspects of effective tumor-targeting drug delivery. PEG
has been mainly employed as a hydrophilic block of acid-degradable ABPs, thus attaining corona
(or shell) of ShS nanoassemblies. The detachment of PEG corona upon the cleavage of acid-
labile linkages at the interfaces aims to overcome PEG dilemma as to enhance the ability of
nanoassemblies for endocytosis in the tumoral pH at 6.5-6.9. Despite significant advance in the
synthesis of acid-degradable ShS ABPs with various acid-labile linkages, the choice of the
junction acid-labile linkage appears to be lack of rationale. Efforts could be made to investigate a
library of acid-labile linkages as suitable junction candidates that meet pH requirements.
Moreover, they should not interfere with controlled polymerization mechanisms. Another aspect
involves the occurrence of large aggregation of hydrophobic cores upon the detachment of PEG
coronas. DL ShS/core-degradable nanoassemblies have been designed to have both the

detachment of hydrophilic PEG corona and the degradation of cores in response to acidic pH and
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GSH. Despite these advances, more robust strategies to synthesize DL nanoassemblies that can

meet the requirements have to be developed.

A few ABP-based nanoassemblies have reached clinical studies such as PEG-b-PLA?238-240,
PEG-modified polyglutamate?*!-43, and PEG-b-poly(aspartic acid).> 244246 [t is anticipated that
nano-formulations based on SRD-exhibiting nanoassemblies designed with chemical transition
(e.g. the cleavage of acid-labile or disulfide bonds) can be in clinical studies for next-generation

drug delivery.
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Chapter 3: Design, Synthesis, and Acid-Responsive Disassembly of Shell-
Sheddable Block Copolymer Labeled with Benzaldehyde Acetal Junction

3.1 Introduction

Colloidally-stable nanoassemblies based on amphiphilic block copolymers (ABPs)
composed of hydrophilic and hydrophobic blocks have been considered as effective
nanoplatforms enabling the encapsulation and targeted delivery of hydrophobic biomolecules in
pharmaceutical science.?’2%0 Particularly, well-defined ABPs exhibiting stimuli-responsive
degradation through chemical transition have been designed with labile linkages that can be
cleaved in response to stimuli.>> 231-261 Acidic pH is the most promising endogenous stimulus
found in biological environments, typically tumor tissues and cancer cells. Compared with
normal tissues (pH = 7.4), an extracellular compartment of tumor tissues is slightly acidic (pH =
6.5-6.9) and endosomes and lysosomes in cancer cells is even more acidic (pH = 4.5-5.5).262-264
Given these features, acid-degradable ABPs and their nanoassemblies have been designed with
various acid-labile linkages such as acetal, ketal, orthoester, imine, oxime, hydrazone, 2,3-
dialkylmaleamidic amide, boronic ester, and B-thiopropionate groups.?® 265270 When being
exposed to an acidic environment, the nanoassemblies degrade upon the cleavage of the acid-
labile linkages, exhibiting the controlled/enhanced release of encapsulated drug molecules. Such
controlled drug release can improve biodistribution, ensure minimal dosage, and minimize

undesired cytotoxicity to healthy tissues common to small molecule drugs.?’!-?73

Various strategies have been reported to synthesize acid-degradable ABPs and their
nanoassemblies with different locations of acid-labile linkages.?’*?%* A promising strategy
involves the acid-labile linkages positioned at the junction of hydrophilic and hydrophobic
blocks of ABPs, and thus located at the interfaces of hydrophobic cores and hydrophilic coronas
of nanoassemblies. These acid-degradable shell-sheddable nanoassemblies have been commonly
designed with poly(ethylene glycol) (PEG) as corona (or shell) and thus provide colloidal
stability in aqueous solutions and prevent undesired protein absorption during blood circulation.
While being stable at physiological pH = 7.4, the nanoassemblies could enable to shed PEG
corona upon the cleavage of junction acid-labile linkages at the core/corona interfaces in the

tumoral pH at 6.5-6.9. Such detachment of PEG corona could not only address PEG dilemma
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and facilitate entry to cells but also enhance therapeutic activity of encapsulated drug

molecules.”!: 285-287

Various acid-labile linkages, including mainly ketal as dimethyl ketal,!”® 192288 acyclic
acetal as acetaldehyde acetal'?® 132289297 and cyclic acetal 298300 a5 well as benzoic imine,>°!

304 and 2,3-dialkylmaleamidic amide!% 3% have been explored for the development

303 hydrazone,
of acid-degradable shell-sheddable ABPs. Despite these advances, the choice of such junction
acid-labile linkages seemed to be intuitional and lack of rationale. Dimethyl ketal, benzoic imine,
and 2,3-dialkylmaleamidic amide linkages are cleaved rapidly at pH = 6.5 and to a significant
extent even at pH = 7.4. In contrast, acetaldehyde acetal and cyclic benzylic acetal linkages have
very slow hydrolysis rate at pH = 6.5 and even at pH = 5.0. Thus, it is highly desired to design
the appropriate candidate of junction acid-labile linkage meeting its criteria including slow

cleavage (acid-catalyzed hydrolysis) at tumoral pH, while rapid cleavage at endo/lysosomal pH

and no significant cleavage at physiological pH.

Acetal/ketal chemistry is promising in that the cleavage rates of acetal/ketal groups through
acid-catalyzed hydrolysis could be adjusted with the substituents attached to oxygen atoms as
well as central carbon atom in acetal/ketal moieties. Their tunable hydrolysis rates are attributed
to the stability of the corresponding carbocation intermediates generated through the protonation
of an oxygen atom and subsequent elimination of the corresponding alcohol species. The
substituents greatly influence the stability of the carbocations through steric, resonance, and
induction effects, and ultimately the cleavage rate (hydrolysis rate) of acetal/ketal groups.*%: 136
306-310' We envisioned to establish the design principle of acetal/ketal linkages for the
development of effective acid-degradable shell-sheddable ABPs that meet the requirements for

tumor-targeting drug delivery.

In this work, we investigated three candidates of acetal/ketals bearing benzaldehyde acetal
(BzAc), cyclopentyl ketal (CyPK), and cyclohexyl ketal (CyHK) groups as suitable candidates
for junction acid-labile linkages. Their diol precursors were synthesized to systematically
investigate their structure-driven acid-catalyzed hydrolysis rates at acidic pHs of 6.5 (tumoral
pH) and 5.0 (endo/lysosomal pH), compared with pH of 7.4 (physiological pH). The suitability
of BzAc as the junction acid-labile group for acid-degradable shell-sheddable nanoassemblies

are demonstrated with the synthesis of a well-defined block copolymer labeled with BzAc group
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at the junction of PEG and poly(benzyl methacrylate) (PBM) blocks, thus forming PEG-BzAc-

PBM diblock copolymer, followed by aqueous micellization and acid-responsive disassembly.
3.2 Experimental

3.2.1 Instrumentations. '"H NMR spectra were recorded using a 300 MHz Bruker
spectrometer and a 500 MHz Varian spectrometer. The CDClI3 singlet at 7.26 ppm, DMSO-de
quintet at 2.5 ppm, CD3CN singlet at 1.94 ppm, and D»O singlet at 4.79 ppm were selected as the
reference standards. Spectral features are tabulated in the following order: chemical shift (ppm);
multiplicity (s - singlet, d - doublet, t - triplet, m - complex multiple); number of protons;
position of protons. Molecular weight and molecular weight distribution were determined by gel
permeation chromatography (GPC). A Malvern GPCmax was equipped with a 1260 Infinity
Isocratic Pump and a Refractive Index Detector. A Waters Styragel GPC Column (5 pm, 7.8 mm
x 300 mm, ranging at 2 K — 4 M/mol) was used with THF 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 THF and the clear solutions were filtered using a PTFE disk
filter with 0.40 pm pores to remove any of insoluble species. A drop of anisole was added as a
flow rate marker. Fluorescence spectra on a Varian Cary Eclipse fluorescence spectrometer were
recorded using a 1 cm wide quartz cuvette. The size and size distribution of aqueous
nanoassemblies in hydrodynamic diameter were 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 Talos L120C TEM
operated at 80 kV electrons. To prepare the specimens, aqueous dispersions of nanoassemblies (5
uL) were dropped on a copper grid with carbon coating (300 mesh size). After 3 min, the
droplets were blotted off the grids using filter paper and dried at room temperature in a
desiccator before measurements. The average diameter was calculated with >50 nanoassemblies

in TEM images using ImageJ software.

3.2.2 Materials. Benzaldehyde (BzA, natural, 98%), benzaldehyde dimethyl acetal (99%),
cyclopentanone (CyP), cyclohexanone (CyH), 1,6-hexanediol (HDOH, 97%)), triethylamine
(EtsN, 99.5%), p-toluene sulfonic acid monohydrate (TSA, >98%), 1,1'-carbonyldiimidazole
(CDI, 97%), 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU, 98%), 2-bromoisobutyryl bromide (Br-
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iBuBr, 98%), methoxy-terminated poly(ethylene glycol) (PEG, MW = 5000 g/mol), benzyl
methacrylate (BM, 96%), and Nile Red (NR) from Sigma-Aldrich or Alfa Aesar as well as tris(2-
pyridylmethyl) amine (TPMA) from TCI Chemicals were purchased and used without further
purification unless otherwise noted. Dialysis tubing made of cellulose membranes with
molecular weight cut-off (MWCO) of 12-14 kDa was purchased from Spectra/Por. Anhydrous
tetrahydrofuran (THF) was obtained from a solvent purification system using aluminum oxide
columns. A PEG activated with CDI (PEG-CI, a precursor for the synthesis of PEG-BzAA-Br

ATRP macroinitiator) was synthesized as described elsewhere.!!

3.2.3 Synthesis of Acetal/Ketal-Labeled Diol Precursors. Three acid-labile diols bearing
BzAc, CyPK, and CyHK linkages were synthesized through direct acetalization/ketalization. All
reactions were conducted with use of air- and moisture-free techniques and reagent-grade

solvents.

BzAc-DOH. In a 100 mL round bottom flask dried at 70 °C overnight, HDOH (13.4 g, 113
mmol) and TSA (0.54 g, 3 mmol) were mixed with anhydrous THF (50 mL) containing 5 A
molecular sieves (25 g) dried in an oven at 180 °C for 5 hours. BzA (3 g, 28 mmol) was added
and the mixture was stirred at room temperature for 24 hours. After the removal of molecular
sieves by filtration, the resulting mixture was quenched with Et;N (1 mL). Solvent was removed
by rotary evaporation and the residues were re-dissolved in ethyl acetate. Crude was extracted
with an aqueous 2.5% sodium bicarbonate solution (2 x 50 mL) and the organic layer was dried
with magnesium sulfate. The product was collected as the second of the total two bands off a
silica gel column using an eluent of 1/1 v/v hexane/ethyl acetate mixture, and then dried in
vacuum oven for 24 hrs. Colorless oil residue with yield = 5.7 g (62%); Rr=0.17 on (1/1 v/v
hexane/ethyl acetate). 'H-NMR (CDCI3, ppm): 7.46-7.30 (m, 5H, Ar-H), 5.50 (s, 1H, CH-Oy),
3.66-3.60 (q, 4H, CH2-OH), 3.56-3.42 (m, 4H, CH>-CH;-0), 1.65-1.55 (m, 8H, CH2), 1.40-1.38
(m, 8H, CH>). 3C NMR (CDCls, ppm): 138.99, 128.25, 128.13, 126.66, 101.57, 65.37, 62.55,
32.65, 32.60, 29.70, 26.13, 26.10, 25.59, 25.56, 25.52. Mass calculated for C1904H31Na':
347.2193 and found: 347.2192.
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CyPK-DOH. Similar procedure was used, except for the use of HDOH (16.9 g, 143 mmol),
TSA (0.68 g, 4 mmol), cyclopentanone (3 g, 36 mmol), and 5 A molecular sieves (25 g). The
product was collected as the second of the total two bands off a silica gel column using an eluent
of 3/2 v/v hexane/ethyl acetate mixture, and then dried in vacuum oven for 24 hrs. Colorless oil
residue with yield = 5.5 g (51%); R¢=0.10 on (3/2 v/v hexane/ethyl acetate). '"H-NMR (CDCI3,
ppm): 3.65-3.63 (m, 4H, CH2-OH), 3.42-3.37 (m, 4H, CH>-CH-0), 1.75-1.55 (m, 16H, CH>),
1.42-1.36 (m, 8H, CHa-cyclopentyl). 3C NMR (CDCls, ppm): 111.54, 62.43, 62.32, 61.62,
34.67, 32.59, 32.52, 29.98, 26.28, 26.17, 25.65, 25.49, 22.85. Mass calculated for C;704H33Na™:
325.2349 and found: 325.2350.

CyHK-DOH. Similar procedure was used, except for the use of HDOH (14.4 g, 122 mmol),
TSA (0.58 g, 3 mmol), cyclopentanone (3 g, 31 mmol), and 5 A molecular sieves (25 g). The
product was collected as the second of the total two bands off a silica gel column using an eluent
of 3/2 v/v hexane/ethyl acetate mixture, and then dried in vacuum oven for 24 hrs. Colorless oil
residue with yield = 3.87 g (40%); Rr= 0.22 on (3/2 v/v hexane/ethyl acetate). '"H-NMR (CDCI3,
ppm): 3.66-3.62 (t, 4H, CH,-OH), 3.38-3.35 (t, 4H, CH>-CH:-0), 1.64-1.48 (m, 16H, CH>),
1.39-1.37 (m, 8H, CHz-cyclohexyl). *C NMR (CDCls, ppm): 99.87, 62.51, 62.39, 59.47, 33.73,
32.64,32.55, 30.07, 26.27, 25.69, 25.65, 25.51, 23.00 ppm. Mass calculated for Ci1s04H3sNa™:
339.2506 and found: 339.2504.

3.2.4 Studies of Acid-Catalyzed Hydrolysis of Acetal/Ketal-Labeled Diol Precursors.
0.2 M Aqueous phosphate buffered saline (PBS) solutions in D>O at potential of deuterium (pD)
=5.0, 6.5, and 7.4 were prepared by mixing aqueous stock solutions of NaH»PO4 (0.2 M) with
NaxHPO4 (0.2 M) in D0 at different volume ratios. pH values were measured using a pH meter
with a glass electrode standardized with aqueous buffer solutions (pH =4, 7 and 10). pD values

were calculated using the equation of pD = pH (measured) + 0.41.

To study hydrolysis, the solutions of diol precursors (whose moles were adjusted to 10
umol) dissolved in CD3CN (0.3 mL) were mixed with the as-prepared 0.2 M aqueous PBS
solutions in D>O (PB-D-0, 0.1 mL) at pD = 5.0, 6.5 and 7.4. The resultant mixtures were
analyzed by '"H NMR at 25 °C for given periods of time.
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3.2.5 Synthesis of PEG-BzAc-Br ATRP Macroinitiator. A two-step procedure with PEG-
CI was employed. In the first step to synthesize PEG-BzA A-OH precursor, a solution containing
BzAc-DOH (2.53 g, 7.80 mmol) and DBU (0.20 g, 1.30 mmol) dissolved in dichloromethane
(DCM, 30 mL) was mixed with a solution of PEG-CI (6.60 g, 1.30 mmol) dissolved in DCM (30
mL) at room temperature for 2 days. The resulting mixture was washed with aqueous PBS
solution (pH = 7.4) two times and then dried over magnesium sulfate. After solvent was removed
by rotary evaporation, the product was precipitated from anhydrous diethyl ether (50 mL),
isolated by vacuum filtration, and dried in a vacuum oven at room temperature for 12 hours,

yielding 4.9 g (70%).

In the second step, a solution containing the dried PEG-BzAc-OH (3.26 g, 0.59 mmol) and
EtsN (0.84 g, 8.30 mmol) dissolved in DCM (40 mL) was mixed with Br-iBuBr (0.55 g, 2.37
mmol) dissolved in DCM (3 mL) in an ice bath. The resulting mixture was stirred at room
temperature for 24 hours. The formed solids (Et;N-HBr adducts) were removed by vacuum
filtration. The solution was washed with PBS (pH = 7.4) two times and then dried over
magnesium sulfate. Solvent was removed by rotary evaporation. The product was then
precipitated from anhydrous diethyl ether (50 mL), isolated by vacuum filtration, and dried in a

vacuum oven at room temperature for 12 hours, yielding 3.2 g (>98%)).

3.2.6 ATRP to Synthesize PEG-BzAc-PBM Block Copolymer. PEG-BzAc-Br (0.26 g,
46.5 umol), BM (0.82 g, 4.65 mmol), [Cu(II)Br/TPMA]Br (1.19 mg, 2.30 umol), TPMA (2.01
mg, 6.98 umol), and anisole (3.3 g) were mixed in a 10 mL Schlenk flask. The mixture was
deoxygenated by purging under nitrogen for 1 hour. A nitrogen pre-purged solution of
Sn(I)(EH)2 (7.54 mg, 18.6 umol) dissolved in anisole (0.5 g) was injected into the Schlenk flask
to initiate polymerization, and then placed in an oil bath at 40 °C. Polymerization was stopped

after 3 hours by cooling the reaction mixture in an ice bath and exposing it to air.

The as-synthesized products were purified by precipitation from hexane three times to
ensure the removal of remaining monomers. The precipitates were isolated and dried in a

vacuum oven at room temperature overnight.
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3.2.7 Determination of Critical Micelle Concentration (CMC) using a NR probe. A
stock solution of NR in THF at 1 mg mL ! and stock solutions of PEG-BzAc-PBM in THF at 1
mg mL " and 0.1 ug ml™! were first prepared. The same volume of the stock solution of NR (0.5
mL, thus, 0.5 mg NR) was mixed with various volumes of the stock solutions of PEG-BzAc-
PBM. Water (0.5 mL) was then dropwise added to the resulting organic solutions of NR and
PEG-BzAc-PBM at room temperature. The resulting dispersions were stirred overnight to
remove THF and then were subjected to further addition of water to keep concentration
consistent. The solutions were centrifuged at 2500 rpm for 5 minutes, followed by filtration
using a PES filter with 0.45 um pores to remove excess NR. A series of NR-loaded micelles at
various concentrations of PEG-BzAc-PBM ranging from 1076 to 0.1 mg mL™! were formed.
From their fluorescence spectra recorded with Aex = 350 nm, the fluorescence intensity at

maximum wavelength was recorded.

3.2.8 Aqueous Micellization by Dialysis. PBS (pH = 7.4, 20 mL) was added dropwise to an
organic solution of PEG-BzAc-PBM dissolved in DMSO (2.0 mL) using a syringe pump
equipped with a plastic syringe (20 mL, 20 mm diameter) at an addition rate of 0.2 mL min™".
The resulting dispersion was dialyzed against PBS solution (3 L) twice for 24 h, yielding

aqueous micellar dispersion at 1 mg mL™!.

3.2.9 Cell Viability. HeLa cells were cultured at 5x10* cell/mL per well into a 96-well plate
in 100 puL in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and 1 % antibiotics (50 U/mL penicillin and 50 U/mL streptomycin) at 37 °C, 5%
CO3, and 90- 95% humidity. After 48 h, the cells were washed with sterile PBS solution and
exposed for 24 h to micellar dispersions prepared in 20 pL of PBS solution and 80 uL. of DMEM
media at concentrations ranging from 14-560 pg/mL. According to the manufacturer's protocol,
10 pL of a 1.4 mg/mL solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was added to each well to assess cell viability using the Cell Proliferation Assay Kit
(MTT, Promega). After 3 h incubation, culture media was carefully removed from the wells and
replaced with DMSO to dissolve formed insoluble formazan salts. Absorbance of the samples
were recorded at A = 570 nm using a Perkin-Elmer EnSight plate reader. Each concentration was
repeated six times. Cell viability was calculated as the percent ratio of absorbance of mixtures

with micelles to control (cells only).
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3.2.10 Acidic pH-Responsive Degradation and Disassembly. Aliquots of the purified,
dried PEG-BzAc-PBM (10 mg) was dissolved in CDCIl; (1 mL) containing DCI (20 pL) to
examine its degradation by "H NMR and GPC analysis. Aliquots of aqueous nanoassemblies of
PEG-BzAc-PBM (1 mL, 1 mg mL™!) were mixed with aqueous PBS (3 mL) and their pHs were
adjusted to be 6.5 and 5.3, along with at pH = 7.4 as a control to examine their disassembly by
DLS analysis.

3.3 Results and Discussion

3.3.1 Synthesis of Acid-labile Diol Precursors. Our experiments began with the synthesis
of three diol precursors bearing acetal/ketal groups. As depicted in Figure 3.1, the approach
explores the in situ formation of acetal and ketal linkages through coupling reaction (called direct
acetalization/ketalization) of HDOH with BzA for BzAc-DOH, CyP for CyPK-DOH, and CyH
for CyHK-DOH in the presence of TSA as an acid catalyst in anhydrous condition at room
temperature. After neutralization with Et3N, the formed products were purified by column
chromatography saturated with 1% Et3N. The use of Et;N is critical to prevent the undesired
cleavage of acetal and ketal bonds in silica column. NMR spectroscopy was used for structural

analysis of three diol precursors.

H _O HOy 0. O OH
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Figure 3.1. Synthesis of three diol precursors bearing acetal/ketal groups through coupling
reaction of HDOH with BzA, CyP, and CyH in the presence of TSA in anhydrous THF at room
temperature (RT).
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For the synthesis of BzAc-DOH, its '"H NMR spectrum in Figure 3.2a shows the typical
peaks at 7.30-7.50 ppm (a) corresponding to aromatic protons, 5.50 ppm (b) corresponding to
methine proton in acetal group, and 3.60 ppm (c¢) corresponding to methylene protons adjacent to
terminal hydroxy group. For CyPK-DOH and CyHK-DOH, their '"H NMR spectra (Figure 3.2b
and 3.2c) show the typical peaks at 3.70 ppm (a) corresponding to methylene protons adjacent to
terminal hydroxy units and 3.40 ppm (b) corresponding to methylene protons adjacent to oxygen
atoms of ketal units. The integral ratios of these peaks are quantitative to their numbers of
protons present in the precursor products. Combined with '*C NMR analysis (Figure A1-A3) and
high-resolution MS results, 'H NMR analysis confirms the successful synthesis of BzAc-DOH,
CyPK-DOH, and CyHK-DOH. The isolated yield was as high as 40-62%.
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Figure 3.2. '"H NMR spectra of BzAc-DOH (a), CyPK-DOH (b), and CyHK-DOH (c) in CDCls,
where only characteristics peaks are assigned. X denotes a trace of CHCl3 containing CDCls.

In a separate experiment, an alternative approach utilizing transacetalization was examined
to synthesize BzAc-DOH. As depicted in Figure A4, the approach involves the reaction of
HDOH with benzaldehyde dimethyl acetal (BzAc-DMA) in the presence of a catalytic amount of
TSA in an anhydrous condition. After neutralization with EtsN and purification through column
chromatography, 'H NMR analysis confirms the synthesis of the target product of BzAc-DOH at
48% of isolated yield (Figure A4).

An interesting result was observed when glycol was used instead of HDOH in an attempt to

synthesize benzaldehyde dihydroxyethyl acetal (BzAc-DHEOH), a family of BzAc-DOH
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(benzaldehyde dihydroxyhexyl acetal). "H NMR analysis confirms the formation of a cyclic
acetal instead of BzZAc-DHEOH, an aliphatic acetal diol (Figure AS5). The successful approach to
synthesize BzAc-DHEOH is illustrated in Figure A6 and the detailed synthetic procedures are
summarized in supporting information. The approach involves two-step synthesis consisting of
the transacetalization of BzAc-DMA with 2-hydroxyethyl acetate to synthesize BzAc-DEAc,
followed by its base-catalyzed hydrolysis with NaOH. 'H NMR analysis confirms the successful
synthesis of BzZAc-DMA (Figure A7), BzAc-DEAc (Figure A8), and BzAc-DHEOH (Figure
A9).

3.3.2 Studies of Acid-Catalyzed Hydrolysis Kinetics of Acid-labile Diol Precursors.
Given the success in the synthesis and structural analysis of three acid-labile diol precursors,
their acid-responsive degradation kinetics through acid-catalyzed hydrolysis was investigated in
acidic conditions. "H NMR spectroscopy was employed for the purified precursors dissolved in a
mixture of 3/1 v/v CD3CN/PB-D-0 at acidic pDs = 5.0 (endo/lysosomal pH) and 6.5 (tumoral
pH), compared with pD = 7.4 (physiological pH) as a control at 25 °C. Their 'H NMR spectra
were recorded over incubation time as shown in Figure 3.3 at pD = 5.0 and Figure A10-A15 at

pD = 6.5 and 7.4.

For BzAc-DOH, the new peak at 10 ppm (a) corresponding to aldehyde proton appeared and
its integral increased over incubation time, whereas the integral of the acetal methine peak at
5.40 ppm (b) decreased (Figure 3.3a). For CyPK-DOH and CyHK-DOH, the new peaks at 2.10
(a) and 2.40 ppm (b) corresponding to methylene protons adjacent to ketone groups appeared and
their integrals increased over incubation time, whereas the integral of the methylene protons
adjacent to oxygen atom of ketal units at 3.40 ppm (b) decreased (Figure 3.3b and 3.3c). Such
changes are attributed to the generation of BzA as a consequence of the cleavage of the acetal
linkage for BzZAc-DOH or CyP or CyH as a result of the cleavage of ketal linkages for CyPK-
DOH and CyHK-DOH in an acidic condition (Figure 3.3d-3.3f). Their integral ratios were used
to determine %hydrolysis of BzAc, CyPK, and CyHK linkages.

Figure 3.3g-3.31 shows their percent hydrolysis at different pDs over incubation time. For
BzAc-DOH, its %hydrolysis increased over incubation time at three pDs. Acid-catalyzed
hydrolysis rate is much faster when being incubated in acidic conditions (i.e. pD = 6.5 and 5.0),

compared with physiological pD = 7.4. Furthermore, the rate is faster at pD = 5.0 than pD = 6.5,
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which is plausibly attributed to higher concentration of protons. For CyPK-DOH and CyHK-
DOH, the trend of acid-catalyzed hydrolysis is similar in that their %hydrolysis increased over
time and the rates in acidic pDs are faster than that at pD = 7.4.
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Figure 3.3. Overlaid 'H NMR spectra at pD = 5.0 as an example (a, b, ¢), schematic illustration
of acid-catalyzed hydrolysis (d, e, ), and evolution of %hydrolysis at pD = 5.0, 6.8, and 7.4 (g,
h, 1) for BzAc-DOH (a, d, g), CyPK-DOH (b, e, h), and CyHK-DOH (c, f, 1) dissolved in a 3/1
v/v CD3CN/PB-D;0 mixtures.

For further quantitative analysis of acid-catalyzed hydrolysis of three acid-labile diol
precursors, their times when a half concentration of acetal/ketal linkages is cleaved (ti2) were
determined from the plots in Figure 3.4 and summarized in Table 3.1. Their percent hydrolysis is
compared at pD = 6.5 and 5.0 in Figure 3.4. For BzAc-DOH, t1» was 2 days at pD = 5.0 and 10
days at pD = 6.5, while it was 1 hr at pD = 5.0 and 2 hrs at pD = 6.5 for CyPK-DOH and 2 hr at
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pD = 5.0 and 5 hrs at pD = 6.5 for CyHK-DOH. These results confirm that the rate for BzAc-
DOH at pD = 6.5 appears to be slower compared with those for CyPK-DOH and CyHK-DOH.
Different from BzAc-DOH, the rate for two ketal precursors at pD = 6.5 appears to be as fast as
at pD = 5.0. Our results are consistent with the order of hydrolysis rate published in literature,
which is CyPK > CyHK > BzAc group in the mixture of 3/1 v/v CD3;CN/PB-D-0 at the same
volume ratio as our experiment, even though their relative hydrolysis rates are somewhat

different.*0

Given such promising results, we can conclude that the benzylic acetal precursor is the only
candidate that can be considered for the junction point between the hydrophilic and hydrophobic
blocks as this is the determining factor towards the efficient degradability of the nanoparticles for

the best drug release profile.
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Figure 3.4. Comparison of %hydrolysis of three diols at pD = 5.0 (a) and 6.5 (b). The plots are
built from the data shown in Figure 3.3.

Table 3.1. Summary of acid-catalyzed hydrolysis rates as times when a half concentration of
acetal/ketal linkages is cleaved (ti2) for acid-labile diol precursors.

Diol Precursor pD=5.0 pD=6.5 pD=7.4
BzAc-DOH 65 >248% >6179
CyPK-DOH 0.5 5 42
CyHK-DOH 2 11 46

a) Predicted using mathematical models that are fit to their data up to 120 hrs.
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3.3.3 Synthesis of PEG-based BzAc-Bearing ATRP Macroinitiator. Given that BzAc
group is the promising candidate of the acid-labile junction group of hydrophilic and
hydrophobic blocks, we investigated the proof-of-concept synthesis of an acid-degradable PEG-
based amphiphilic sheddable block copolymer. As the first step, the synthesis of a PEG-based
BzAc-labeled bromine (PEG-BzAc-Br) as a macroinitiator for atom transfer radical

polymerization (ATRP)?'% 313 was explored.

As depicted in Figure 3.5a, the approach involves a two-step process. The first step is the
coupling reaction of BzAc-DOH with PEG-CI in the presence of DBU as a base catalyst to
synthesize a PEG-BzAc-OH precursor. After being purified by precipitation from diethyl ether,
the white solid product at a yield of 70% was characterized by '"H NMR analysis. Figure 3.5b
shows the characteristic peaks at 7.30-7.50 ppm (aromatic protons, a), 5.50 ppm (methine proton
in acetal moiety, b), and 3.35 ppm (methoxy protons in PEG moiety, c), along with 1.37-1.59
ppm (methylene protons in BzAc moiety, d). The integral ratio of the peaks (a/b/c) is quantitative
to be 5/1/3, consistent with the number of their protons (Figure A16). Furthermore, no peaks at
8.50-7.00 ppm corresponding aromatic protons in CI species are shown. These results confirm
that mono-substituted PEG-BzAc-OH could be the major product (>98% efficiency) and
undesired dimer (PEG-BzAc-PEG) could be negligible.

The second step is the coupling reaction of the purified PEG-BzAc-OH with iBuBr in the
presence of EtsN. Excess iBuBr was used to maximize the coupling efficiency of the
esterification. The product was purified by precipitation from diethyl ether at >95% yield. Its 'H
NMR spectrum in Figure 3.5¢ shows the new peak at 1.90 ppm (methyl protons of bromine
species, ¢), along with 5.50 ppm (methine proton in acetal moiety, b) and 3.20 ppm (methoxy
protons in PEG moiety, c¢). Their integral ratio is quantitative to the number of protons present in
the product (Figure A17), suggesting >98% efficiency of the esterification. These results confirm
the synthesis of well-defined PEG-BzAc-Br ATRP macroinitiator.

The synthesized PEG-BzAc-Br was examined for its acid-responsive degradation, for
comparison with BzAc-DOH, its corresponding diol precursor, using '"H NMR spectroscopy in
3/1 v/v CD3CN/PB-D>0O mixtures at pD = 5.0, 6.5, and 7.4 (Figures A18-A20). Similar to BzAc-
DOH, %hydrolysis was determined as the integral ratio of aldehyde proton at 9.8 ppm to acetal
methine proton at 5.4 ppm. As seen in Figure A21, percent hydrolysis rates of PEG-BzAc-Br
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appeared to be similar to those of BzZAc-DOH precursor at pDs. These results suggest that
relatively long PEG chains have no significant effect on acid-catalyzed hydrolysis of BzAc

group.
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Figure 3.5. Synthesis of PEG-BzAc-Br ATRP macroinitiator (a) as well as "H NMR spectra of
PEG-BzAc-OH (b) and PEG-BzAc-Br (¢) in CDCls.

3.3.4 Synthesis of Acid-Degradable BzAc-Labeled Shell-Sheddable ABP. Given such
promising results, we have synthesized a well-defined acid-degradable shell-sheddable ABP
bearing BzAc linkage at the junction of hydrophilic and hydrophobic blocks. Figure 3.6a shows
our approach utilizing Activator ReGenerated by Electron Transfer process for ATRP (ARGET
ATRP).3!* BM was chosen to form a hydrophobic polymethacrylate block in consideration that
phenyl pendants could enhance the loading capacity of drug molecules that contain aromatic

species such as doxorubicin through n-x stacking.?!3-317

ARGET ATRP was conducted for BM with oxidatively-stable Cu(I)Bro/TPMA complexes
in the presence of PEG-BzAc-Br macroinitiator at 40 °C in anisole. The initial mole ratio of
[BM]o/[PEG-BzAc-Br]o was set to be 100/1, corresponding to the target degree of
polymerization at complete monomer conversion to be 100. A reason is our intention to obtain
the desired portion of PEG to be 30-40 wt% in the block copolymer and its nanoassemblies at

monomer conversion of 50-60%.
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After purification by precipitation from hexane at 45% monomer conversion, the formed
copolymer was characterized by GPC for molecular analysis and '"H NMR for structural analysis
and determination of degree of polymerization (DP). Its GPC trace in Figure 3.6b shows the
clear shift of molecular weight distribution to higher molecular weight with no significant trace
of PEG-BzAc-Br macroinitiator. The formed copolymer had the number average molecular
weight (My)= 15 kg/mol with narrow molecular weight distribution as My/My= 1.33. '"H NMR in
Figure 3.6¢ shows the presence of PEG block at 3.40-3.60 ppm (EO) and polyBM block at 0.70-
0.90 ppm for methyl protons (c). With their integral ratio, along with the DP of PEG block to be
113, the DP of polyBM block was determined to be 51 (DP = 45 based on 45% monomer
conversion). More promisingly, the peak at 5.50 ppm corresponding to methine proton (a) is
presented, which indicates the junction BzAc group remained intact during ATRP. These results,
as summarized in Table 3.2, confirm the synthesis of well-controlled shell-sheddable ABP with a
benzaldehyde acetal linkage at the block junction, thus PEG113-BzAc-PBMs;.
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Figure 3.6. Synthesis by ARGET ATRP (a), GPC diagram compared with that of PEG-BzAc-Br
macroinitiator (b), and "H NMR spectrum in CDCI; of well-defined PEG-BzAc-PBM sheddable
block copolymer bearing acid-labile BzAc at the block junction (c). Conditions for ATRP:
[BM]o/[PEG-BzAc-Br]o/[Cu(I)Bro/ TPMA]o/[TPMA]o = 100/1/0.05/0.15 in anisole at 40 °C,
BM/anisole = 0.25 wt/wt.
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Table 3.2. Characteristics and properties of PEG-BzAc-Br macroinitiator and PEG-BzAc-PBM
ABP.

Recipe [BM]o/[PEG- Time DP" M, Do
BzAc-Br]o (hrs) (kg/mol)

PEG-BzAc-Br - - - 7.9 1.22

PEG-BzAc-PBM? 100/1 3 51 15 1.33

a) Conditions for ATRP: [BM]o/[PEG-BzAc-Br]o/[Cu(I)Br2/ TPMA]o/[TPMA]o =
100/1/0.05/0.15 in anisole at 40 °C, BM/anisole = 0.25 wt/wt; b) Determined by 'H-NMR; c)
GPC with PMMA standards

3.3.5 Acid-Responsive Degradation of PEG-BzAc-PBM. Figure 3.7a illustrates the
degradation of PEG-BzAc-PBM upon the cleavage of the junction BzAc linkage through acid-
catalyzed hydrolysis to the corresponding degraded products (PEG-OH, HO-PBM, and BzA)
when being exposed to acidic pH. Acid-responsive degradation of the copolymer was
investigated in THF (a homogeneous solution) using GPC technique to follow any changes of its
molecular weights and distributions. As seen in Figure 3.7b, the GPC diagram of the degraded
products was shifted to low molecular weight region, with the decrease in the molecular weight
from My = 15 to 5 kg mol™!. Furthermore, molecular weight distribution became bimodal with a
shoulder in lower molecular weight region, which corresponds to the degraded PEG-OH. The
distribution in higher molecular weight region could correspond to HO-PBM. Our further
investigation to acid-responsive cleavage of the benzacetate acetal linkages was conducted using
"H NMR spectroscopy. An aliquot of PEG-BzAc-PBM at a concentration of 20 mg/mL was
incubated with DCI in an NMR tube for 24 hours. Figure 3.7c shows the appearance of the new
peak at 10 ppm presenting an aldehyde proton of BzAc and the disappearance of the peak at 5.50
ppm corresponding to methine proton in BzAc moiety. These results obtained from combined

GPC and NMR analysis confirm the cleavage of BzAc linkage in PEG-BzAc-PBM at acidic pH.
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Figure 3.7. Schematic illustration of acid-responsive degradation (a), GPC diagram before and
after treatment with acid in THF, compared to PEG-BzAc-Br initiator (b), and '"H NMR
spectrum in CDCI3 of degraded products formed through acid-catalyzed hydrolysis (c) of PEG-
BzAc-PBM sheddable block copolymer after 24 hours.

3.3.6 Aqueous Micellization and Cytotoxicity. The formed PEG-BzAc-PBM block
copolymer consists of both hydrophilic PEG and hydrophobic PBM blocks with a BzAc at the
block junction, thus undergoing self-assembly to form colloidal nanoassemblies in aqueous
environments (Figure 3.8a). Given the amphiphilicity, its CMC was determined using a
fluorescence spectroscopic technique with a NR probe.*? Figure 3.8b shows the maximum
fluorescence intensity of NR over an increasing concentration of PEG-BzAc-PBM, which is
constructed from their fluorescence spectra (Figure A22). At its lower concentration, the NR
fluorescence intensity remained low because of the existence of most NR molecules in aqueous
solution. Upon increasing the concentration of PEG-BzAc-PBM, the fluorescence intensity
increased as a consequence of the encapsulation of NR molecules in nanoassemblies. Their linear

progressions allow for the determination of CMC of PEG-BzAc-PBM to be 50 pg mL!.

Given its CMC, the copolymer was examined for aqueous micellization using a dialysis

method with DMSO at 1 mg mL™!, above its CMC. DLS analysis confirms the formation of
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nanoassemblies with the average diameter = 147 nm and monomodal distribution (Figure 3.8c).
TEM analysis shows that the morphology of these nanoassemblies is spherical (Figure 3.8d and
Figure A23). Their average diameter was 78.2 + 25.3 nm (Figure A24), which appears to be
smaller than that determined by DLS, because of nanoassemblies being in dried state for TEM
measurements. Interestingly, solvent evaporation method with THF yielded nanoassemblies with

multimodal distribution at the same concentration.

The formed nanoassemblies fabricated through dialysis method were examined for cell
viability. Various concentrations of nanoassemblies were incubated with HeLa cells for 24 hrs. A
MTT assay based on colorimetric analysis was employed to determine the viability of HeLa
cells. As seen in Figure A25, the viability was >85% in the presence of the nanoassemblies at the

concentrations up to 560 pg/mL, suggesting that PEG-BzAc-PBM is noncytotoxic.
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Figure 3.8. Schematic illustration of aqueous micellization through self-assembly of PEG-BzAc-
PBM (a), fluorescence intensity at maximum wavelength for aqueous mixtures consisting of NR

with various amounts of PEG-BzAc-PBM to determine CMC (b), DLS by intensity (c) and TEM
image with scale bar = 200 nm (d) of nanoassemblies at 1 mg mL".
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3.3.7 Acid-Responsive Disassembly. We then investigated acid-responsive disassembly of
shell-sheddable aqueous nanoassemblies (Figure 3.9a). As seen in Figure 3.9b-3.9d, their size
distribution was kept unchanged at pH = 7.4. When being incubated at acidic pHs = 6.5 and 5.0,
their size distributions were shifted to large size region with increasing average diameters.
Furthermore, large precipitates observed in the bottom of vials. Given our acid-catalyzed
hydrolysis of PEG-BzAc-PBM copolymer in THF, such increases in size and size distribution of
nanoassemblies could be attributed to the detachment of PEG corona chains from the cores as a
consequence of the cleavage of benzaldehyde acetal linkages at the interface of core/corona.
Such detachment could cause the disintegration of the nanoassemblies. The hydrophobic cores
generated from the detachment of PEG corona could be agglomerated, increasing the shift of the
size distribution in their DLS diagram. The agglomeration was confirmed by TEM analysis
(Figure 3.9¢). Our quantitative analysis to acid-responsive disassembly was furthered confirmed
with the evolution of their z-average diameter (by intensity) over incubation time (Figure 3.9f).
The diameter increased abruptly at pH = 5.0, while it increased gradually at pH = 6.5. After
longer period of time, the particles remained aggregated, with little change in size. While these
results are not beneficial for drug delivery applications, they are greatly promising in the support
for our choice of benzaldehyde acetal linkage as a good candidate as acid-labile linkage for the
junction of shell-sheddable block copolymers. This is a first step in understanding the
fundamental aspects of how the choice of stimuli can greatly affect how the nanoassemblies
break down and that one single stimulus is not sufficient for drug release. The need for
dual/multi-stimuli is necessary, where choosing the fundamental stimuli within the hydrophobic
core to avoid any agglomeration, will allow an enhanced drug release for biological applications.
In addition, it is known that the benzaldehyde as a cleavage product is non-toxic as it is a natural
compound biosynthesized by vegetables and is a product of the metabolism of plants. It also
contains antibacterial activity against Staphylococcus aureus and toxic action against fruit

flies 318-320
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Figure 3.9. Schematic illustration of acid-responsive disassembly (a), DLS diagrams by volume
incubated at pH = 7.4 (b), 6.5 (¢), and 5.0 (d) for 24 hrs, TEM image with scale bar = 200 nm (e),
evolution of z-average diameter over time incubated at pH = 7.4, 6.5, and 5.0 (f) of shell-
sheddable nanoassemblies.

3.4 Conclusion

Three diol precursors bearing BzAc, CyHK, and CyPK groups were synthesized to
investigate their acid-catalyzed hydrolysis at various pHs: 5.0 (endo/lysosomal pH), 6.5 (tumoral
pH), and 7.4 (physiological pH). Our 'H NMR analysis confirms the order of increasing acid-
catalyzed hydrolysis to be CyPK>CyHK>BzAc at pH = 5.0, which would be attributed to their
inductive and/or resonance effect. More importantly, BzAc had slow hydrolysis with ti» > 240 hr
at pH = 6.5 and relatively rapid hydrolysis with ti;»= 60 hr at pH = 5.0, suggesting that BzAc
group could be suitable for the junction acid-labile group of acid-degradable shell-sheddable
ABPs. With such promising results, a well-defined block copolymer labeled with BzAc group at
the junction of PEG and PBM blocks was synthesized by ATRP in the presence of PEG-BzAc-
Br macroinitiator. The formed block copolymer self-assembled to form aqueous colloidally-

stable nanoassemblies with BzAc groups at the core/corona interfaces. The formed
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nanoassemblies turned to be noncytotoxic up to 560 pg/mL. Furthermore, they disassembled in
acidic pHs; promisingly their response turned to be slower at pH = 6.5, but faster at pH = 5.0,
while being stable at pH = 7.4, based on our DLS and TEM analysis. These results confirm that
our approach with the choice of BzAc linkage as the block junction is promising in the
development of acid-degradable shell-sheddable nanoassemblies and further dual acid/stimulus-

degradable nanoassemblies as advanced drug delivery nanocarriers.
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Chapter 4: Synthesis and Acidic pH-Responsive Disassembly of Dual Shell-
Sheddable/Core-Degradable Block Copolymer Nanoassemblies

4.1 Introduction

Development of well-defined amphiphilic block copolymers (ABPs) and their
nanoassemblies designed to degrade in acidic environments has been extensively explored as a
promising platform for tumor-targeting drug delivery. Such efforts have been made because
acidic pH is an endogenous stimulus found in biological environments, particularly tumoral
extracellular compartments at pH = 6.5-6.9 and endosomes and lysosomes at pH = 4.5-5.5.71: 72
321 A prevailing approach to synthesize acid-responsive degradable ABPs involves the
incorporation of acid-labile linkages, typically acetal, ketal, benzoic imine, and 2,3-
dialkylmaleamidic amide groups. These linkages have been positioned in a single location, as in
hydrophobic cores (called core-degradable nanoassemblies) and at the interfaces of cores and

coronas (called shell-sheddable nanoassemblies). 24 133, 146, 152, 153, 322-325

To address these issues, dual-location acid-responsive degradation strategy with the
synthesis of acid-degradable nanoassemblies labeled with acid-labile linkages in both core and
core/corona interface has been proposed. In acidic environments, they could be disintegrated
through both the detachment of hydrophilic coronas upon the cleavage of the linkage at the
interfaces as well as the change in hydrophobic/hydrophilic balance upon the cleavage of the
linkage in hydrophobic cores simultaneously 3% 36: 136,294, 326330 Gy ch acid response in dual
locations could accelerate the release of encapsulated hydrophobic drug molecules in acidic sites.
Recently, we have demonstrated the versatility of dual location acid-responsive degradation
strategy with the synthesis of well-defined PEG-based ABPs bearing acetaldehyde acetal (AcA)
both at the block junction and in hydrophobic polymethacrylate block. Although their
nanoassemblies exhibited synergistic responses to acidic pH both in core and at interface, they
turned slowly degrade even at pH = 5, which is attributed to the slow acid-catalyzed hydrolysis
of AcA group.?3

Benzaldehyde acetal (BzAc) turned to exhibit optimal hydrolysis profiles in targeted pH
ranges (e.g. pH = 5.0-6.5) and was identified to be a suitable candidate for junction acid-labile

linkage: slow degradation at tumoral pH = 6.5 and rapid disassembly at endo/lysosomal pH =
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5.0, while colloidal stability at physiological pH =7.4.13° We envisioned that the suitability of

BzAc for junction acid-labile group could refine the features of dual-location acid-degradation
strategy. Furthermore, the strategy could be versatile with the choice of acid-labile groups in a
hydrophobic block, enabling the tunable acid-catalyzed degradation of acid-degradable

nanoassemblies.

In this work, we synthesized a well-defined poly(ethylene glycol) (PEG)-based ABP labeled
with BzAc at the block junction and benzoic imine (BzI) pendants in the hydrophobic
polymethacrylate block, thus forming PEG-BzAc-PBzI (called DLAD). Our synthetic approach
explores the post-polymerization modification through a facile carbonylimidazole-hydroxy
coupling reaction. Their nanoassemblies consisting of hydrophobic Bzl cores at BzAc interfaces
with PEG coronas underwent acid-responsive degradation through the detachment of PEG
corona and the disruption of hydrophobic cores upon the cleavage of both BzAc and Bzl groups
in acidic pHs. They enabled to encapsulate curcumin anticancer drug and further exhibited the
enhanced release of curcumin at pH = 5, while its slower release at pH = 6.5. Our work
demonstrates that dual core/interface location acid-degradable nanoassemblies are advanced

designs for effective tumor-targeting drug delivery with enhanced drug release.
4.2 Experimental

4.2.1 Instrumentations. '"H NMR spectra were recorded using a 300 MHz Bruker
spectrometer and a 500 MHz Varian spectrometer. The CDCl3 singlet at 7.26 ppm, , CD3CN
singlet at 1.94 ppm, and D0 singlet at 4.79 ppm were selected as the reference standards.
Spectral features are tabulated in the following order: chemical shift (ppm); multiplicity (s -
singlet, d - doublet, t - triplet, m - complex multiple); number of protons; position of protons.
Monomer conversion was determined by '"H NMR spectroscopy. 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 with 0.1% lithium
bromide and the clear solutions were filtered using a PTFE disk filter with 0.40 um pores to

remove any of insoluble species. A drop of anisole was added as a flow rate marker. The size and
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size distribution of aqueous nanoassemblies in hydrodynamic diameter were 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. 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 Thermo Scientific
Talos F200X G2 (S)TEM located at the Facility for Electron Microscopy Research at McGill
University. To prepare the specimens, aqueous dispersions of nanoassemblies (5 uL) were
dropped on a copper grid with carbon coating (300 mesh size). After 3 min, the droplets were
blotted off the grids using filter paper and dried at room temperature in a desiccator before
measurements. The average diameter was calculated with >50 nanoassemblies in TEM images

using Imagel software.

4.2.2 Materials. Benzaldehyde (BzA, 98%), 1,1'-carbonyldiimidazole (CDI, 97%), 2-
hydroxyethyl methacrylate (HEMA, 99%), 4-amino benzyl alcohol (98%), Curcumin (Cur) and
Nile Red (NR) from Sigma-Aldrich or Alfa Aesar as well as tris(2-pyridylmethyl) amine
(TPMA) from TCI Chemicals were purchased and used without further purification unless
otherwise noted. Dialysis tubing made of cellulose membranes with molecular weight cut-off
(MWCO) of 12-14 kDa was purchased from Spectra/Por. Anhydrous tetrahydrofuran (THF) was
obtained from a solvent purification system using aluminum oxide columns. A PEG-based
bromine macroinitiator bearing BzAc group (PEG-BzAc-Br),'*” carbonyl imidazole-bearing
methacrylate (CIMA),?°? and benzoic imine (BzI-OH)*3! were synthesized as described in our

previous publications.

4.2.3 ATRP to Synthesize PEG-BzAc-PCIMA ABPs. PEG-BzAc-Br, CIMA,
[Cu(I)Br/TPMA]Br, TPMA, and anisole (4.5 g) were mixed in a 10 mL Schlenk flask. The
mixture was deoxygenated by purging under nitrogen for 1 hour. A nitrogen pre-purged solution
of Sn(II)(EH): dissolved in anisole (0.5 g) was injected into the Schlenk flask to initiate
polymerization, and then placed in an oil bath at 40 °C. Polymerization was stopped after 40 min

by cooling the reaction mixture in an ice bath and exposing it to air.

PBPM-50: PEG-BzAc-Br (0.48 g, 89.1 umol), CIMA (1.00 g, 4.46 mmol),
[Cu(Il)Br/TPMA]Br (4.58 mg, 8.91 umol), TPMA (6.47 mg, 22.2 umol), Sn(II)(EH)2 (7.23 mg,
17.8 pmol).
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PBPM-100: PEG-BzAc-Br (0.24 g, 44.2 umol), CIMA (1.55 g, 4.42 mmol),
[Cu(Il)Br/TPMA]Br (4.58 mg, 8.91 umol), TPMA (6.47 mg, 22.2 umol), Sn(II)(EH)2 (7.23 mg,
17.8 umol).

PBPM-200: PEG-BzAc-Br (0.12 g, 22.5 pmol), CIMA (1.00 g, 4.46 mmol),
[Cu(Il)Br/TPMA]Br (4.58 mg, 8.91 umol), TPMA (6.47 mg, 22.2 umol), Sn(II)(EH)2 (7.23 mg,
17.8 pmol).

The as-synthesized copolymers were purified by passing through a basic alumina oxide
column to remove tin and copper species, followed by precipitation from hexane three times to
remove the residue CIMA monomers. The precipitates were isolated and dried in a vacuum oven

at room temperature overnight.

To investigate kinetics, aliquots were taken periodically to analyze monomer conversion by

"H NMR spectroscopy and molecular weight and its distribution by GPC.

4.2.4 Post-Polymerization Modification to Synthesize DLAD ABPs. The purified, dried
PEG-BzAc-PCIMA (PBPM-100, 1.90 g, 70 umol) was mixed with BzI-OH (1.42 g, 6.9 mmol)
and DBU (0.53 g, 3.5 mmol) in DCM (10 mL) under stirring for 24 hours. The formed polymer
was purified by precipitation from cold diethyl ether and dried in a vacuum oven set at 70 °C for

24 hrs.

4.2.5 Acidic pH-Responsive Degradation Studies. For PEG-BzAc-Br and BzI-OH, 0.2 M
aqueous phosphate buffered saline (PBS) solutions in D,0O at potential of deuterium (pD) = 5.0,
6.5, and 7.4 were prepared by mixing aqueous stock solutions of NaH>PO4 (0.2 M) with
NaxHPO4 (0.2 M) in D0 at different volume ratios. pH values were measured using a pH meter
with a glass electrode standardized with aqueous buffer solutions (pH = 4, 7 and 10). pD values
were calculated using the equation of pD = pH (measured) + 0.41. To study hydrolysis, solutions
of PEG-BzAc-Br (10 mg) and BzI-OH (10 mg) dissolved in CD3CN (0.3 mL) were mixed with
the as-prepared, 0.2 M aqueous PBS solutions in DO (PB-D-0, 0.1 mL) at pD = 5.0, 6.5 and
7.4. The resultant mixtures were analyzed by '"H NMR spectroscopy at 25 °C for given periods

of time.

For DLAD, its aliquots (10 mg) were dissolved in CDCI; (1 mL) containing DCI (20 pL)

and their '"H NMR spectra were recorded at given time intervals. Similarly, aliquots of DLAD
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(10 mg) were dissolved in DMF (0.1% LiBr, 2 mL) containing HCI (20 pL) and their GPC traces

were recorded at given time intervals.

4.2.6 Determination of Critical Micelle Concentration (CMC) using a NR probe. A
stock solution of NR in THF at 1 mg mL™! and two stock solutions of DLAD in THF at 1 mg
mL'and 0.1 pg ml™! were prepared. The same volume of the stock solution of NR (0.5 mL,
thus, 0.5 mg NR) was mixed with the various volumes of the stock solutions of DLAD. Water
(0.5 mL) was then dropwise added to the resulting organic solutions of NR and DLAD at room
temperature. The resulting dispersions were stirred overnight to remove THF in a fume hood.
After water was added to keep their concentrations consistent, the resulting dispersions were
subjected to centrifugation (2500 rpm for 5 min, followed by filtration using a disk-type PES
filter with 0.45 pum pores to remove excess NR. A series of NR-loaded nanoassemblies at various
concentrations of DLAD ranging from 1076 to 0.1 mg mL! were prepared and their emission

spectra upon excitation at Aex = 350 nm were recorded.

4.2.7 Aqueous Micellization by Solvent Evaporation Method. Deionized water (pH = 7.4,
10 mL) was added dropwise to an organic solution of DLAD in acetone (2.0 mL) using a syringe
pump equipped with a plastic syringe (20 mL, 20 mm diameter) at an addition rate of 0.2 mL
min~!. The resulting dispersion was heated at 30 °C to evaporate acetone for 24 hrs, yielding

aqueous dispersion of nanoassemblies at 6 mg mL ™",

4.2.8 Acidic pH-Responsive Disassembly of DLAD-based Nanoassemblies. Aliquots of
aqueous nanoassemblies of DLAD (1 mL, 1 mg mL™!) were mixed with aqueous acetate buffer
(3 mL) to adjust their pHs to be 5.3 and 6.5 as well as PBS (3 mL, pH = 7.4). Their mixtures
were analyzed by DLS technique.

4.2.9 Encapsulation of Cur. Typically, Cur (5.5 mg) and DLAD (50 mg) were dissolved in
acetone (2 mL). Water (10 mL, pH = 7.4) was drop-wise added under a magnetic stirring in a
fume hood for 24 hrs to remove acetone. The resulting dispersions were subjected to a
centrifugation (10,000 rpm and 10 minutes) and the supernatant was removed from the free
Curcumin. The dispersions were passed through a disk-type PES filter (0.45 pm pore, xx

diameter), yielding aqueous Cur-loaded nanoassemblies (Cur-NPs) at 6 mg mL~".

For quantitative analysis, aqueous Cur solutions (10 mL) were prepared as Cur (55 pg)

being dissolved in PBS at pH = 7.4 and Cur (55 pg) in acetate buffer solution at pH = 5.3.
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Aliquots (1 mL) of the resultant transparent solutions were diluted with ethanol (4 mL) to
prepare a series of solutions of Cur at various concentrations. Their UV-Vis spectra were

recorded to determine the extinction coefficient of Cur in a mixture of water/ethanol (1/4 v/v).

To determine encapsulation efficiency (EE%) and loading content (LC%) of Cur using a
UV/vis spectroscopy, an aliquot of aqueous Cur-NPs (2 mL) was mixed with ethanol (8 mL) to
form transparent solutions. After being passed through a disk-type PTFE filter (0.25 um pore
size), their UV/vis spectra were recorded. The EE% and LC% were determined by the following

equations:

Weight of Curcumin encapsulated in micelles

1) EE% = « 100%

Weight of feeding Curcumin

Weight of Curcumin encapsulated in micelles
2) LCY% = Zeightof P « 100%

Weight of micelles+encapsulated Curcumin

To get an insight to the effect of the weight ratio of Cur/DLAD on the loading and efficiency
of Cur, a series of aqueous Cur-NPs with the varying wt ratios of Cur/DLAD were prepared from
the mixtures of a given amount of Cur (5.5 mg) with varying amounts of DLAD (275 mg, 92 mg,
50 mg, 27.5 mg, 18.3 mg, 13.8 mg, 10 mg). Their UV/vis spectra were recorded. The detailed

characteristics and properties are summarized in Table B1.

4.2.10 Acidic pH-Responsive Release of Cur. Aliquots of Cur-NP dispersion (6 mg mL™!,
2 mL) were transferred into a dialysis tubing (MWCO = 12 000 g mol!) and immersed in
aqueous PBS solution (40 mL) at pH = 7.4 and aqueous acetate buffer solution (40 mL) at pH =
5.3 and pH = 6.5. Aliquots (4 mL) were taken and mixed with ethanol (16 mL, thus
water/ethanol = 1/4 v/v). Their UV-Vis spectra were recorded. The equal volume of fresh buffer

solution was added to keep the same volume of outer buffer solution.
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4.3 Results and Discussion

4.3.1 Synthesis of Well-Defined DLAD ABPs. Figure 4.1 depicts our approach with two
steps, including 1) an ATRP of CIMA in the presence of PEG-BzAc-Br, forming reactive PEG-
BzAc-PCIMA ABPs, and ii) its post-polymerization modification with BzI-OH.

0™ 2
o &

,(o\/\o)«\,o OMO o 11,(20\/\0)/\,0 OMO (o] 5
112 Cu(I)[TPMA]Br, TPMA, 0o o
0
PEG-BzAc-PCIMA 2
PEG-BzAc-Br 0
o<(
AR
QN

112

4O~ Oy O(V)ES)

PEG-BzAc-PBzl I)
o
0
N
O+

Figure 4.1. Our approach to synthesize well-defined DLAD PEG-BzAc-PBzI ABPs by ATRP of
CIMA in the presence of PEG-BzAc-Br, forming reactive PEG-BzAc-PCIMA ABPs, followed
by its post-polymerization modification with BzI.

4.3.2 Synthesis of PEG-BzAc-PCIMA BCP. An Activators Generated by Electron
Transfer (AGET) for ATRP (called AGET ATRP) was examined for CIMA in the presence of an
acid-degradable PEG-BzAc-Br macroinitiator, catalyzed by Cu(II)/TPMA complexes at 40 °C in
anisole. As an initial thrust, the initial mole ratio of [CIMA]o/[PEG-BzAc-Br]o was set to be
100/1, which corresponds to the target degree of polymerization (DP) of PCIMA block to be 100
at complete monomer conversion (PBPM-100). As-synthesized copolymer was purified by

precipitation from hexane, when monomer conversion reached 90% in 40 min.

"H NMR in Figure 4.2a shows the characteristic peaks at 8.2-7.0 ppm (a) corresponding to
aromatic imidazole protons, and peaks at 0.8-1.0 ppm (b) corresponding to methyl protons in
PCIMA block, along with peaks at 3.40-3.60 ppm (EO) presenting PEG block. With the integral
ratio of the peaks [(d/3)/(EO/4)] with the DP = 113 for PEG block, the DP of the PCIMA block
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was determined to be 96, thus forming PEG113-BzAc-PCIMAgs ABP. The formed PBPM-100
had its molecular weight by number average (Mn) = 35.6 kg/mol with molecular weight
distribution as narrow as its dispersion (D)= 1.22 by GPC analysis (Figure 4.2b). Its GPC trace
clearly shifted to higher molecular weight region with a negligible trace of PEG-BzAc-Br

macroinitiator, indicating the successful chain extension of PEG-BzAc-Br with PCIMA block.

Given the synthesis of PBPM-100, the initial mole ratio of [CIMA]o/[PEG-BzAc-Br]o was
varied with 50/1 (PBPM-50) and 200/1 (PBPM-200) to see the feasibility of our approach to
synthesize well-defined PEG-BzAc-PCIMA ABPs with different DPs of PCIMA blocks. Similar
to PBPM-100, the purified copolymers were characterized using 'H NMR spectroscopy for
PBPM-50 and PBPM-200 (Figure B1) and their overlaid GPC trace (Figure B2). Table 4.1
summarizes their characteristics and properties. Monomer conversion reached 90% in 60 min for
BA-P50, while 42% in 180 min for BA-P200. The plausible reason for slow polymerization with
PBPM-200 could be due to the lower concentration of initiators and Cu complex in the recipe.
The DP of PCIMA block was 73 for PBPM-50 and 80 for PBPM-200. Molecular weight
determined by GPC was M= 29.4 kg/mol for PBPM-50 and M= 36.1 kg/mol for PBPM-200,
with D =1.09-1.22.

Table 4.1. Characteristics and properties of PEG-BzAc-PCIMA under different initial mole
ratios in anisole.?)

Recipe [CIMA]/[PEG- Time Conv.” DPY Mumme? Macec? B?
BzAc-Br] (min) (%) (kg/mol)  (kg/mol)
PBPM-50 50/1 60 90 73 21.9 29.4 1.09
PBPM-100 100/1 40 90 96 25.4 35.6 1.22
PBPM-200 200/1 100 42 80 23.4 36.1 1.12

a) Conditions: [CIMA]o/[PEG-BzAc-Br]/[Cu(Il)Bro/ TPMA]/[TPMA] = (50, 100 or
200)/1/0.2/0.5 in anisole at 40 °C, CIMA/anisole = 0.40/1 wt/wt; b) determined by '"H NMR; ¢)
M, = DP x conv. + MW of PEG-BzAc-Br; and d) determined by GPC with PMMA standards.

In a separate experiment, kinetics for ARGET ATRP of CIMA in the presence of PEG-
BzAc-Br was investigated with a choice of PBPM-100 as a typical example. As shown in Figure
B3, the polymerization is first order, suggesting the constant concentration of active centers
during polymerization, up to 90% conversion. Molecular weight increased linearly with

conversion and dispersity was as low as 1.20. Moreover, GPC diagram evolved to higher
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molecular wight region over conversion. These results suggest that the ARGET ATRP of CIMA

in the presence of PEG-BzAc-Br proceeded in a controlled manner.

4.3.3 Post-Polymerization Modification to Synthesize DLAD ABPs. Post-polymerization
modification of PEG-BzAc-PCIMA was explored through a CDI-mediated coupling reaction
with a diol precursor bearing a conjugated benzoic imine (BzI-OH) to synthesize PEG-BzAc-
PBzI (DLAD) ABPs. The mole equivalent ratio of OH to pendant CI was set to be 1/1 to
facilitate the purification step due to the sensitivity of imine bonds even in a neutral environment.
As compared with "TH NMR spectra of PEG-BzAc-PCIMA and BzI-OH precursors, Figure 4.2a
shows the appearance of the characteristic peaks at 5.5-4.0 ppm (f, g, h), while disappearance of
aromatic imidazole protons at 8.2-7.0 ppm. Their integrals are quantitative to the number of their
protons. GPC trace of the copolymer shifted to higher molecular weight region with an
increasing M, from 35.6 to 42.6 kg/mol (Figure 4.2b). These results confirms the successful
conjugation of PEG-BzAc-PCIMA with BzI-OH, yielding PEG-BzAc-PBzI (DLAD) ABP.
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Figure 4.2. Overlaid '"H NMR spectra in CDCl; of PEG-BzAc-PCIMA, BzI-OH, and DLAD (a)
and overlaid GPC diagrams of PEG-BzAc-Br, PEG-BzAc-PCIMA, and DLAD (b).

4.3.4 Studies of Acid-Responsive Degradation of DLAD and Precursors. Figure 4.3a
depicts the acid-responsive degradation of DLAD to its degraded products including PEG-OH,
benzaldehyde, and HO-PM upon the cleavage of both junction BzAc and pendant Bzl groups
through acid-catalyzed hydrolysis. GPC technique was first examined for the qualitative analysis
of the acid-degradation of DLAD in the presence of HCI (an acid) in DMF. As seen in Figure
4.3b, its GPC trace shifted to lower molecular weight region with the decrease in its molecular

weight from M, = 42.6 to 18.0 kg/mol. The molecular weight distribution of the degraded
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products (e.g. PEG-Br and OH-PM) became bimodal. A shoulder in lower molecular weight
region could correspond to the degraded PEG-OH, while the main peak could be the HO-PM.
Our deconvolution method allowed us to estimate the wt% of the degraded PEG-OH to be 14%,
which is somewhat close to the theoretical wt% calculated from the recipe to be 18%. These
GPC results suggest the significant cleavage of BzAc and BzI linkages of DLAD in the presence
of acid. Given the promising GPC analysis, 'H NMR spectroscopy was examined in an attempt
to quantitatively analyze acid-responsive degradation of DLAD incubated with HCI in a mixture
of CH3CN/D-O. As seen in overlaid 'H NMR spectra in Figure B4, our "H NMR analysis did not
appear to be straightforward because the characteristic peaks corresponding to imine protons of

BzI pendants and aromatic protons in BzAc moieties are not clearly identified.
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Figure 4.3. Acid-responsive degradation upon the cleavage of BzAc and Bzl groups of DLAD
ABP (a) and its overlaid GPC diagrams before and after treatment with HCI (acid) in DMF,
compared with PEG-BzAc-Br macroinitiator (b).

In additional experiments, acid-responsive degradation of its precursors including PEG-
BzAc-Br and BzI-OH was investigated using "H NMR spectroscopy. As depicted in Figure 4.4a
and 4.4b, PEG-BzAc-Br degrades to corresponding PEG-OH, OH-Br, and benzaldehyde, while
BzI-OH to 4-aminobenzyl alcohol (OH-aniline) and benzaldehyde. Figure B5-B10 shows
overlaid "H NMR spectra of PEG-BzAc-Br and BzI-OH incubated at acidic pDs = 5.0
(endo/lysosomal pH) and 6.5 (tumoral pH), compared with pD = 7.4 (physiological pH) as a

control at 25 °C. For quantitative analysis, the characteristic peaks of the precursors and their
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degraded products could be used to calculate their %cleavage (e.g. %degradation

or %hydrolysis). Typical peaks include machine proton (1H) in PEG-BzAc-Br precursor and
benzyl protons (2H) of BzI-OH, along with aldehyde proton (1H) in benzaldehyde (a degraded
product). Figure 4.4c and 4.4d show %cleavage over incubation time. For both PEG-BzAc-Br
and BzI-OH, %cleavage increased over the incubation time at three pHs with its increasing order
of pD=5.0> 6.5 > 7.4. As expected, %cleavage was greater for BzI-OH than PEG-BzAc-Br,
confirming that acid-catalyzed hydrolysis is faster for BzI than BzAc bond. For example, ti2
which is the time for a half hydrolysis was 30 minutes for BzI, which is much greater than that
for PEG-BzAc-Br (30 hrs) at pD = 5.0. Moreover, the cleavage of BzAc appeared be slower at
pD = 6.5 and even much slower at pD = 7.4.

These results could imply that BzAc group at the block junction of DLAD and thus
core/corona interfaces at DLAD-based nanoassemblies could slowly degrade at pH = 6.5 (e.g in
tumoral extracellular compartment), while being stable at physiological pH = 7.4 (e.g. during
blood circulation). Bzl groups in hydrophobic cores, along with BzAc groups, degrade faster at

pH = 5.0 (in endo/lysosomes after endocytosis to cancer cells).
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Figure 4.4. Schemes for acid-responsive degradation (a, b) and %degradation at pD = 5.0, 6.5,
and 7.4 (c, d) for PEG-BzAc-Br (a, ¢) and BzI-OH (b, d).
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4.3.5 Aqueous Micellization and pH-Responsive Disassembly. The formed DLAD ABP
consists of both hydrophilic PEG and hydrophobic PBzI blocks with a BzAc at the block
junction. Given the amphiphilicity, the ABP self-assembled in aqueous solution form colloidal
nanoassemblies (Figure 4.5a). Its CMC was determined using a fluorescence spectroscopic
technique with an NR probe. From the emission spectra for a series of mixtures consisting of the
given amount of NR and the different amounts of DLAD (Figure B11), the maximum
fluorescence intensity of NR over an increasing concentration of DLAD was constructed (Figure
4.5b). At its lower concentration, the NR fluorescence intensity remained low because of the
existence of most NR molecules in aqueous solution. Upon increasing the concentration of
DLAD, the fluorescence intensity increased as a consequence of the encapsulation of NR
molecules in nanoassemblies. Their linear progressions allow for the determination of the CMC
of DLAD to be 30 ug mL'.Given its CMC, the copolymer was examined for aqueous
micellization using a solvent evaporation method with acetone, typically, at 6 mg mL™! above its
CMC. The resulting nanoassemblies had an average diameter of 53.1 nm with monomodal
distribution, by DLS analysis (Figure 4.5¢). They turned to be spherical with average diameter
was 27.7 = 4.0 nm by TEM analysis (Figure 4.5d). The diameter by TEM analysis appeared to be
smaller than that determined by DLS, because of their being in a dried state for TEM

measurements.
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Figure 4.5. Schematic illustration of aqueous micellization through self-assembly of DLAD (a),
fluorescence intensity at maximum wavelength for aqueous mixtures consisting of NR with
various amounts of DLAD to determine CMC (b), DLS by intensity (c) and TEM images with
different magnification nanoassemblies at 6 mg mL ™! (scale bar = 50 nm (left) and 100 nm

(right)) (d).

The formed DLAD-based nanoassemblies consist of acid-labile BzAc groups at the
core/corona interfaces and Bzl groups in the hydrophobic cores. As illustrated in Figure 4.6a, the
nanoassemblies could degrade through the detachment of PEG coronas as well as the
degradation of cores upon the cleavage of these acid-labile groups in acidic pHs. When being
incubated in acidic pHs = 5.0 and 6.5, their size distributions became bimodal or multimodal
with the population of aggregates (diameter > 0.7 pum) (Figure 4.6b and Figure B12). The
changes in size distributions were qualitatively analyzed with the evolution of their z-average
diameter (by intensity) over incubation time (Figure 4.6¢). At neutral pH, no change in z-average
diameter was observed, which indicates that nanoassemblies are stable. At mild acidic pH = 6.5,
the diameter increased from 54 nm to =75 nm in early 40 hrs and then did not appear to be
significantly changed. At more acidic pH = 5.0, the diameter increased to ~150 nm in 250 hrs

and then abruptly increased to 400 nm. Such increases in size and size distribution of
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nanoassemblies in acidic pHs could be attributed to acid-catalyzed hydrolysis of BzAc and Bzl
groups, leading to the detachment of PEG corona and degradation of cores. Such aggregation

was confirmed by TEM analysis (Figure 4.6d).
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Figure 4.6. Schematic illustration of acid-responsive disassembly (a), overlaid DLS by intensity
incubated at pH = 7.4, 6.5, and 5.0 after 72 hrs (b) evolution of z-average diameter over time
incubated at pH = 7.4, 6.5, and 5.0 (c), and TEM images with scale bar = 50 nm (left) and 100
nm (right) of dual location nanoassemblies (d).

4.3.6 Loading and pH-Responsive Release of Cur. Cur is clinically used as a non-toxic
anticancer drug. A solvent evaporation method with acetone, followed by centrifugation to
remove free Cur, was examined to fabricate Cur-loaded DLAD nanoassemblies (Cur-NPs). With
a typical wt/wt ratio of Cur/DLAD to be 2/1, aqueous dispersion of Cur-NPs in an orange color
was fabricated at 6 mg mL™!. They had an average diameter of 74.1 + 1.3 nm with monomodal
distribution, by DLS (Figure 4.7a) and 41.8 & 4.2 nm with spherical morphology, by TEM
analysis (Figure 4.7b). Next, LC% and EE% of Cur was determined using UV/vis spectroscopy.

With their UV/vis spectrum and the pre-determined extinction coefficient of Cur (¢ = 55,000 M~
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lem™) in water/ethanol (1/4 v/v) (Figure B13), the LC% to be 2.0 wt% and EE% to be 99% were

determined.

To get an insight into the effect of the amount of Cur on its LC% and EE%, a series of
mixtures consisting of a given amount of DLAD (50 mg) with various amounts of Cur were
prepared using the similar protocol (Figure B14 for their UV/vis spectra). When Cur/DLAD
wt/wt ratio increased from 2/1 to 55/1 (e.g. decrease in the amount of Cur in the recipe), EE%
decreased from 99% to 13%. Interestingly, LC% increased from 2.0 to 9.1% up to 11/1 ratio and

then appeared to slightly decrease to 6.6% upon further increase in ratio.

Given our promising results on Cur loading, we investigated in vitro release of Cur from
Cur-NPs using UV-Vis spectroscopy. For this method, aliquots of Cur-NPs in a dialysis tubing
(MWCO = 12 kDa) were placed in outer buffer solution under different = 5.3, 6,5 (acidic), and
7.4 (control). Upon the degradation of Cur-NPs, as illustrated in Figure 4.7¢, Cur could be
released and diffused out of the dialysis bag into outer buffer solutions. Aliquots (4 mL) of outer
buffer were taken at given times and mixed with ethanol (16 mL) to record their UV spectra
(Figure B15). For the quantitative analysis, the extinction coefficient of Cur was used to
determine the amount of Cur released from Cur-NPs at given time intervals. Figure 4.7d shows
the %Cur release over incubation time at pH = 7.4, 6.5 and 5.0, where each was examined in
triplicates to analyze the standard deviation of our %Cur release. At neutral pH (pH = 7.4), there
is little to no release of Cur, remaining at a plateau of 1% after 5 days. At extracellular pH = 6.5,
the release of Cur was enhanced to a 45%, whereas at intracellular pH = 5.0, the release was
accelerated to 85% after 5 days. Such rapid Cur release could be attributed to the degradation of
Cur-NPs through both PEG detachment and core polarity change upon the cleavage of both
BzAc and BzI linkages located both at interfaces and in cores, respectively. These results suggest

beneficial advantages for dual location pH-responsive nanoassemblies.
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Figure 4.7. Cur-loaded micelles measured by DLS by intensity (a), TEM images with scale bar =
50 nm (left) and 100 nm (right) (b), schematic illustration of acid-responsive disassembly for
release of Cur (c) and %Cur release from Cur-NPs being incubated at pH = 7.4, 6.5 and 5.0 (d).

4.4 Conclusion

A dual location acid-degradable ABP labeled with BzAc linkage at the block junction and
BzI hydrophobic blocks was synthesized by AGET ATRP, followed by post-polymerization
modification. At above CMC of 30 ug mL-!, ABP self-assembled to form aqueous colloidally-
stable nanoassemblies with BzAc groups at the core/corona interfaces and Bzl groups within the
hydrophobic core. Their acid-responsive degradation was driven by the tunable acid-catalyzed
hydrolysis of BzAc and BzI linkages, and the disassembly of the nanoassemblies indicated
promisingly their response to be slower at pH = 6.5, but faster at pH = 5.0, while being stable at
pH = 7.4, based on our DLS and TEM analysis.
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These nanoassemblies could encapsulate Cur anticancer drugs to form Cur-NPs with
diameter = 74 nm which had an encapsulation efficiency as high as 91% and a loading content of
9.1% when the weight ratio of Cur/DLAD was designed to be 11/1. Owing to dual response to
acidic pH at both the core and the interface, they exhibit the synergistic and accelerated release
of encapsulated Cur at endo/lysosomal pH, and moderate Cur release at extracellular pH, while
no release occurred at physiological pH. These results emphasizes the promise of dual location
acid-responsive degradation nanoassemblies in delivering therapeutic agents with high efficiency

for advanced drug delivery.
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Chapter 5: Stability of Acetals/Ketals under Controlled Radical and Ring

Opening Polymerization
5.1 Introduction

The development of well-defined amphiphilic block copolymer (ABP)-based
nanoassemblies designed to degrade through chemical transition in response to endogenous
triggers found in cells and tissues has been explored for advanced polymeric drug delivery
platforms.?% 33 251-255, 257-261, 330, 332-334 Iy particular, acid-degradable nanoassemblies have been
widely developed as acidic pH is the most promising endogenous trigger found in tumor
environments 3% 265-267, 269,270, 335 Compared to normal tissues at pH = 7.4, extracellular
compartments of tumor tissues are slightly acidic at pH = 6.5-6.9 and endosomes and lysosomes
are more acidic at pH = 4.5-5.5.71-72.321 Most acid-degradable ABPs have been designed with
acid-labile acetal, ketal, orthoester, imine, oxime, hydrazone, 2,3-dialkylmaleamidic amide,

boronic ester, and B-thiopropionate groups.8? 190:275-279, 282,283, 330, 336-339

Particular interest focuses on acetals and ketals because of their ability to tune acid-
catalyzed hydrolysis rate with substituents on both the oxygen atoms and the central carbon in
their structures. The nature of the substituents strongly affects the stability of the intermediate
carbocation generated from the elimination of protonated alcohol in acidic condition - and thus
overall acid-catalyzed hydrolysis rate - through steric, resonance, and inductive effects.!36 307,340,
341 Along with the report on acid-catalyzed hydrolysis rates at pH = 5 for acetals and ketals with
various substituents,3*? recent report also describes the increasing order of acid-catalyzed
hydrolysis to be benzyl acetal (BzAc) < cyclohexyl ketal (CyHK) < cyclopentyl ketal (CyPK) at
pH = 5.0.1% Compared with the three candidates, acid-catalyzed hydrolysis is slower for
acetaldehyde acetal (AcA), while faster for dimethyl ketal (DMK). Their chemical structures are

shown in Figure 5.1.
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Figure 5.1. Chemical structures and acid-catalyzed hydrolysis rate of acetals and ketals of
interest in this work.

A general approach to synthesize acid-degradable poly(ethylene glycol)-based ABPs utilizes
controlled polymerization techniques, particularly atom transfer radical polymerization (ATRP)
of methacrylate monomers and ring opening polymerization (ROP) of cyclic monomers. Most
reports describe the synthesis of acid-degradable ABPs bearing acetaldehyde acetal (AcA)
groups by ATRP, suggesting that AcA is stable under the ATRP condition,33- 292,294, 343-345
Interestingly, our recent report describes the instability (cleavage) of dimethyl ketal (DMK)
linkage under ATRP condition, thus not allowing for the synthesis of acid-degradable ABPs
labeled with DMK group at the block junction by ATRP.!? It can be implicated that the
sensitivity of acetals and ketals to acidity is likely related to the stability to ATRP condition. In
contrast, reports describe the instability of both AcA?** and DMK!” under a tin-catalyzed ROP

condition, suggesting that no relationship of sensitivity to acid with stability to ROP condition.

Given limited studies addressing the relationship of sensitivity to acid and stability to
controlled polymerization, we investigated the stability of acid-labile groups under ATRP and
ROP conditions with the choice of BzAc as a typical acetal and CyHK as a typical ketal. Their
dibromide ATRP initiators synthesized here were examined for model studies and ATRP of two
methacrylate monomers on their stability under ATRP condition. Further, their diol precursors

were examined for ROP of lactide (LA) on their stability under a tin-catalyzed ROP condition.
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5.2 Experimental

5.2.1 Instrumentations. '"H NMR spectra were recorded using a 300 MHz Bruker
spectrometer. The CDCls singlet at 7.26 ppm and DMSO-ds quintet at 2.5 ppm were selected as
the reference standards. 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. Monomer conversion was determined by '"H NMR spectroscopy with the
integral ratio of the methyl group on backbone of polymethacrylate to the methacrylate group of
methacrylate monomer. 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% lithium bromide 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 with 0.1% lithium bromide and the clear solutions were
filtered using a disk-type PTFE filter (manufactured by MilliporeSigma) with 0.45 um pores to

remove any insoluble species. A drop of anisole was added as a flow rate marker.

5.2.2 Materials. Triethylamine (Et3N, 99.5%), 2-bromoisobutyryl bromide (Br-iBuBr,
98%), benzyl methacrylate (BM, 96%), oligo(ethylene glycol) methyl ether methacrylate
(OEOMA, Mw= 300 g/mol), copper (II) bromide (Cu(Il)Br>, 99%), D,L-lactide (LA, 99%), and
tin (II) ethylhexanoate (Sn(EH)2, 95%) from Sigma-Aldrich or Alfa Aesar as well as tris(2-
pyridylmethyl) amine (TPMA) from TCI Chemicals were purchased and used without further
purification. Anhydrous anisole and anhydrous toluene were purchased from Sigma-Aldrich and

used after treated with 3 A molecular sieves.

Diols bearing acid-labile benzyl acetal (BzAc-DOH) and cyclohexyl ketal (CyHK-DOH)

were synthesized as described in our previous publications. '3’

5.2.3 Synthesis of Acid-Labile Dibromides. Br-iBuBr dissolved in DCM (8 mL) was
added dropwise to an organic solution containing diol bearing acid-labile group and Et;N in
DCM (20 mL) in an ice bath. The resulting mixture was stirred at 0 °C for 3 hrs. After the
formed solids (Et;N-HBr adducts) were removed by vacuum filtration, the mixture was washed

with phosphate buffer saline (PBS) solution (pH = 7.4) twice and then dried over magnesium
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sulfate. Solvents were removed by rotary evaporation. The product was collected as the second
of the total two bands off a silica gel column using an eluent of 3/2 v/v hexane/ethyl acetate

mixture and then dried in vacuum oven for 24 hrs.

BzAc-DBr: BzAc-DOH (1.5 g, 4.63 mmol), EisN (5.6 g, 55.4 mmol), and Br-iBuBr (3.2 g,
13.9 mmol). R¢= 0.4 with 3/2 v/v hexane/ethyl acetate mixture. Yield = 45%. '"H NMR (CDCls,
ppm): 7.46-7.30 (m, SH, Ar-H), 5.50 (s, IH, CH-0), 4.20 (t, 4H, CH2-COCBr), 3.5 (t, 4H, CHo-
CH:-0), 1.94 (s, 12H, C(CH3)2Br), 1.65-1.55 (m, 8H, CH3), 1.40-1.38 (m, 8H, CH>).

CyHK-DBr: CyHK-DOH (2.0 g, 6.31 mmol), EtsN (7.7 g, 75.8 mmol), Br-iBuBr (5.8 g,
25.2 mmol). R = 0.6 with 3/2 v/v hexane/ethyl acetate mixture. Yield = 53%. '"H NMR (CDCls,
ppm): 4.20 (t, 4H, CH2-COCBr), 3.40 (t, 4H, CH2-CH-0), 1.94 (s, 12H, C(CH3)2Br), 1.64-1.48
(m, 16H, CH3), 1.39-1.37 (m, 8H, CH»-cyclohexyl).

5.2.4 Model Studies on Stability of Acetals and Ketals under ATRP Conditions.
Aliquots of BzAc-DBr and CyHK-DBr (30 mg) were mixed with Cu(I)Br; (2 mg) in DMSO-ds
(1 mL) for 'H NMR spectroscopy.

5.2.5 General Procedure for ATRP of Methacrylates. BzAc-DBr or CyHK-DBr, BM or
OEOMA, [Cu(IT)Br/TPMA]Br, TPMA, and anisole (7.2 g) were mixed in a 10 mL Schlenk
flask. The mixture was deoxygenated by purging under nitrogen for 1 hour. A nitrogen pre-
purged solution of Sn(EH): dissolved in anisole (0.8 g) was injected into the Schlenk flask to
initiate polymerization, and then placed in an oil bath at 40 °C. Polymerization was stopped after
3 hrs by cooling the reaction mixture in an ice bath and exposing it to air. Below are the detailed

recipes which are also summarized in Table C1.

ATRP-1 (PBM-BzAc-PBM): BzAc-DBr (0.14 g, 23.2 pmol), BM (2.05 g, 11.6 mmol),
[Cu(ID)Br/TPMA]Br (2.98 mg, 5.81 umol), TPMA (5.06 mg, 17.4 umol), Sn(EH): (18.8 mg,
46.5 pmol).

ATRP-2 (POEOMA-BzAc-POEOMA): BzAc-DBr (91 mg, 0.14 mmol), OEOMA (2.2 g,
7.3 mmol), [Cu(Il)Br/TPMA]Br (1.88 mg, 3.67 umol), TPMA (3.19 mg, 11.0 pmol), Sn(EH)»
(11.8 mg, 29.3 pumol).
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ATRP-3 (PBM-BzAc-PBM): BzAc-DBr (0.15 g, 25.0 umol), BM (2.20 g, 12.5 mmol),
[Cu(IDBr/TPMA]Br (12.8 mg, 25.0 umol), TPMA (18.1 mg, 62.4 umol), Sn(EH)> (20.2 mg,
49.9 umol).

ATRP-4 (POEOMA-BzAc-POEOMA): BzAc-DBr (82.9 mg, 0.13 mmol), OEOMA (2.00 g,
6.7 mmol), [Cu(Il)Br/TPMA]Br (6.84 mg, 13.3 umol), TPMA (9.67 mg, 33.3 umol), Sn(EH)>
(10.8 mg, 26.7 umol).

ATRP-5 (PBM-CyHK-PBM): CyHK-DBr (0.15 g, 23.9 umol), BM (2.10 g, 11.9 mmol),
[Cu(ID)Br/TPMA]Br (3.06 mg, 5.96 umol), TPMA (5.19 mg, 17.8 umol), Sn(EH): (19.3 mg,
47.6 umol).

ATRP-6 (POEOMA-CyHK-POEOMA): CyHK-DBr (0.11 g, 18.0 umol), OEOMA (2.7 g,
9.0 mmol), [Cu(Il)Br/TPMA]Br (2.30 mg, 4.50 umol), TPMA (3.91 mg, 13.5 pmol), Sn(EH),
(14.6 mg, 36.0 umol).

The as-synthesized polymers were purified by passing through a basic alumina oxide
column to remove copper species, followed by precipitation from hexane three times to remove
residue monomers. The precipitates were isolated and dried in a vacuum oven at room

temperature for 13 hrs.

To investigate kinetics, aliquots were taken periodically to analyze monomer conversion by

"H NMR spectroscopy and molecular weight and its distribution by GPC.

5.2.6 General Procedure for ROP of LA. BzZAc-DOH or CyHK-DOH, LA, Sn(EH), and
toluene (10 mL) were mixed in a 15 mL Schlenk flask. The mixture was deoxygenated by
purging under nitrogen for 1 hr, and then placed in an oil-bath at 120 °C. Polymerization was
stopped after 18 hrs by cooling the reaction mixture in an ice bath and exposing it to air. Below

are the detailed recipes which are also summarized in Table C2.

ROP-1 (PLA-BzAc-PLA): BzAc-DOH (0.21 g, 0.63 mmol), LA (5.0 g, 43.8 mmol),
Sn(EH)2 (20.3 mg, 0.10 mmol).

ROP-2 (PLA-CyHK-PLA): CyHK-DOH (0.20 g, 0.60 mmol), LA (5.0 g, 43.8 mmol),
Sn(II)(EH)2 (20.3 mg, 0.10 mmol).
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The as-synthesized PLAs were purified by precipitation from methanol three times to
remove the residue LA monomers. The precipitates were isolated and dried in a vacuum oven at

room temperature overnight.

5.2.7 Studies of Acid-Catalyzed Degradation. Aliquots of polymers (30 mg) were
incubated with HC1 (20 puL) in DMSO-ds for '"H NMR and in DMF for GPC analysis.

5.3 Results and Discussion

5.3.1 Synthesis of Acid-labile Dibromide ATRP initiators. Figure 5.2 depicts our
approach to synthesize BzAc-DBr and CyHK-DBr. The approach explores a facile coupling
reaction of corresponding acid-labile diol precursors with Br-iBuBr in the presence of EtzN as a

base.

a) B’>kr
HOMéMOH Et;N, DCM *I/ Moé Wr

BzAc-DOH BzAc-DBr

b) Brjﬁ(

HOM GMOH Et;N, DCM >H/ Moijo(\/)/

CyHK-DOH CyHK-DBr

Figure 5.2. Synthesis of acid-labile dibromides, BzAc-DBr (a) and CyHK-DBr (b), by a facile
coupling reaction of BzZAc-DOH and CyHK-DOH with Br-iBuBr in the presence of EtsN (a
base).

For BzAc-DBr, 'H NMR spectrum in Figure 5.3a shows the characteristic peaks at 5.5 ppm
(b) corresponding to methine proton in acetal moiety (red), 4.2 ppm (c) corresponding to
methylene protons adjacent to ester group (blue), and 1.9 ppm (e) corresponding to methyl
protons of Br moiety (green). For CyHK-DBr in Figure 5.3b shows the 'H NMR with the peaks
at 4.2 ppm (b) corresponding to ester bonds, and at 1.9 ppm (c) corresponding to methyl protons
of Br moiety. Our '"H NMR analysis confirm the synthesis of BzAc-DBr and CyHK-DBr.
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Figure 5.3. '"H NMR spectra of BzAc-DBr (a) and CyHK-DBr (b) in CDCls.

5.3.2 Model Studies on Stability of Acid-Labile Linkages under ATRP Conditions. To
examine if acid-labile linkages can be cleaved under ATRP condition, 'H NMR spectroscopy
was used for the mixture of dibromide with Cu(II)Br; in DMSO-ds. Their amounts were

designed to mimic the characteristics of practical ATRP (e.g. [DBr]o/[Cu(II)Brz2]o = 1/0.05.

For BzAc-DBr, Figure 5.4a illustrates its degradation to corresponding benzaldehyde (BzA)
and two bromine species with a hydroxy terminal group (Br-OH) upon the cleavage of BzAc
linkage. Figure 5.4b shows overlaid 'H NMR spectra of BzAc-DBr incubated with HCI (0.24
M). The peak at 5.4 ppm (a) corresponding to methine proton in BzAc moieties did not appear to
significantly decrease. Consequently, the peak at 10 ppm (b) corresponding to benzaldehyde
proton barely appeared up to 3 hr incubation. Using their integral ratio, the %cleavage of BzAc
group was determined to be less than 1 % in 3 hr incubation, suggesting that BzAc group is

stable under ATRP condition.

For CyHK-DBr, Figure 5.4c shows its degradation to corresponding cyclohexanone and two
Br-OH species upon the cleavage of CyHK linkage. As shown in Figure 5.4d, the peak at 3.3
ppm (a) corresponding to methylene protons in CyHK moieties decreased. As a consequence, the
peak at 2.2 ppm (b) corresponding to methylene protons in cyclohexanone increased. Their
integral ratio allows to determine %degradation to be 35 % in 3 hr incubation, implicating the
instability of CyHK linkagee under ATRP condition. This result is consistent with the instability
of DMK group under similar ATRP condition.!*?
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Figure 5.4. Degradation to corresponding benzaldehyde and two Br-OH species bearing terminal
hydroxyl groups (a,c) and overlaid '"H NMR spectra incubated with HCI (0.24 M) in DMSO-de
(b,d) for BzAc-DBr (a,b ) and CyHK-DBr (c,d).

5.3.3 Studies on Stability of Acid-Labile Linkages during ATRP. The newly synthesized
acid-labile dibromides, BzAc-DBr and CyHK-DBr, were examined for ATRP of BM and
OEOMA in anisole at 40 °C, yielding PBM-BzAc-PBM and POEOMA-BzAc-POEOMA. For
most ATRP, initial mole ratio was set to be [DBr]o/[Cu(Il)Bro/ TPMA]o/[TPMA]o/[Sn(EH)2]o =
1/0.05/0.15/0.4, which is a typical condition for an Activators ReGenerated by Electron Transfer
(ARGET) process for ATRP (called ARGET ATRP). [BM or OEOMA]o/[DBr]o was set to be
50/1, equivalent to the target degree of polymerization (DP) = 50 at complete monomer
conversion (e.g. DP of each PBM or POEOMA to be 25). After being purified by precipitation
from hexane, the polymers were characterized for chemical structure by '"H NMR spectroscopy
and molecular weight and its distribution by GPC. Table 5.1 summarizes their characteristics and
properties. Their acid-catalyzed hydrolysis was investigated for the qualitative and quantitative

analysis to the stability of BzAc and CyHK groups during ATRP.
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Table 5.1. Characteristics and properties of polymers prepared by ATRP of BM or OEOMA
initiated with BzAc-DBr or CyHK-DBr in anisole.?

Recipe Monomer DBr [DBr]o/[Cu(Il)]y Time Conv.? M, © Do
(hrs) (%) (kg/mol)
ATRP-1 BM BzAc-DBr 1/0.05 3 62 6.5 1.18
ATRP-2 OEOMA BzAc-DBr 1/0.05 3 73 9.6 1.16
ATRP-3 BM BzAc-DBr 1/0.2 3 52 7.4 1.2
ATRP-4 OEOMA BzAc-DBr 1/0.2 3 63 11.2 1.16
ATRP-5 BM CyHK-DBr 1/0.05 3 55 5.8 1.16
ATRP-6 OEOMA CyHK-DBr 1/0.05 3 42 8.4 1.13

a) [Monomer]o/[DBr]o = 50/1 in anisole at 40 °C; b) determined by 'H NMR; and c¢) determined
by GPC.

BzAc. Figure 5.5a illustrates the ATRP of BM in the presence of BzAc-DBr, to synthesize
PBM-BzAc-PBM (ATRP-1). '"H NMR spectrum in Figure C1 shows the peaks at 7.3 ppm (a),
5.2 ppm (b) and 0.8-1.0 ppm (c), all of which present PBM. However, the peak corresponding to
the methine proton in BzAc moieties was not clearly seen. Moreover, the peaks corresponding to
the aromatic protons of BzAc moieties overlapped with the aromatic protons in PBM.
Consequently, '"H NMR analysis did not appear to be straightforward for quantitative analysis to
the stability of BzAc groups. GPC analysis in Figure 5.5b confirms that the polymer had a
molecular weight by number average molecular weight (Mn) = 6.5 kg/mol with molecular weight
distribution as narrow as D = 1.16. When the polymer was treated with HCIl, its GPC trace
clearly shifted to low molecular weight region, with a significant decrease in molecular weight to
M = 4.6 kg/mol with & = 1.10. Such a decrease in molecular weight could be attributed to the
degradation of PBM-BzAc-PBM to corresponding two PBM-OH and benzaldehyde as degraded
products upon the cleavage of BzAc through acid-catalyzed hydrolysis (Figure 5.5a). ATRP of
OEOMA in the presence of BzAc-DBr yielded POEOMA-BzAc-POEOMA (ATRP-2) with
molecular weight as the M, = 9.6 kg/mol (Figure C2). Similarly, the molecular weight
significantly decreased to My = 6.9 kg/mol when the polymer was mixed with HCI. These results
obtained by GPC analysis, along with our model studies with BzAc-DBr by '"H NMR analysis,
suggest that a majority of BzZAC groups appear to be intact (not cleaved) during ATRP, thus

forming well-defined BzAc-bearing polymers.
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Kinetic studies were conducted for the ATRP in the presence of BzZAc-DBr. As seen in
Figure C3 for BM and Figure C4 for OEOMA, monomer conversion linearly increased with
time, suggesting that the polymerization is first-order with the constant concentration of active
centers during polymerization. Molecular weight increased linearly with conversion and

molecular weight distribution (D) was narrow as Mw/M, <1.2.
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Figure 5.5. Synthesis by ATRP of BM in the presence of BzAc-DBr and acid-responsive
degradation upon the cleavage of BzAc groups of PBM-BzAc-PBM (ATRP-1) (a) and its
overlaid GPC diagrams before and after treatment with HCI (acid) in DMF (b). Conditions for
ATRP: [BM]o/[BzAc-DBr]o/[Cu(I)Bro/ TPMA]o/[ TPMA]o/[ Sn(EH)2]o = 50/1/0.05/0.15/0.4 in
anisole at 40 °C, BM/anisole = 0.25/1 wt/wt.

Further to get insight into the stability of BzAc with the increasing amount of Cu catalyst
for ATRP of BM (ATRP-3), the amount of Cu catalyst as the initial mole ratio of [BzAc-
DBr]o/[Cu(Il)Bro/TPMA]o increased from 1/0.05 to 1/0.2, which is a typical condition for an
Activators Generated by Electron Transfer (AGET) process for ATRP (called AGET ATRP). As
compared in Figure C5, the molecular weight of PBM-BzAc-PBM (ATRP-3) had the M, =7.4
kg/mol, which decreased to M, = 4.7 kg/mol upon the treatment with HCI. Similar results were
observed for ATRP of OEOMA (ATRP-4) where the molecular weight of POEOMA-BzAc-
POEOMA decreased from M, = 11.2 kg/mol to M, = 6.9 kg/mol upon the treatment with HCI
(Figure C6). These results suggest that BzAc bonds appeared to be stable during ATRP with the
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increasing amount of Cu catalyst, suggesting no significant effect of Cu catalyst on the stability

of BzAc groups on ATRP.

CyHK. ATRP of BM was examined in the presence of CyHK-DBr in an attempt to
synthesize PBM-CyHK-PBM (ATRP-5) (Figure 5.6a). "H NMR spectrum shows the peaks at 7.3
ppm (a), 5.0 ppm (b), and 0.8-1.0 ppm (c), which present PBM; however, the characteristic peaks
corresponding to the protons in cyclohexyl ketal moiety were not seen (Figure C7). GPC analysis
confirms that the polymer had the M, = 5.8 kg/mol with D = 1.16 (Figure 5.6b). Upon the
treatment with HCI, its GPC trace slightly changed and thus its molecular weight slightly
decreased to M, = 5.2 kg/mol. For the ATRP of OEOMA in the presence of CyHK-DBr (ATRP-
6), similar results were observed before and after treatment with HCI (Figure C8). The plausible
reason that the GPC traces of the polymers remained unchanged after treatment with HCI could
be attributed to the cleavage of CyHK groups during ATRP. Such cleavage could occur
randomly on not only CyHK-DOH but also PBM-CyHK-PBM polymers (not found), eventually
to be expected to form PBM-OH (a degraded polymer shown in Figure 5.6a) (see Figure C9 for

plausible mechanism).
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Figure 5.6. ATRP of BM in the presence of CyHK-DBr in an attempt to synthesize PBM-
CyHK-PBM and its acid-responsive degradation upon the cleavage of CyHK groups (a) and
overlaid GPC diagrams before and after treatment with HCI (acid) in DMF (b). Conditions for
ATRP: [BM]o/[CyHK-DBr]o/[ Cu(II)Bro/ TPMAo/[TPMA]o/[Sn(EH)2]o = 50/1/0.05/0.15/0.4 in
anisole at 40 °C, BM/anisole = 0.25/1 wt/wt.
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5.3.4 Studies on Stability of Acid-Labile Linkages during ROP. Acid-labile diols, BzAc-
DOH and CyHK-DOH, were examined for ROP of LA under a tin-catalyzed condition with
toluene at 120 °C, in an attempt to synthesize PLA-BzAc-PLA and PLA-CyHK-PLA. Initial
mole ratio of [LA]o/[DOH]o/[Sn(EH)2]o = 70/1/0.4 was designed with the target DP of PLA to be
70 (e.g. DP of each PLA to be 35) upon complete conversion. After being purified by
precipitation from MeOH, the polymers were characterized for chemical structure by 'H NMR
spectroscopy and molecular weight and its distribution by GPC. Table 5.2 summarizes their
characteristics and properties. Their acid-catalyzed hydrolysis was investigated for the
qualitative and quantitative analysis to the stability of BzAc and CyHK groups during ROP.

Table 5.2. Characteristics and properties of polymers prepared by ROP of LA initiated with
BzAc-DOH or CyHK-DOH in toluene.®

Recipe DOH [DOH]¢/[Sn(EH)2lo0  Time M, ® Do
(hrs)  (kg/mol)

ROP-1 BzAc-DOH 1/0.4 18 12.7 1.14

ROP-2 CyHK-DOH 1/0.4 18 11.4 1.27

a) [LA]o/[DOH]o = 70/1 in toluene at 120 °C and b) determined by GPC.

BzAc. For ROP-1 conducted with BzAc-DOH (Figure 5.7a), 'TH-NMR spectrum of the
purified PLA-BzAc-PLA in Figure 5.7b shows the peaks at 4.1 ppm (c) and 1.3-1.4 ppm (e),
present in PLA. Importantly, the peaks at 7.4 ppm (a) corresponds to aromatic protons (5Hs) in
BzAc moiety and the peaks at 4.5-4.0 ppm (c,d) is equivalent to the protons (6Hs) in two PLAs.
Their integral ratio indicates that only 54 % of BzAc groups could be intact, thus forming PLA-
BzAc-PLA, while 46% of BzAc groups appeared to be cleaved during ROP. GPC analysis
confirms that the formed polymer had its M, = 12.7 kg/mol with D = 1.14 (Figure 5.7¢). After
the treatment with HCI (0.24 M), its molecular weight decreased to M, = 9.7 kg/mol with D =
1.16, suggesting BzAc bonds appeared to be stable to some extent during ROP of LA.
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Figure 5.7. ROP of LA initiated with BzAc-DOH (ROP-1) in an attempt to synthesize PLA-
BzAc-PLA and its acid-responsive degradation upon the cleavage of BzAc groups (a), 'H NMR
spectrum in DMSO-ds (b), and overlaid GPC diagrams before and after treatment with HCI
(acid) in DMF (c). Conditions for ROP: [LA]o/[BzAc-DOH]o/[Sn(EH)2]o = 70/1/0.4 in toluene at
120 °C, LA/toluene = 0.4/1 wt/wt.

CyHK. For ROP-2 conducted with CyHK-DOH (Figure 5.8a), 'H NMR analysis was not
straightforward because the characteristic peaks corresponding to methylene protons in CyHK
moiety and in cyclohexanone were not seen in 'H NMR spectrum (Figure C10). GPC analysis
confirms that the formed polymer had the M, = 11.4 kg/mol with & = 1.11 which did not change
when it was treated with HCI (Figure 5.8b). This result confirms the significant cleavage of
CyHK bonds during ROP with a tin catalyst. Similar to ATRP for BM or OEOMA with CyHK-
DBEr, the plausible reason that the GPC traces of the polymers remained unchanged after

91



treatment with HCI could be attributed to the cleavage of CyHK groups during ROP with a tin
catalyst. Such cleavage could be more complicated than ATRP because there will be more
polylactide products generated from various initiating species (bearing OH groups) upon the

cleavage of CyHK groups during ROP (see Figure C11 for plausible mechanism).
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Figure 5.8. ROP of LA initiated with CYyHK-DOH (ROP-2) in an attempt to synthesize PLA-
CyHK-PLA and its acid-responsive degradation upon the cleavage of CyHK groups (a) and GPC
diagrams before and after treatment with HCI (acid) in DMF solvent (b). Conditions for ROP:
[LA]o/[CYyHK-DOH]o/[Sn(EH)2]o = 70/1/0.4 in toluene at 120 °C, LA/toluene = 0.4/1 wt/wt.

5.4 Conclusion

In this work, we investigated the stability of acetal and ketal groups with BzAc and CyHK
under ATRP and tin-catalyzed ROP conditions. Their dibromide ATRP initiators, BzAc-DBr and
CyHK-DBr, were synthesized by a facile coupling reaction. BzAc-DBr appeared to be stable
under ATRP condition and successfully initiated ATRP of both BM and OEOMA, forming well-
defined, acid-degradable BzAc-labeled polymethacrylates. CyHK-DBr, similar to DMK, was
cleaved under ATRP condition. Expectedly, both BzAc and CyHK turned to be cleaved either
partially or completely during ROP. Combined findings reported in literature, our results could
suggest 1) most ketal groups are not stable under ATRP condition, ii) acetaldehyde acetal and
benzacetal groups are stable under ATRP, and ii1) most acetal and ketal groups are not stable

under a tin-catalyzed ROP condition. For acetals, cyclic acetals are expected to be stable, while
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methoxy substituted benzacetals could be further investigated since their acid-catalyzed
hydrolysis rates are faster than that of benzacetal group. Overall, our results could give an insight
into important design principles for the synthesis of well-defined acid-degradable ABPs with
respect to acid-catalyzed hydrolysis rate of acetals and ketals, thus eventually, release rate of
encapsulated drug molecules from their nanoassemblies in acidic environment, and their stability

under controlled polymerization techniques.
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Chapter 6: Conclusion and Future Perspectives

6.1 Conclusion

The current designs of acid-degradable ABPs present several challenges, such as detachment
of PEG corona from nanoassemblies, where the choice of the junction acid-labile linkage leads
to variable outcomes. The rationale behind the choice of acid-labile linkage is lacking as most do
not consider the possible interference of the linkage with the controlled polymerization

mechanism.

My PhD research aimed to understand and rationally design new-generation acid-degradable
ABPs and their nanoassemblies and characterize their properties for the applications in
intracellular drug delivery. In this dissertation, I report new synthetic strategies to prepare benzyl
acetal and cyclohexyl ketal linkages through direct acetalization/ketalization, as well as using
CRP and post-polymerization modification to prepare ABPs with acid-labile linkages at dual
locations (e.g. at the block junction and/or pendant chain of the hydrophobic block). The
successful dual acidic degradation, disassembly, and drug release from the block copolymer-
based nanoassemblies were confirmed by several analytical methods, such as NMR, GPC, DLS,
UV/vis, and TEM. Moreover, I demonstrated the relationship of acid-labile linkages based their

sensitivity to acid with their stability to controlled polymerization methods.

In chapter 3, three diol precursors bearing BzAc, CyHK, and CyPK groups were synthesized
to investigate their acid-catalyzed hydrolysis at various pHs: 5.0 (endo/lysosomal pH), 6.5
(tumoral pH), and 7.4 (physiological pH). Our systematic analysis confirms that the slow
hydrolysis of BzAc was suitable for the junction acid-labile group of acid-degradable shell-
sheddable ABPs. A well-defined block copolymer labeled with BzAc groups at the junction of
was synthesized by ARGET ATRP in the presence of PEG-BzAc-Br macroinitiator and a benzyl
methacrylate monomer. The formed block copolymer self-assembled to form aqueous
colloidally-stable nanoassemblies with BzAc groups at the core/corona interfaces. Under acidic
conditions, DLS and TEM analysis confirms disassembly with fast degradation at pH = 5.0, slow
degradation at pH = 6.5, while being stable at pH = 7.4. The choice of BzAc linkage as the block
junction is promising in the development of acid-degradable nanoassemblies for advanced drug

delivery nanocarriers.
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In chapter 4, a dual location acid-degradable ABP labeled with BzAc linkage at the block
junction and Bzl hydrophobic blocks was synthesized by AGET ATRP, followed by post-
polymerization modification. These ABPs self-assembled to form aqueous colloidally-stable
nanoassemblies with BzAc groups at the core/corona interfaces and Bzl groups within the
hydrophobic core. The formation of Cur-loaded nanoassemblies provided an optimized
encapsulation efficiency of 91% and a loading content of 9.1% when the weight ratio of
Cur/DLAD was 11/1. The degradation of the block copolymers induced by acidic cleavage of the
acetal linkages at interfaces and the imine cleavage of pendant chain in the core led to the
disassembly and accelerated Cur release. These results emphasizes the promise of dual location

nanoassemblies in delivering therapeutic agents for advanced drug delivery.

In chapter 5, the stability of BzAc and CyHK linkages under ATRP and tin-catalyzed ROP
conditions was investigated. For ATRP, their dibromide initiators, BzAc-DBr and CyHK-DBr,
were synthesized by a facile coupling reaction. BzAc-DBr appeared to be stable under ATRP
condition and successfully initiated ATRP of both BM and OEOMA, forming well-defined, acid-
degradable BzAc-labeled polymethacrylates. CyHK-DBr, on the other hand, was cleaved under
ATRP condition. Expectedly, both BzAc and CyHK turned to be cleaved either partially or
completely during ROP. The results could suggest i) most ketal groups are not stable under
ATRP condition, ii) most acetal groups are stable under ATRP, and iii) most acetal and ketal
groups are not stable under a tin-catalyzed ROP condition. Overall, these results could give an
insight into important design principles for the synthesis of well-defined acid-degradable ABPs
with respect to acid-catalyzed hydrolysis rate of acetals and ketals, thus eventually, release rate
of encapsulated drug molecules from their nanoassemblies in acidic environment, and their

stability under controlled polymerization techniques.
6.2 Future Perspectives

Although there is a better understanding as the appropriate method to incorporate acid labile
linkages to form acid-degradable ABPs, and that a dual location acid-degradable ABP has been
developed, there still exist some challenges that necessitate future research. The future direction
for this dissertation should be viewed from three perspectives: 7.2.1) alternative dual location
acid-degradable ABPs, 7.2.2) multi-location SRD-based nanoassemblies and 7.2.3) photo-
induced CRP methods.
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6.2.1 Alternative Dual Location Acid-Degradable ABPs

Since there have been few reports on dual location acid-degradable ABPs, a comprehensive
investigation on the structural diversity, synthetic accessibility, and degradation kinetics of these
systems are a necessity. Considering we obtained to optimal candidate for the block junction,
exploration of different acid-labile linkages within the pendant chain should be investigated.
Two acid-labile linkages should be explored: (i) ketal, and (ii) hydrazone, as they are known to
cleave quicker than BzAc linkage. Figure 6.1 provides the proposed route for a ketal linkage
within the pendant chain. Additionally, the impact of dual-location degradation on nanoassembly
disintegration pathways, drug release profiles, and polymer clearance kinetics must be
thoroughly investigated using model drug systems and advanced characterization techniques. In
addition, in vivo studies will further validate the value and robustness of our system.
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Figure 6.1. Proposed synthetic pathway to optimize dual location acid-degradable ABPs using
dimethyl ketal linkages as pendant chains.

6.2.2 Multi-Location SRD-Based Nanoassemblies

Building upon the concept of dual location nanoassemblies, the development of multi-
location of multi-stimuli (both internal and external stimuli) systems offer an exciting path for
enhancing the functional complexity of SRD-based nanoassemblies. By incorporating multiple
stimuli units—strategically distributed across the polymer backbone, block junctions, pendant

side-chains, and chain ends—it may be possible to design nanoassemblies with programmable
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degradation profiles that respond to multiple stimuli as a result of the complexity of each type of
cancer cell (slightly acidic environment, high concentrations of glutathione, low oxygen
levels...), where each type behaves differently. Such a system could allow for sequential release
of different therapeutic agents, improved endosomal escape, or structural rearrangement. Figure
6.2 provides a proposed route to synthesize a well-defined ABP, composed of BzAc and
disulfide (SS) linkages at the block junction, and azobenzene (Azo) and thioketal (ThK) in the
pendant chains. The BzAc linkage represents the pH-stimuli, the SS linkage represents the
glutathione (GSH)-stimuli, which are internal-based stimuli, while the Azo linkage represents the
light-responsive stimuli, which is an external-based stimuli. The ThK linkage represents the
reactive oxygen species (ROS), which is considered to be both an internal and external-based

stimuli.

The synthesis of multi-location degradable ABPs will require the use of orthogonal
protection strategies and precision polymerization techniques, such as sequential ATRP or click
chemistry, to control the positioning and density. Importantly, this approach will also necessitate
a careful balance between structural stability during circulation (pH 7.4) and sufficient sensitivity
to various stimuli of choice. Advanced analytical techniques, including NMR, GPC, DLS, DSC,
TGA, and TEM, along with real-time drug release assays, will be essential in evaluating how
these systems respond to acid triggers and how degradation kinetics correlate with therapeutic
efficacy.
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Figure 6.2. Proposed synthetic pathway for multi-location ABPs using BzAc and SS linkages at
the block junction, and Azo and ThK linkages as pendant chains.
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6.2.3 Photo-Induced CRP Methods

Although thermally-induced CRP methods such as RAFT, ATRP, and NMP have enabled
the controlled synthesis of ABPs with well-defined architectures, light-mediated CRP techniques
introduce several advantages, such as no need for harsh solvents or high temperatures, which is
more environmentally friendly and reduces potential side reactions, making it more sustainable
option. In addition, the ability to use different wavelengths of light (UV, visible light) allows for
selective activation of photoinitiators or photoinitiated species. This can be used to create
polymer materials, with a large variety of monomers, to form gradient structures or multi-
functional properties.?*6-33? Light-induced polymerization methods, including photoinduced
electron transfer—RAFT (PET-RAFT) and light-mediated ATRP, offer spatiotemporal control,
oxygen tolerance, and the ability to operate under mild, aqueous, and ambient conditions—
conditions that are highly compatible with acid-labile functionalities that may otherwise degrade
during thermal or harsh chemical synthesis.?!-3>6 This opens avenues for producing complex
polymer architectures such as multiblock copolymers, star polymers, or brush polymers
containing multiple cleavable segments. Furthermore, integrating light-based control into
stimuli-responsive systems may enable dual-responsive nanoassemblies that degrade upon both
pH change and light exposure, which could be particularly useful in targeted photodynamic or
site-specific therapies. Figure 6.3 provides a proposed route through photoRAFT to synthesize a
dual location acid-degradable ABP, using Eosin Y as the photocatalyst under UV light, to

overcome the need of post-polymerization modification.

N (o]
n s o/\/O < ) N |N| s
112(0\/\0)/\/°YOMGO$MOMSJ\© jﬁL /\©> ,(0\/\0)’\/0‘"’0(\/)0 oLP s
° o Eosin Y, UV light (365 nm) " ) eée X " T :]
d

PEG-BzAc-RAFT PEG-BzAc-PBzl-UV

@J‘Of

Figure 6.3. Proposed synthetic pathway for photoRAFT to synthesize a well-defined PEG-
BzAc-PBzI-UV ABP.
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Appendix A
Supporting Information and Figures for Chapter 3

Figure A1. 3C NMR spectrum of BzA¢c-DOH in CDCls.
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Figure A2. 3C NMR spectrum of CyPK-DOH in CDCls.
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Figure A3. 3C NMR spectrum of CyHK-DOH in CDCls.
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Synthesis of BzAc-DOH via transacetalization. In a 100 mL round bottom flask dried at 70 °C
overnight, 1,6-hexanediol (18.6 g, 158 mmol) and p-toluenesulfonic acid monohydrate (TSA,
0.75 g, 4 mmol) were mixed with anhydrous THF (50 mL) containing 5 A molecular sieves (25
g) dried in an oven at 180 °C for 5 hours. Benzaldehyde dimethyl acetal (6 g, 39 mmol) was
added and the mixture was stirred at room temperature for 24 hours. After the removal of
molecular sieves by filtration, the resulting mixture was quenched with EtsN (1 mL). Solvent
was removed by rotary evaporation and the residues were re-dissolved in ethyl acetate. Crude
was extracted with a 2.5 % aqueous sodium bicarbonate solution (2 x 50 mL) and the organic
layer was dried over magnesium sulfate. The product was collected as the second of the total two
bands off a silica gel column using an eluent of 1/1 v/v hexane/ethyl acetate mixture, and then
dried in vacuum oven for 24 hrs. Colorless oil residue with yield = 6.2 g (48%); Rr=0.17 on (1/1
v/v hexane/ethyl acetate). "H NMR (CDCls, ppm): 7.46-7.30 (m, 5H, Ar-H), 5.50 (s, 1H, CH-
02), 3.66-3.60 (q, 4H, CH2-OH), 3.56-3.42 (m, 4H, CH>-CH>-0), 1.65-1.55 (m, 8H, CH>), 1.40-
1.38 (m, 8H, CHy). 3*C NMR (CDCl3, ppm): 138.99, 128.25, 128.13, 126.66, 101.57, 65.37,
62.55, 32.65, 32.60, 29.70, 26.13, 26.10, 25.59, 25.56, 25.52.
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Figure A4. Synthesis and 'H NMR spectrum of BzAc-DOH in CDCls, synthesized by
transacetalization of HDOH with benzaldehyde dimethyl acetal.
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Synthesis of cyclic acetal. In a 100 mL round bottom flask dried at 70 °C overnight, ethylene
glycol (4.9 g, 79 mmol) and TSA (0.37 g, 2 mmol) were mixed with anhydrous THF (50 mL)
containing 5 A molecular sieves (25 g) dried in an oven at 180 °C for 5 hours. Benzaldehyde
dimethyl acetal (3 g, 20 mmol) was added and the mixture was stirred at room temperature for 24
hours. After the removal of molecular sieves by filtration, the resulting mixture was quenched
with EtsN (1 mL). Solvent was removed by rotary evaporation and the residues were re-
dissolved in ethyl acetate. Crude was extracted with an aqueous 2.5% sodium bicarbonate
solution (2 x 50 mL) and the organic layer was dried with magnesium sulfate. The product was
collected as the second of the total two bands off a silica gel column using an eluent of 4/1 v/v
hexane/ethyl acetate mixture, and then dried in vacuum oven for 24 hrs. Colorless oil residue
with yield = 1.0 g (35%); R¢= 0.5 on (1/1 v/v hexane/ethyl acetate). 'H NMR (CDCls, ppm):
7.47-7.37 (m, SH, Ar-H), 5.82 (s, 1H, CH-0O>), 4.15-4.04 (m, 4H, O-CH>-CH>-0O).
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Figure AS. '"H NMR spectrum in CDCl; of a cyclic acetal, synthesized by the reaction of
benzaldehyde with glycol.
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Figure A6. Our approach with two steps to synthesize benzaldehyde hydroxyethyl acetal
(BzAA-DHEOH) in the presence of TSA at room temperature in anhydrous THF.
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Materials. Benzaldehyde (>99%), trimethyl orthoformate (99%), p-toluenesulfonic acid
monohydrate (PTS, >98.5%), triethylamine (Et:N, >99.5%) were purchased from Sigma-
Aldrich. 2-Hydroxyethylacetate was synthesized according to other literature (J. Org. Chem.
1996, 61, 4469-4471)

Synthesis

Benzaldehyde dimethyl acetal (BzAc-DMA). Prior to the synthesis of BzAc-DMA, benzoic
acid impurities in benzaldehyde commercial bottles were removed by washing with aqueous
sodium bicarbonate solution (2.5 w/w %) two times. Next, benzaldehyde (3.0 g, 0.028 mol) was
mixed to the solution of trimethyl orthoformate (30.0 g, 0.28 mol) and PTS (0.16 g, 0.85 mmol)
in methanol (50 mL), and the reaction was stirred overnight. After evaporation of the solvent, the
residues were dissolved in DCM and washed by sodium bicarbonate solution. The product was
collected after rotary evaporation, yielding 3.87 g (90%).'H-NMR (CDCls, ppm): 7.45 (d, 1H, -
(CH).CH(CH)2-), 7.35 (m, 4H, -(CH),CH(CH),-), 5.40 (s, 1H, CH;OCHC(CH)>-), 3.33 (s, 6H,
CH30CH-).

Benzene acetal diacetate (BzAc-DEAc). 2-Hydroxyethylacetate (7.1 g, 0.068 mol) dissolved in
anhydrous THF (150 mL) was mixed with PTS (0.10 g, 0.53 mmol), molecular sieves (5 A, 1.6
mm pellet, dried at 120 °C for 3 h, 30 g), and BzAc-DMA (1.6 g, 10 mmol). The resulting
mixture was stirred overnight at room temperature and then quenched by the addition of EtzN (1
mL). After removing molecular sieves by filtration and solvents by rotary evaporation, the
residues were dissolved in DCM (200 mL) and washed by sodium bicarbonate aqueous solution
(2.5 w/w %) two times. After the solvent was evaporated, the product was purified by silica gel
column chromatography (1/4 v/v EA/HE). The product was collected as the second of the total
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three bands off a silica gel column, yielding 0.93 g (25%). Rr=0.37 on silica (2/3 v/v EA/HE).
'H-NMR (CDCl3, ppm): 7.45 (d, 1H, -(CH),CH(CH).-), 7.35 (m, 4H, (CH)>CH(CH),), 5.66 (s,
1H, -CH,OCHC(CH)2-), 4.25 (t, 2H, CH3C(O)OCH:-), 3.70 (t, 2H, -OCH,CH,OCH-), 2.06 (s,
6H, CH3C(O)OCH2»-).

Benzene acetal diol (BzAc-DHEOH). An aqueous solution of NaOH (6 mM, 55 mL) was
added to the mixture of BzAc-DEAc (1.8 g, 50.8 mmol) in methanol (35 mL). The reaction
mixture was stirred overnight at room temperature and then extracted with DCM two times. The

organic layers were evaporated and dried in vacuum oven at room temperature for 12 hrs,
yielding pale-yellow 0il 0.86 g (80 %)."H-NMR (CDCls, ppm): 7.45 (d, 1H, -(CH)CH(CH).-),
7.35 (m, 4H, (CH)CH(CH)»), 5.66 (s, 1H, -CH,OCHC(CH).-), 3.75 (m, 2H, HOCH>-), 3.65 (t,
2H, -CH,CH>OCH-).!3C-NMR (CDCl3, ppm): 61.8, 67.8, 102.6, 126.6, 128.4, 128.8, 137.8.

Figure A7. '"H NMR spectrum of BzAc-DMA in CDCls.
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Figure A8. 'H NMR spectrum of BzAc-DEAc in CDCls.
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Figure A9. 'H NMR spectrum of BzAc-DHEOH in CDCls.

oS

it

NMR solvent: CDCl,

2600

2400

2200

2000

-1800

-1600

1400

1200

~1000

800

600

400

200

i i

-200

7.0 6.5 6.0

)
-
T T T T

5. 50 45 4.0 35
Chemical shift (ppm)

T T T T T T
100 95 9.0 85 80 7.5 .5

3.0

2.5

2.0

125

T T T T T
1.5 1.0 05 0.0 -0.5 -1.0 -15

-2.0



Figure A10. Overlaid 'H NMR spectra in CDCIl3 of BzAc-DOH incubated at pD = 6.5.
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Figure A11. Overlaid '"H NMR spectra in CDCl3 of BzAc-DOH incubated at pD = 7.4.
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Figure A12. Overlaid 'H NMR spectra in CDCl; of CyPK-DOH incubated at pD = 6.5.
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Figure A13. Overlaid '"H NMR spectra in CDCl3 of CyPK-DOH incubated at pD = 7.4.
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Figure A14 Overlaid "H NMR spectra in CDCl; of CyHK-DOH incubated at pD = 6.5.
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Figure A15. Overlaid '"H NMR spectra in CDCl3 of CyHK-DOH incubated at pD = 7.4.
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Figure A16. 'H NMR spectrum of PEG-BzAc-OH in CDCls.
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Figure A17. '"H NMR spectrum of PEG-BzAc-Br in CDCl;.
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Figure A18. Overlaid 'H NMR spectra in CDCl; of PEG-BzAc-Br incubated at pD = 7.4.
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Figure A19. Overlaid '"H NMR spectra in CDCl3 of PEG-BzAc-Br incubated at pD = 6.5.
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Figure A20. Overlaid 'H NMR spectra in CDCl; of PEG-BzAc-Br incubated at pD = 5.0.
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Figure A21. Schematic illustration of acid-catalyzed hydrolysis and evolution of %hydrolysis at
pD =5.0, 6.8, and 7.4 for PEG-BzAc-Br dissolved in a 3/1 v/v CD3;CN/PB-D>0 mixtures.
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Figure A22. Fluorescence spectra of NR in the mixtures with various amounts of PEG-BzAc-
PBM in aqueous solutions.
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Figure A23. TEM images with different magnifications.
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Figure A24. TEM analysis with size distribution of nanoassemblies in dried state.
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Appendix B
Supporting Information and Figures for Chapter 4

Figure B1. Overlaid 'H NMR of PEG-BzAc-PCIMA (PBPM-50 & PBPM-200) in CDCls.
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Figure B2. Overlaid GPC diagrams of PEG-BzAc-PCIMA ABPs, compared with that of PEG-
BzAc-Br macroinitiator.
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Figure B3. First-order kinetics over polymerization time (a) molecular weight and its
distribution over conversion (b) and overlaid GPC trace of kinetics (¢) for ATRP of CIMA in the
presence of PEG-BzAc-Br. Conditions for ATRP: [CIMA]o/[PEG-BzAc-
Br]o/[Cu(Il)Bro/TPMA]o/[TPMA]o = 100/1/0.2/0.5 in anisole at 40 °C, BM/anisole = 0.40 wt/wt.
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Figure B4. Overlaid '"H NMR spectra of degradation of PEG-BzAc-PBzI to its corresponding
BzA, PEG-OH and HO-Am-Br species bearing terminal hydroxyl groups

o oo yo€o i o 0. 0O JOH o.a
”’£ ~ o0y Ok EMO B ————= 1112 S L e o " + HOE(\/)O -

o ° . X
o
PEG-BrAc-PBal ¢ PEG.OH B2A HO-Am-Br H

0 0
0
o
@45‘@ H;N—@-/
b
a b

] ©

i o~
i NS P

:

138



Figure B5. Overlaid '"H NMR spectra in CD3CN/PB-D,0O mixtures of PEG-BzAc-Br incubated
at pD = 5.0.
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Figure B6. Overlaid '"H NMR spectra in CD3CN/PB-D,0 mixtures of PEG-BzAc-Br incubated
at pD =6.5.
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Figure B7. Overlaid '"H NMR spectra in CD3CN/PB-D,0O mixtures of PEG-BzAc-Br incubated

atpD =7.4.
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Figure B8. Overlaid '"H NMR spectra in CD3CN/PB-D,0 mixtures of BzI-OH incubated at pD =

5.0.
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Figure B9. Overlaid '"H NMR spectra in CD3CN/PB-D,0 mixtures of BzI-OH incubated at pD =

6.5.
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Figure B10. Overlaid "H NMR spectra in CD3CN/PB-D,0 mixtures of BzI-OH incubated at pD

=174.
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Figure B11. Overlaid fluorescence spectra of NR in the mixtures with various amounts of PEG-
BzAc-PBzI in aqueous solutions.
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Figure B12. Overlaid DLS plots of aqueous micellization disassembly at pH = 5 (a) and pH =
6.5 (b).
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Figure B13. Overlaid UV-Vis spectra of Cur at different concentrations (a) and correlation curve
(b) to determine molar absorptivity for quantitative cumulative Cur release.
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Figure B14. Overlaid UV-Vis spectra of stock Cur and Cur-loaded micelles to determine EE%
and LC% (a), and correlation plot between LC% and EE% of Cur-loaded micelles (b).
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Figure B15. Overlaid UV-Vis spectra of release of Cur at different time points at pH = 5.0 (a),
pH = 6.5 (b), and pH = 7.4 (¢).
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Table B1. Characteristics as well as EE% and DL% for the encapsulation of Cur in DLAD

nanoassemblies.

Cur/DLAD Concentration LL (%) LE (%)

wt/wt ratio (mg/mL)
2/1 344 2.0 99
6/1 11.5 5.0 98
11/1 6.3 9.1 91
20/1 34 8.0 48
30/1 23 7.8 30
40/1 1.7 7.2 23
55/1 1.3 6.6 13
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Appendix C
Supporting Information and Figures for Chapter 5

Figure C1. For ATRP-1, '"H NMR spectrum of PBM-BzAc-PBM in CDCls.
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Figure C2. For ATRP-2, synthesis for ATRP initiated with BzAc-DBr (a), 'H NMR spectrum in
CDClI; (b), and overlaid GPC diagrams before and after treatment with HCI (acid) in DMF (c).
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Figure C3. For ATRP-1, first-order kinetics over polymerization time (a) and molecular weight
and its distribution over conversion (b) for ATRP of BM in the presence of BzAc-DBr.
Conditions for ATRP: [BM]o/[BzAc-DBr]o/[Cu(Il)Bro/ TPMA]o/[TPMA]o/[Sn(EH)2]0 =
50/1/0.05/0.15/0.4 in anisole at 40 °C, BM/anisole = 0.25 wt/wt.
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Figure C4. For ATRP-2, first-order kinetics over polymerization time (a) and molecular weight
and its distribution over conversion (b) for ATRP of OEOMA in the presence of BzAc-DBr.
Conditions for ATRP: [OEOMA]o/[BzAc-DBr]o/[Cu(Il)Bro/ TPMA]o/[TPMA]o/[Sn(EH)2]o =
50/1/0.05/0.15/0.4 in anisole at 40 °C, OEOMA/anisole = 0.25 wt/wt.
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Figure C5. For ATRP-3, acid-catalyzed degradation of PBM-BzAc-PBM (a) and its overlaid
GPC diagrams before and after treatment with HCI (acid) in DMF (b) for AGET ATRP of BM in
the presence of BzAc-DBr. Conditions for ATRP: [BM]o/[BzAc-

DBr]o/[Cu(Il)Bro/ TPMA]o/[TPMA]o/[Sn(EH)2]o = 50/1/0.2/0.5/0.4 in anisole at 40 °C,
BM/anisole = 0.40 wt/wt.
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Figure C6. For ATRP-4, synthesis by ATRP of OEOMA in the presence of BzAc-DBr and acid-

responsive degradation upon the cleavage of BzAc groups of PBM-BzAc-PBM (a) and its
overlaid GPC diagrams before and after treatment with HCI (acid) in DMF (b). Conditions for

ATRP: [OEOMA]o/[BzAc-DBr]o/[ Cu(IT)Bro/ TPMAo/[ TPMA]o/[Sn(EH)2]o = 50/1/0.2/0.5/0.4 in

anisole at 40 °C, OEOMA /anisole = 0.40 wt/wt.
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Figure C7. For ATRP-5, '"H NMR spectrum of PBM-CyHK-PBM in CDCl;.

Cc (o) fo} (o3
Br. Br
o Sy
o} (o] °
b b
@ PBM-CyHK-PBM @
(Not Found)

10 9 8 7 6 5 4 3

148

1
10°



Figure C8. For ATRP-6, overlaid GPC diagrams before and after treatment with HCI (acid) in
DMF.
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Figure C9. For ATRP 5, proposed pathway for premature degradation of CyHK linkage during
ATRP and acid-catalyzed degradation of the synthesized PBM.
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Figure C10. For ROP-2, 'H NMR spectrum in DMSO-ds for PLA formed by ROP of LA
initiated with CyHK-DOH. Conditions for ROP: [LA]o/[CyHK-DOH]o/[Sn(EH)2]o = 70/1/0.4 in
toluene at 120 °C, LA/toluene = 0.4/1 wt/wt. X denotes residual toluene.
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Figure C11. For ROP-2, proposed pathway for premature degradation of CyHK linkage during
ROP and acid-catalyzed degradation of the synthesized PLA.
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Table C1. Recipes for ATRP of BM or OEOMA initiated with BzAc-DBr or CyHK-DBr in
anisole.

Recipe Monomer DBr Monomer DBr Cu(I)[TPMA]|Br TPMA Sn(EH),
(mmol) (nmol) (nmol) (nmol) (nmol)

ATRP-1 BM BzAc-DBr 11.6 23.2 5.81 17.4 46.5
ATRP-2 OEOMA BzAc-DBr 7.3 140 3.67 11 29.3
ATRP-3 BM BzAc-DBr 12.5 25 25 62.4 49.9
ATRP-4  OEOMA BzAc-DBr 6.7 130 13.3 333 26.7
ATRP-5 BM CyHK-DBr 11.9 239 5.96 17.8 47.6
ATRP-6 OEOMA CyHK-DBr 9 18 4.5 13.5 36
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Table C2. Recipes for ROP of LA initiated with BzAc-DOH or CyHK-DOH in toluene.

Recipe Monomer DOH Monomer DOH Sn(EH),
(mmol) (umol)  (nmol)

ROP-1 LA BzAc-DOH 43.8 630 100

ROP-2 LA CyHK-DOH 43.8 600 100
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