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Abstract

Development of Dual-Location Acid and Glutathione Cleavable Block Copolymers for
Drug Delivery

Arman Moini Jazani, Ph.D.
Concordia University, 2021

The efficiency of chemotherapeutic drugs has been drastically compromised by their
undesired side effects. Drug delivery via amphiphilic block copolymer (ABP)-based
nanoassemblies has received considerable attention as a new therapeutic method to selectively
deliver chemotherapeutic drugs to tumors. Nevertheless, one of the persisting challenges for this
therapeutic method is the slow degradation of the nanoassemblies and the sluggish release of
encapsulated drugs in the cancer cells. To circumvent this problem, a variety of cleavable
linkages have been integrated in the nanoassemblies that can be degraded in response to
endogenous stimuli found in tumor environments. Particularly, tumors are known to be acidic

and have higher concentrations of cytosolic glutathione (GSH) compared to normal cells.

This thesis describes the investigation of novel strategies for the synthesis of dual location
acid- and dual acid/GSH-degradable ABPs for intracellular drug delivery. Various ABPs were
synthesized via atom transfer radical polymerization (ATRP), reversible addition fragmentation
chain transfer (RAFT) polymerization and concurrent ATRP/RAFT polymerization to study their
structure-property relationships for effective intracellular drug delivery. These copolymers were
designed to have acid-labile acetal or ketal groups and GSH-cleavable disulfide linkages at a
junction of hydrophilic and hydrophobic blocks and in hydrophobic blocks. They self-assembled
to spherical micelles with cleavable linkages at the hydrophobic core or the interface. The studies
of acid or/and GSH-responsive degradation and disassembly revealed that the cleavage of acid-
and GSH-cleavable linkages results in disassembly of nanoassemblies through the synergistic
shedding of hydrophilic corona as well as the loss of the hydrophobic/hydrophilic balance of
micelles core. The nanoassemblies were successfully loaded with Doxorubicin (a clinically used
anti-cancer drug) and exhibited enhanced drug release in the presence of acidic or/and GSH
stimuli. Promisingly, dual-location acid and acid/GSH degradable nanoassemblies showed

biocompatibility, anti-cancer activity and cellular uptake in HeLa cancer cells.
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Chapter 1: Introduction

1.1 Drug delivery and cancer treatment

Cancer is a common cause of death, accounting for almost half of deaths in Canada together
with heart disease in 2018.! Several types of cancer treatment modalities, including
chemotherapy and radiotherapy, have been used in the last decades. Nevertheless, the efficiency
of marketed chemotherapeutic medications has been drastically compromised by their unwanted
and uncomfortable side effects including alopecia, hepatotoxicity, cardiotoxicity,
myelosuppression, nephrotoxicity, and mucositis.> Drug delivery via nano-sized delivery
vehicles has received considerable attention as a new therapeutic method to treat cancer due to
their safety and ability to selectively deliver chemotherapeutic drugs to tumors. Micelles,
polyplexes, crosslinked gels, dendrimers, liposomes, nanospheres, metal oxide nanoparticles, and
metal-organic frameworks (MOFs) are just some of the examples of delivery vehicles that have
been reported in the literature.® * This method, which works by encapsulating or conjugating
pharmacologically active agents into the nanostructures, cannot only reduce the toxicity of
chemotherapeutic agents by limiting off-target side effects but can also affect the
pharmacokinetics of drugs by improving their absorption, distribution, metabolism, and
excretion (ADME).? These advantages of drug delivery systems are merely granted to them by
their nano-metered size which allows them to passively accumulate in the tumor tissues via
enhanced permeability and retention (EPR) effect while circumventing clearance by the
reticuloendothelial system.® 7 The journey of drug delivery nanoparticles for cancer treatment
begins with intravenous (IV) injection into the bloodstream. After exiting the large gaps between
the endothelial lining of the blood vessels, they access the tumor tissue where they penetrate the
tumor and enter the cells via different cell-entry mechanisms.® In the cells, they release their

therapeutic cargo and will subsequently exit the cells and are excreted from the body.
1.2 Block copolymer-based nanoassemblies

Among the various drug delivery vehicles mentioned above, nanoassemblies of amphiphilic
block copolymers (ABP) are of particular interest due to their biocompatibility, colloidal stability
at high dilution, and facile functionalization.” !° They have seen promising success in clinical

trials with one example that is approved by regulatory bodies worldwide (Genexol approved in



South Korea, 2007) and at least seven ABP nanomedicine are in clinical trials for the treatment

of different types of cancer.'!'"!

The ABPs are composed of a hydrophilic block covalently connected to a hydrophobic block.
Generally, AB diblock and ABA triblock copolymers, where A is hydrophilic and B is the
hydrophobic block, are used for the development of nanoassemblies for anti-cancer drug
delivery. BAB and ABC block copolymers as well as more complicated architectures such as
graft, star, dendritic, cyclic, and branched polymers are also studied.'*'¢ Poly(ethylene glycol)
(PEG) is a common choice of hydrophilic blocks due to its stealth properties and low
immunogenicity.!” Zwitterionic polymers, poly(vinyl alcohol), polyoxazolines, and
polysaccharides are also widely used. Polypeptides and polyesters (e.g. polylactides (PLA) and
polycaprolactones (PCL)) are the most common examples of hydrophobic blocks.
Polymethacrylates are also frequently used, thanks to their biocompatibility and facile

synthesis. ! ¥

In an aqueous environment, ABPs can self-assemble into micelles (nanoassemblies), where
hydrophobic block is positioned inside the core, which can encapsulate the hydrophobic drugs,
and hydrophilic block forms the corona. Self-assembly can reduce the interfacial energy and the
interfacial area of the insoluble blocks,?° and allow the formation of nanoassemblies of various
morphologies (e.g. vesicles, spherical micelles, or cylindrical micelles), size, and dispersity.>!
The self-assembly happens above the critical micellar concentration (CMC), which is extremely
important for the delivery of drug molecules as it determines the stability of nanoparticles in the
blood circulation. In addition to the structure of hydrophobic and hydrophilic blocks, the degree
of polymerization (DP) and molecular weight of block copolymers play a critical role in self-
assembly, drug loading and release.?® 2> Other parameters, such as crystallinity, dispersity (D),
and preparation process also have an impact on particle size and morphology of nanoassemblies

which subsequently affect the particle-cell interactions.® 2% 23

1.3 General strategies of drug release

Conventionally designed block copolymer-based nanoassemblies can release drugs through
three mechanisms: 1) diffusion through water-filled pores, 2) diffusion through the polymer

matrix, and 3) erosion.?* These mechanisms are passive and show the slow release of



encapsulated drug molecules. They normally exhibit a triphasic diagram, which starts from a
burst drug release due to the diffusion of drugs attached to the surface of nanoparticles, followed
by slower release due to the diffusion through the polymer matrix, and finally a faster release
phase is induced by erosion.?® Many factors influence drug release including polymer
morphology, size, hydrophobicity, polymer-drug interaction, method of preparation, and method
of drug purification.?* Other experimental factors such as the method of release experiment, the
concentration of polymer, size of dialysis bag, stirring speed and temperature are also very

important.
1.4 Stimuli-responsive degradation (SRD) platform

Despite promises, one of the persistent challenges in drug delivery using polymeric
nanoassemblies is the slow-release profile of drugs from ABP nanoassemblies. To enhance the
drug release from ABP nanoassemblies, stimuli-responsive linkages have been incorporated into
the design of the block copolymers and their nanoassemblies. Upon the cleavage of labile
linkages, the SRD-exhibiting nanoassemblies display noticeable changes in their properties after
exposure to endogenous or exogenous stimuli.?® The response to the stimuli could be in terms of
chemical changes such as degradation of covalent bonds or it can be in the form of physical
changes such as a change in hydrophobicity.?”-?® ABP nanoassemblies undergo degradation at
the interface of hydrophilic corona or in their hydrophobic core. The degradation of the cleavable
chemical linkages eventually results in a change in hydrophilic-hydrophobic balance, swelling,
aggregation, dissociation, disintegration, or disassembly of colloidal particles.?”-?° Stimuli that
can induce the degradation of covalent chemical linkages are generally sorted into 1) endogenous
(internal) stimuli, which are present in the tumor microenvironments such as glutathione (GSH),
matrix metalloproteinase, esterase, acidic pH and reactive oxygen species (ROS),**? and 2)
exogenous (external) stimuli, which are applied from outside of the body such as light,

temperature, ultrasound, magnetic field and electric field.>>**

GSH and acidic pH are among the most studied examples.*"*3-*7 The higher cytosolic GSH
concentration of tumor tissues, which is at least 4 times higher than normal tissues, and higher
concentration of intracellular GSH, which is 100-1000 times greater than human plasma and
blood, is utilized extensively to trigger destabilization of nanocarriers and selectively release

drugs.’® 3% A great deal of work has been done to study disulfide labeled polymeric

3



nanoassemblies as the main linkage that endows nanoparticles with GSH responsive property.
The degradation of disulfide bonds in the presence of GSH leads to the formation of two thiols
groups. Such events can be hampered to disassemble nanoassemblies by shedding the corona
and/or causing a drastic change in the hydrophobic balance of nanoassemblies cores. The

36,37, 40

plethora of GSH-cleavable polymeric nanoparticles have been reviewed extensively.

Particularly, Dr. Oh’s group has significantly contributed to this area and has reported numerous

41,42 43,44

examples of nanoassemblies with disulfide bonds at the junction, pendant chain, and
backbone® of ABPs. Advanced GSH responsive nanoassemblies labeled with disulfide bonds in
dual locations were also explored.*® 4’ Acidic pH is a promising endogenous stimulus because of
the acidic property of tumor tissues (pH = 6.7-7.0) and endosomes and lysosomes (pH= 4.0-
6.0).>1:8 The details on acid cleavable polymeric nanoassemblies are discussed thoroughly in

chapter 2.
1.5 Synthesis of SRD-based ABPs

Generally, the stimuli responsive degradable ABPs are synthesized using a combination of
synthetic polymerization methods and require meticulous incorporation of degradable linkages
into the initiators or monomers. Figure 1 shows some common structural designs of SRD block
copolymers and their nanoassemblies. The linkages can be positioned in the 1) backbone of
hydrophobic blocks, 2) pendant chains, 3) between the hydrophobic blocks, and 4) at the
junction of hydrophilic and hydrophobic blocks. Ultimately, the nanoassemblies from these
ABPs will have degradable linkages in the core or at the interface of nanoassemblies. The
backbone degradable ABPs are commonly synthesized by step-growth polymerization.**->! Ring
opening polymerization (ROP) using a degradable initiator is used to synthesize ABPs with the
degradable linkage between two hydrophobic blocks or at the junction of hydrophilic-
hydrophobic block.>> ** The synthesis of SRD ABPs has witnessed significant progress during
the past 25 years due to the advances of controlled radical polymerization (CRP), which is also
named “reversible-deactivation radical polymerization (RDRP)” by the international union of
pure and applied chemistry (IUPAC). The most prominent examples are atom transfer radical

55,56 and

polymerization (ATRP),> reversible addition fragmentation (RAFT) polymerization,
nitroxide mediated polymerization (NMP).>” Pendant multi-cleavable micelles are predominantly

synthesized by RDRP.**38 In addition, a plethora of click type reactions have been investigated



for synthesizing SRD block polymers, some of which include alkyne-azide, thiol-ene, thiol-eyne,

oxime, and so on.>® ¢
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Figure 1.1 Illustration of structural designs for the synthesis of acid degradable ABPs and their
nanoassemblies.

1.6 Objectives and scopes of my PhD thesis

My PhD thesis focuses on the exploration of dual location acid- and dual acid/GSH-
responsive degradation platform for advanced intracellular drug delivery and
enhanced/controlled release of encapsulated chemotherapeutics. We have developed various
strategies utilizing RDRP and facile coupling reactions that allow for the synthesis of novel
ABPs. These copolymers were designed to have acid-labile acetal or ketal groups and GSH-
cleavable disulfide linkages at a junction of hydrophilic and hydrophobic blocks and in a
hydrophobic block. The synthesized copolymers were characterized for aqueous micellization
driven by self-assembly, acidic pH-responsive degradation and disassembly, drug loading and
release, and biological activities toward cancer cells. Furthermore, we studied the structure-
property relationship in the design and synthesis of effective nanoassemblies for on-demand and

synergistic drug release.



In chapter 2, recent advances in the synthesis and disassembly of acid-cleavable block
copolymers for controlled drug delivery are comprehensively reviewed. Various strategies to
integrate acid-labile linkages in the block copolymers at different locations, as in micelle cores
and core/corona interfaces are particularly focused. Additionally, elegant strategies that allow for
the synthesis of dual acid/reduction, acid/light, acid/enzyme-degradable block copolymer

systems with cleavable linkages in single or dual locations are discussed.

In chapter 3, a facile strategy is reported that enables the synthesis of an acid-cleavable ABP
that is labeled with acetaldehyde acetal groups in the junction and pendant chains (PEG-Acetal-
PACMA). The block copolymer forms nanoassemblies with acid-cleavable linkages in
hydrophobic cores and at core/corona interfaces. Moreover, the effect of incorporation of acid-
ionizable imidazole pendants in hydrophobic cores on the encapsulation of doxorubicin (Dox),
acid-catalyzed hydrolysis of acetal linkages, drug release, in vitro cells toxicity, and cellular

uptake are investigated.

In chapter 4, a new strategy utilizing ATRP is used to synthesize a dual location acidic
pH/GSH-responsive degradable block copolymer (PEG-Ketal-PHMssEt) labeled with an acidic
pH-labile ketal linkage at the block junction and pendant reductively cleavable disulfide groups
in the hydrophobic block at dual locations. Here, we focus on studying different routes to
synthetize a ketal labelled PEG macroinitiator and investigating ketal stability in ATRP

conditions.

In chapter 5, a robust approach, which involves the synthesis of a new RAFT macro chain
transfer agent followed by RAFT polymerization, is reported to synthesize the PEG-Ketal-
PHMssEt block copolymer introduced in chapter 4. This chapter focuses on the investigation of
self-assembly, dual acidic pH/GSH degradation, drug release from the nanoassemblies as well as

the studies of their anti-cancer cell activity and cellular internalization.

In chapter 6, we report a new dual acidic pH/GSH-responsive degradable ABPs featured with
dual acidic pH-labile acetaldehyde acetal linkage and reductively cleavable disulfide bond at the
hydrophilic/hydrophobic block junction as well as pendant disulfide bonds in the hydrophobic
block. Three strategies were explored to synthesize these block copolymers by utilizing the

combination of ATRP and RAFT polymerization in a sequential or concurrent mechanism, along



with facile coupling reactions. Furthermore, the structural investigations by polymer degradation
are conducted to study the polymer composition as diblock or triblock copolymer.
In chapter 7, conclusions from my four research projects are summarized and future research

directions are proposed.



Chapter 2: Development and disassembly of single and multiple
acid-cleavable block copolymer nanoassemblies for drug delivery
2.1 Introduction

Cancer nanomedicines centered on macromolecular approaches have been extensively
explored to diagnose and treat cancer based on improved delivery of anticancer agents to tumors
(i.e. improved biodistribution).®!-®* The design and development of ABP exhibiting SRD through
chemical transformations, in response to stimuli, is a promising platform to construct smart
nanoassemblies (or nanocarriers) for tumor-targeting drug delivery.?% %7 9-% SRD driven by
chemical transformations involves the cleavage of labile covalent linkages incorporated in the
block copolymers, causing the disintegration or destabilization of nanoassemblies.?® 6668
Compared with conventional non-degradable systems, SRD-exhibiting nanoassemblies offer the
controlled/enhanced release profile of encapsulated therapeutics. Biodegradation is achieved via
acidic pH as well as reductive, oxidative, and enzymatic reactions, which are characteristic
stimuli inducing chemical transformations found in cellular environments.?% 3% 4% 73 Among
these, acidic pH is the most promising endogenous stimulus since the tumor microenvironment is
known to be slightly acidic (pH = 6.5-6.9), compared to normal tissues (pH = 7.4).™
Furthermore, endosomes and lysosomes in cells are more acidic (pH = 4.5-6.5). The acidity of
tumor tissues is caused by increased lactic acid production due to the elevated glycolytic rate of
tumor cells even under aerobic condition, commonly referred to as the Warburg effect. In
addition, tumor cells are characterized by defective vasculature and vast hypoxic regions, which
primarily rely on anaerobic glycolysis for energy generation, thus producing lactic acid as the
main product of glucose breakdown. There is compelling evidence that acidity of tumor cells
plays a critical role in tumor metastasis and drug resistance.”> ’¢ In biological systems, drug-
loaded acid-degradable nanoassemblies (nanocarriers) can be administered to the body through
IV injection. While circulated in the blood, they target tumor tissues having typical irregular
endothelial cells of vasculatures due to the Enhanced Permeability and Retention (EPR) effect.
Once being extravasated into tumor tissues, drug-loaded acid-degradable nanoassemblies can
subsequently undergo cellular uptake through various entry mechanisms.””** Once inside tumor

tissues and cells whose pH is acidic, acid-degradable nanoassemblies can dissociate to allow for

the release of encapsulated therapeutics in a controlled/enhanced fashion.



Of two important classes of acidic pH-responsive block copolymers, acid-ionizable systems
incorporate ionizable groups into the design of block copolymers. Widely-used ionizable groups
include tertiary amines with pKa values lower than physiological pH, that tend to be neutral or
even hydrophobic at pH = 7.4. Under acidic conditions, these amine groups are protonated and
convert to their corresponding quaternary ammonium salts, thus becoming hydrophilic or water-
soluble. Such physical transformations based on polarity change cause the disintegration or
degradation of the nanoassemblies. This topic is covered in previous review articles.>>*° In
addition to acid-ionizable systems, acid-cleavable systems were designed with ketal, acetal,
orthoester, imine, oxime, hydrazone, 2,3-dialkylmaleamidic amide (DMMA), boronic ester, and
[-thiopropionate groups as typical acid-labile linkages. As illustrated in Figure 1, these linkages
can be cleaved under acidic pH conditions. Each linkage possesses distinct reactivities (or
sensitivities) towards acid-catalyzed hydrolysis in an aqueous environment, thus presenting
tunable cleavage rates. Evidently, the cleavage rate is faster at lower pH values due to a higher
concentration of hydronium ions.® For the acetal/ketal family, the hydrolysis rate can be mainly
determined by the stability of the carbocation intermediates that are formed through the
elimination of alcohol species from the carboxonium after protonation of an oxygen atom of the
acetal/ketal moieties. The carbocation stability is greatly affected by structural factors such as
steric, resonance, and induction effects of attached substituents. Thus, their cleavage rate
(hydrolysis rate) varies with the substituents attached on the central carbon atom of the
acetal/ketal moieties. Detailed studies on the kinetics of acetal hydrolysis in the form of small

87-89

molecules®’®” and polymers®*** have been reported. Further to the acetal/ketal family, the

hydrolysis rate for imines, including oximes and hydrazones, has also been studied.”* >
Exploring these features of acid-cleavable chemistries, numerous strategies have been developed
to synthesize acid-degradable block copolymer nanoassemblies for tumor-targeting drug

delivery.3!: %

This review article describes elegant strategies that allow for the synthesis of acid-degradable
block copolymers reported in recent years. The strategies are summarized based on the nature,
number, and location of acid-labile linkages positioned within the backbone, in pendant chains,
at hydrophilic/hydrophobic block junctions in block copolymers or as crosslinks. Consequently,
they self-assemble into nano-sized particles labeled with acid-cleavable linkages in a single

location: (7) in the hydrophobic core or (i7) at core/corona interface. Furthermore, this review
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summarizes dual acid/stimulus-degradable systems, responsive to other stimuli such as

reduction, light or enzymes along with acid-cleavable linkages in single and dual locations.

o_o, M1_ !
RO R, —> L, Hog,

Figure 2.1 Chemical structures and acid-catalyzed hydrolysis of typical acid-labile linkages.
Note that R; and R» denote polymeric chains.

2.2 Single acid-cleavable nanoassemblies

2.2.1 General synthetic approaches

Four general approaches to synthesize single location acid-responsive block copolymers have
been explored for the development of acid-degradable block copolymer nanoassemblies. Based
on the number and location of acid-labile linkages in acid-degradable block copolymers, these
approaches include backbone acid-cleavable, pendant acid-cleavable, acid-cleavable crosslinked,
and acid-shell-sheddable nanoassemblies. The acid-cleavable linkages are located in
hydrophobic cores for backbone, pendant, and crosslinked nanoassemblies, while at core/corona
interfaces for shell-sheddable nanoassemblies. This section describes general synthetic strategies
to integrate acid-cleavable linkages (shown in Figure 2.1) in the synthesis of block copolymers,
as schematically illustrated in Figure 2.2. Furthermore, their advantages and drawbacks with

respect to tumor-targeting drug delivery are briefly discussed.

Backbone acid-cleavable assemblies shown in Figure 2.2a are formed by aqueous

micellization though self-assembly of block copolymers labeled with acid-labile linkages on

10



hydrophobic backbones. Step-growth polymerization through polycondensation and polyaddition
is a general means to synthesize backbone multi-cleavable block copolymers. In this approach,
nucleophilic monomers such as diamines, dialcohols and dithiols are reacted with electrophilic
monomers, such as aldehydes, ketones and vinylethers to link polymeric units via acid-
degradable linkages. Promisingly, drug molecules bearing difunctional groups can also be used
as monomers for step-growth polymerization for covalent incorporation into copolymer
backbones, along with the acid cleavable linkages.?” In acidic environments, they are fully
degraded to smaller fragments upon cleavage of the backbone acid-labile linkages through a
main chain degradation mechanism. The resulting small fragments can subsequently be more
readily excreted from tissues, thus imparting lower systemic toxicity. Pendant acid-degradable
nanoassemblies (Figure 2.2b) are fabricated from block copolymers having pendant acid-labile
linkages in the hydrophobic blocks (i.e. acid-degradable cores). They are generally degraded
through a change in hydrophobic/hydrophilic balance of the core upon cleavage of the pendant
acid-labile linkages in the block copolymers. Despite these features, this approach suffers from
several drawbacks that hamper drug delivery. One drawback involves slow and incomplete
cleavage of pendant acid-degradable linkages such as acetaldehyde acetal groups at biological
pH, which leads to slow drug release. Another drawback is associated with the degraded
products, most of which are not fully water-soluble. As a consequence, they tend to form micron-
sized aggregates that could be toxic due to bioaccumulation. Acid-shell-sheddable
nanoassemblies (Figure 2.2¢) dissociate by degradation of acid-cleavable linkages located at the
interface of the hydrophilic corona with the hydrophobic core. When exposed to acidic pH, the
corona is shed from the core, causing a destabilization of the nanoassembly. Detachment of the
hydrophilic shell could lead to the aggregation of hydrophobic cores which may impede drug
release. However, this approach is a promising route to defuse the conflict of favorable
prolonged blood circulation and poor cellular uptake of PEG, commonly referred to as the “PEG
dilemma”. This can be addressed by choosing suitable acid-labile junction that can be cleaved in

tumor tissues (pH ~ 6.5-6.9).% °® Crosslinked nanoassemblies are detailed in Section 2.4.

In addition to acid-degradable ABPs, the synthesis of thermoresponsive copolymers bearing
acid-labile linkages has been explored. Their thermoresponsive properties at lower critical
solution temperatures (LCST) were adjusted with changes in molecular weight®® and

100, 101

hydrophobic/hydrophilic balance, upon acid-responsive cleavage. In addition to acid-
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degradable nanoassemblies exhibiting single response, a combination of acid sensitivity with an

additional stimulus result in degradable nanoassemblies exhibiting dual response. >’ 102106
(a) Backbone acid-cleavable N\
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Figure 2.2 Schematic illustration of general approaches for the development of acid-degradable
block copolymers exhibiting single location acid-response and their nanoassemblies based on the
number and location of acid-labile linkages: a) backbone acid-cleavable, b) pendant acid-
cleavable, and c¢) acid-shell-sheddable nanoassemblies.

2.2.2 Backbone acid-cleavable nanoassemblies

Polycondensation through in situ formation of acid-labile linkages as building blocks is used
for the synthesis of acid-degradable copolymers with backbone acid-cleavable linkages.
Polyacetals were synthesized by catalytic polycondensation of a divinyl ether and a diol. The
catalyst is typically pyridinium p-toluenesulfonate (PPTS).!%” Incorporation of functional diols
into the polyacetal synthesis found various applications, including HIF-1 inhibitor diols,””
alkyne- or activated ester-labeled diols!%® for drug delivery and Fmoc-serinol for protein

therapy.'?”

A similar strategy was utilized for the catalytic synthesis of polyorthoesters using
air/moisture-stable vinyl acetal precursors'!® and a triblock copolymer comprised of PEG and
oxime-tethered polycaprolactone (PCL) blocks.!'! A copolymer labeled with B-thiopropionate
linkages on the backbones was synthesized by polycondensation of a divinyl ether with a dithiol.

As seen in Figure 2.3, the following reaction of terminal thiol groups in the copolymer with a
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PEG bearing a terminal vinyl ether allows for the synthesis of an ABA-type triblock copolymer
bearing backbone B-thiopropionate linkages in the central B block. The formed triblock
copolymer was amphiphilic and thus self-assembled to form nanoassemblies which degrade at
pH=55.112

o o :

0 : P :

Me,PPH ! ! |
I A SR Hs/\/ts/\)Lojqu\/\s;’\/\}SH
6 M1/M2=1.2:10 Pla "
M1 M2

o Hydrophobic polymer with thiol chain ends
(8] ,l
H.CO h -
oC [ ]“ 07~

Hydrophilic polymer with an acrylate chain end
P1b ~~ Acid-abile linker

Amphiphilic triblock copalymer

Bilayer " By - g thiopropionate linker
@ = Guest molecules

assembly

S

Figure 2.3 Schematic illustration of the synthesis, vesicular assembly, and pH-responsive
disassembly of a triblock copolymer bearing 3-thiopropionate linkages on the backbones.
Copyright 2013 Wiley.

Step-growth polymerization of reactive monomers bearing acid-labile linkages has also been
extensively explored for the synthesis of a variety of acidic pH-degradable step-growth
copolymers. Click-type reactions were preferably employed. Aza-Michael addition of various
diamines with divinyl precursors (bearing ketal or acetal linkages) enabled the synthesis of
polyamidoamines bearing backbone acetal or ketal linkages. A diacrylamide, a diacrylate, or a
dimaleimide reacted with various diamines such as dipiperidine for linear copolymers,’!

35113 and octaamine polyhedral oligomeric

poly(ethylene imine) (PEI) for branched copolymers,
silsequioxanes (POSS) for dendritic copolymers.!'* Atom transfer radial polyaddition of a ketal
dibromine to a divinyl precursor yielded a PEG-grafted polyester bearing ketal linkages on the
backbone.” In addition to click reactions, conventional step-growth polymerization methods

have also been utilized to synthesize polyurethane, polyether, and polyester bearing backbone
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acetal, ketal, and orthoester linkages. Several reports describe the synthesis of acid-cleavable
polyurethanes through carbamate bond formation by reaction of diols labeled with acetal or
orthoacetal linkages with diisocyanates.”® !'>!17 Other reports also show the synthesis of acid-

degradable dendritic polyethers by polyaddition of a-epoxy-w-hydroxyl-functionalized AB»-type

1118 1119

monomers bearing ketal' '® and acetal' "~ groups and a ketal-labeled polyester synthesized by

reaction of a ketal-labeled diol with a diacylchloride.'?

Most of the formed polyacetals and polyketals were designed to be either hydrophilic or
hydrophobic (not amphiphilic), thus forming submicron-sized nanoparticles in aqueous solution
via nanoprecipitation. Figure 2.4 illustrates an acidic pH-degradable PEG-based poly(acetal
urethane) (PAU) triblock copolymer (PEG-b-PAU-b-PEQG) synthesized by polyaddition to allyl-
terminated PAU, followed by a thiol-ene click reaction with PEG-SH. The copolymer was
designed to be amphiphilic and thus formed self-assembled micelles in aqueous solution. They
displayed fast swelling and disruption under acidic pH = 4-5, while being stable at pH = 7.4. The

micelles exhibited controlled and pH-dependent release of encapsulated Dox.!?!

Self-assembly
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Figure 2.4 Acid-degradable PEG-b-PAU-b-PEG triblock copolymer micelles for pH-triggered
intracellular Dox delivery. Copyright 2015 American Chemical Society.
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2.2.3 Pendant acid-cleavable nanoassemblies
Two strategies have been explored to synthesize pendant multi-cleavable block copolymers:
(7) direct polymerization of acid-degradable monomers and (i7) post-modification of functional

precursor polymer.

Direct polymerization utilizes controlled polymerization techniques to synthesize acid-
degradable random and mostly block copolymers. As shown in Figure 2.5, this strategy requires
the design of novel functional monomers bearing pendant acid-labile groups. Controlled radical
polymerization (CRP) techniques have been widely explored. ATRP has been examined using
PEG-based macro-initiators with various acid-labile monomers bearing cyclic orthoesters
(M1,12% 123 M2 124 and M3!%), acetals (M4'2°), and ketals (M5'?7) to synthesize a variety of well-
controlled PEG-based block copolymers. In addition to ATRP, RAFT polymerization was
examined with a RAFT mediator for copolymerization with (meth)acrylate and
(meth)acrylamide bearing pendant cyclic acetals (M6'2®), B-thiopropionates (M7'%%), and
tetrahydropyran (M8!3) to synthesize well-controlled acid-degradable random or block
copolymers. ROP has also been explored. PEG was used as a macroinitiator with a cyclic acetal
carbonate monomer (M9'3!) to synthesize PEG-based polycarbonate block copolymers and a
typical acetal-bearing epoxide monomer (M10 and M11)!3% 133 to synthesize PEG-based
polyethers. These synthesized amphiphilic copolymers formed self-assembled micelles with
acid-degradable hydrophobic cores, surrounded with hydrophilic PEG coronas. These
copolymers were degraded under acidic pH conditions through a change in the

hydrophobic/hydrophilic balance of core blocks.

Pal °:§: W= ii} L 7Y Y

M7

Figure 2.5 Typical monomers bearing pendant acid-labile linkages for the synthesis of pendant
multi-cleavable block copolymers by the direct polymerization approach.
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A post modification strategy has been explored to synthesize acid-degradable block
copolymers. Particular examples explore a facile coupling reaction through in situ formation of

134-137

hydrazone, imine, 38140

and acetal'*! linkages to form drug-conjugated block copolymers,
thus prodrug nanoassemblies. Dox contains carbonyl and amino groups that can react with
pendant hydrazine or carbonyl in block copolymers and form Dox-polymer prodrugs via imine
or hydrazone linkage. In other examples, amidation of Dox with the DMMA side chains of a

)!42 and a thiol-ene reaction to conjugate B-lapachone (anticancer drug)

poly(B-L-malic acid
functionalized with an imine group,'* were reported. In addition to the conjugation of anticancer
drugs, other reactions were employed to modify hydrophilic copolymers with pendant acid-

cleavable species. Typical examples include dextran protected with a dimethyl ketal group,'#* 14°
poly(vinyl alcohol) conjugated with vinyl ether acrylate through an acetal linkage,'*® and PEG-b-

PCL conjugated with DMMA..'¥

2.2.4 Crosslinked acid-cleavable nanoassemblies (nanogels)

A challenge for self-assembled micelles formed by physical aggregation of polymeric chains
is the undesired dissociation to unimers upon dilution in blood (4L). This occurs when the
concentration of micelles in blood is below the CMC of the block copolymer. To circumvent this
challenge, a promising solution is to introduce acid-labile crosslinks to the corresponding "acid-
cleavable crosslinked nanogels”. This approach offers not only enhanced colloidal stability
during circulation in the blood, but also acid-responsive cleavage of labile crosslinks for

enhanced/controlled release of encapsulated drugs.

This approach has mainly been explored to synthesize core-crosslinked nanoassemblies.
Figure 2.6 schematically illustrates two major strategies. Strategy I involves in situ formation of
acid-labile crosslinks. One report described the use of terephthaldicarboxyaldehyde (TDA, a
difunctional aldehyde) as a crosslinker for a block copolymer bearing pendant hydrazide groups
(NH2-NH-C(0)-) to yield core-crosslinked nanogels through reversible acylhydrazone linkages.
Excess hydrazine groups in the copolymer were subsequently used for bioconjugation with biotin
and fluorescein isothiocyanate.!*® Other reports utilized TDA with block copolymers having
pendant amine groups for the fabrication of acid-degradable nanogels through the formation of
benzylimine linkages.'*® As an extension to small molecule crosslinkers, the synthesis of a

polymeric pendant aldehyde and a polymeric pendant amine by RAFT polymerization have also
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been explored. The co-micellization of the mixed block copolymers yielded acid-cleavable
crosslinked nanogels via the formation of reversible benzimine linkages.? 130152 Strategy 11
involves conjugation with crosslinkers bearing an acid-labile linkage. An example includes
linking a diazide, bearing an acetal linkage for crosslinking, with a polyphosphoester, bearing
pendant alkyne groups, through a copper-mediated azido-alkyne reaction.!> Also, a diamine
bearing a ketal linkage was used to prepare vinyl polymers bearing pendant pentafluorophenyl

groups through a facile coupling reaction.’% 134 155

Similar strategies have been further explored to synthesize shell-crosslinked nanoassemblies.
Examples include the use of TDA with a PEG-based vinyl copolymer bearing pendant amino
groups through in situ formation of benzimine linkages (Strategy 1)!°® and the use of a ketal-
bearing diamine with a PEG-based poly(amino acid)s bearing pendant carboxylic acids via the

formation of amide linkages (Strategy II)."’

Strateqy 1: in-situ formation of acid-cleavable linkage \

A) Crosslinking by small molecules
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Figure 2.6 Schematic illustration of two major strategies to synthesize acid-cleavable core-
crosslinked nanoassemblies.
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2.2.5 Shell-sheddable nanoassemblies

Acid-degradable shell-sheddable block copolymers consist of acidic pH-labile groups at the
junction of the hydrophilic and hydrophobic blocks. Linear, star-shaped, and grafted di- and tri-
block copolymer chain architectures are possible. Two approaches have been explored: (i)

conjugation and (i7) direct polymerization.

The conjugation approach utilizes mainly click-type reactions of two or more reactive
homopolymers bearing acid-labile linkages, typically acetal, to synthesize various shell-
sheddable block copolymers or prodrugs. Azide-alkyne click reaction using an azido-terminated
PEG labeled with an acetal linkage (PEG-acetal-N3) was the focus of some studies. PEG-acetal-
N3 was synthesized in two steps: (i) reaction of PEG with 2-chloroethyl vinyl ether and (i)
azidation of the formed PEG-acetal-Cl with sodium azide.'*® As illustrated in Figure 2.7, the
formed PEG-acetal-Nj3 reacted with an alkyne-terminated PCL, synthesized by ROP, to yield a
liner shell-sheddable triblock copolymer, PCL-acetal-PEG-acetal-PCL."*° This block copolymer
self-assembled to form flower-like nanoassemblies with acetal linkages at the PCL core/PEG
corona. When exposed to acidic solution, the acetal linkages were cleaved, thus shedding the
PEG coronas from the PCL core, leading to enhanced release of encapsulated Dox. Similarly, a
PEG-acetal-N3 precursor was used to synthesize acid-degradable shell-sheddable copolymers
with various architectures, including a three-arm star PEG-acetal-PCL diblock copolymer!®® and
a Dox prodrug.'® Other reports also explored the azido-alkyne click reaction to synthesize a

162.163 and PCL-based vinyl-type copolymers.'®* 15 In addition to click

PEG-grafted polyester
chemistry, a facile coupling reaction through in sifu formation of pH-cleavable linkages was
explored to synthesize shell-sheddable block copolymers and prodrugs. Typical examples
include: imine'%®1%° tetrahydropyran'’® and DMMA..!”! However, the coupling of two reactive
homopolymers has imposed a challenge in the purification of the target block copolymers from

excess homopolymers and low coupling efficiency due to increased steric hindrance.
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Figure 2.7 Synthetic route towards an acid-degradable PCL-acetal-PEG-acetal-PCL triblock
shell-sheddable block copolymer via a copper-mediated azido-alkyne click reaction. Copyright
2013 Royal Society of Chemistry.

A direct polymerization approach has been explored to synthesize acid-shell-sheddable block
copolymers. This approach requires the design and synthesis of novel (macro)initiators for
ATRP and ROP or (macro)RAFT-mediators for RAFT polymerization. For CRP techniques with
vinyl monomers, including (meth)acrylates, a typical example is the synthesis of an acid-labile
PEG-based macro-RAFT agent bearing a cyclic acetal linkage.!”* As illustrated in Figure 2.8,
PEG was functionalized with a benzylaldehyde group by a carbodimiide coupling using 4-
formylbenzoic acid. The formed precursor (1) was used for the reaction with 1,1,1-
tris(hydroxylmethyl)ethane and 4-(cyanopentanoic acid)-4-dithiobenzoate (CPADB). The
resulting macro-RAFT agent (3) successfully mediated RAFT polymerization of various
methacrylates, including a cholesterol-bearing methacrylate (Mchol) to synthesize a PEG-cyclic
acetal-PMchol. Subsequently, the terminal dithioester group was aminolyzed to the
corresponding thiol, followed by disulfide-thiol exchange with 2,2-dithiopyridine to the
corresponding pyridiyldisulfide. Other examples include a double-head iniferter having both
terminal bromine and RAFT moieties for both ATRP and RAFT polymerization'”* and a PEG-

based bromine labeled with an orthoester linkage for ATRP.!7
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Figure 2.8 Synthetic route to an acid-labile PEG-based shell-sheddable block copolymer bearing
a cyclic acetal linkage by RAFT polymerization. Copyright 2013 Elsevier.

For the ROP technique of cyclic monomers, a typical example involves the synthesis of an
acid-labile PEG initiator having a methylmaleimic acid bridge and a hydroxy terminus (Figure
2.9). The resulting PEG-Dlink,-OH was used as a macro-initiator for the ROP of lactide (LA) to
yield a PEG-Dlinkn-PLA shell-sheddable block copolymer. Upon arriving at a tumor site, the
PEG layer was shed to increase zeta potential by responding to tumor acidity. This significantly
enhances cellular uptake and improves the in vivo tumor inhibition rate.!”® Reports also describe
the synthesis of a PEG-acetal-OH, for the synthesis of a PEG-acetal-PLA'’® and PEG-acetal-
polycarbonate diblock,!”” a PEG-ketal-OH, for a PEG-ketal-PCL diblock,'”® and a HO-acetal-
poly(propylene glycol)-acetal-OH for a PEG-acetal-poly(propyl glycol) (PPG)-acetal-PEG

triblock copolymer.'”

20



A o] o
Hacof\/o)\x/\o | Hmoﬁ‘)\o} :
OH o '

(o]
o Tumor acidity

0
O
Hacol{’\/ };/\O | OH +H2N/‘\/\\/\/O<\[(L0}H
OH o y
(o] T~
Tumor acidity rr/ @ %
N Nk,
i

/

High PEG density ... Low PEG density
Low zeta potential @ High zeta potential

m

Ny
S

et Low cellular uptake
| |
‘ H|gh cellular uptake
Nucleus)

& 0

Figure 2.9 Schematic illustration for (a) the synthesis of PEG-Dlinkn-PLA acid-shell-sheddable
block copolymer and its cleavage under tumor acidity and (b) enhanced cellular uptake of its
nanoassemblies. Copyright 2016 Wiley.

2.2.6 Acid-degradable non-hydrophobic supramolecular nanoassemblies

Most of the acid-degradable nanoassemblies described above are formed by the synthesis of
covalently-conjugated ABPs and their self-assembly through hydrophobic interactions. In
contrast, non-hydrophobic supramolecular interactions have also been explored to fabricate a
variety of acid-degradable supramolecular nanoassemblies.'*® Hydrogen-bonding interactions
were used to develop supramolecularly-crosslinked nanogels. A block copolymer having pendant
adenine groups, synthesized by RAFT polymerization, self-assembled with a hydrophobic uracil-
containing crosslinker (diuracil) through adenine-uracil nucleobase pairing. In response to acidic
pH, the base pairs were disrupted, causing dissociation of the nanogel. Host-guest interactions

181, 182 and polyrotaxanes.'3 As an example,

were used to prepare shell-sheddable nanoassemblies
Figure 2.10 illustrates the fabrication of an acid-shell-sheddable nanoassembly. A family of 6-
OH orthoester-modified B-cyclodextrin (B-CD) derivatives were synthesized by a facile coupling
reaction of B-CD with a cyclic ketene acetal. The synthesized asymmetric acid-cleavable 3-CD

derivatives were used to form amphiphilic supramolecular nanoassemblies with adamantane-
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modified PEG through host-guest interactions in water. Rapid dePEGylation occurred at acidic

pH due to hydrolysis of the interfacial orthoester linkages.'%?

Figure 2.10 Schematic illustration to prepare acid-shell-sheddable nanoassemblies by
supramolecular self-assembly of 6-OH orthoester-modified 3-CD derivatives and an
adamantane-modified PEG. Copyright 2014 American Chemical Society.

2.2.7 Strategies to accelerate degradation of acid-degradable nanoassemblies

Maintaining a satisfactory balance between high colloidal stability during blood circulation
and rapid drug release at the site of action is an important consideration for designing acid-
cleavable block copolymers. Particle dissociation during blood circulation and sluggish drug
release in tumor tissues are undesirable consequences of incorporating inappropriate acid-
cleavable chemistries into the block copolymers. In addition to efforts to fine tune acid-cleavable
linkage hydrolysis to match with the acidic environment of tumors, several strategies have been
explored to accelerate the hydrolysis rate of acid-cleavable linkages in block copolymers and

their nanoassemblies. Three main strategies are summarized in this section.

Strategy I involves the integration of tertiary amine (t-amine) groups into acid-degradable
copolymers. Figure 2.11 illustrates an example of the incorporation of a B-aminoester linkage
into the backbone of a polyketal.!®* Protonation of t-amine groups allows for the facile
penetration of hydronium ions into the hydrophobic core, consequently enhancing their
hydrophilicity and thus promoting their degradation. Several reports also describe promoting

hydrolysis of acid-cleavable linkages by copolymerization of methacrylates bearing pendant t-
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amine groups such as 2-(dimethylamino)ethyl methacrylate), 2-(diethylamino)ethyl
methacrylate, and 2-(diisopropylamino)ethyl methacrylate with acid-cleavable methacrylates
bearing orthoester, benzylic acetal and solketal groups.'3318” The incorporation of pendant t-
amine groups can increase hydrophilicity and amplify acetal hydrolysis. However, it should be
noted that protonation of t-amine groups with pKa = 6.4-7.4 in the vicinity of acid-cleavable
linkages could convert t-amine groups to the positively-charged quaternary ammonium groups

and thus reduce the hydronium concentration in aqueous media.

Strategy 11 utilizes a stimuli-responsive cleavage approach. For example, a recent report
describes the synthesis of a polyketal with o-nitrobenzyl side chains to facilitate the degradation
of the polymer backbone in a self-immolative manner.'®® Upon UV irradiation, o-nitrobenzyl
groups were cleaved to generate the corresponding carboxylic acid moieties. Such photo-
responsive cleavage consequently increased the acidity of the ketal environment and enhanced
their hydrolysis rate. Another report shows that complexation via host-guest interactions with
pillar[5] arenes containing carboxylic acid moieties accelerated the cleavage of pendant ketal

groups in poly(N-[(2,2-dimethyl-1,3-dioxolane) methyl]acrylamide).!'®
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Figure 2.11 Schematic illustration to ketal hydrolysis in poly-B-aminoester ketal-2 via
protonation of the tertiary amine groups in the backbones. Copyright 2010 American Chemical
Society.
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Strategy III explores self-amplifying acetal degradation through the formation of hydrogen
iodide (HI). A polyacetal consisting of 3-iodopropyl acetal moieties undergoes B-elimination
after acid hydrolysis, which generates aldehyde derivatives and releases HI (a strong acid),

leading to rapid acetal degradation.'”®
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2.3 Dual/multiple acid-cleavable nanoassemblies

In addition to decreased pH, GSH (a tripeptide containing cysteine) is found at elevated
concentrations in cancer cells, and several enzymes (e.g. esterase or peptidase) are abnormally
overexpressed in tumor tissues. In addition to these endogenous stimuli found in tumor
environments, light has also been explored as a promising exogenous stimulus that can allow for
the spatial and temporal control of drug release. These features have led to intense exploration of
various strategies to synthesize smart nanoassemblies degradable in single stimulus response to
reduction, enzyme, or light. Further efforts have been made to exploit the advantages of these
stimuli in combination with acidic pH, i.e. dual acid/stimulus-responsive degradation, to achieve

synergistic/accelerated micelle degradation and drug release.

For the development of dual/multiple stimuli/acid-degradable nanoassemblies, the combined
cleavable linkages are generally incorporated in the micellar core and/or the core/corona
interface as in single location and in dual location (i.e. single location or dual location stimuli-
degradable nanoassemblies). General strategies that explore single and dual location approaches
are schematically illustrated in Figure 2.12. In particular, the dual location approach can be
envisaged to have superior propensity to degrade nanoassemblies induced with combined
modules through the detachment of hydrophilic coronas and the dissociation of the hydrophobic

core. The following sub-sections describe elegant strategies reported in the literature.

Single-location Dual-location ‘S §
N f%';- ~ ’ ~
~~ ° .V e
A AR R
Locatedin Located at Locatedin core & Locatedin core & dually
core interface at interface at interface

Figure 2.12 Schematic illustration of dual stimuli/acid-degradable nanoassemblies to explore
single and dual location approaches. Note that the red crosses and black spheres denote different
stimuli-cleavable linkages.
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2.3.1 Single-location acid/reduction-degradable systems

In biological environments, GSH (a tripeptide containing a cysteine) is present at different
concentrations between intracellular and extracellular compartments, and is also found at
elevated concentrations in cancer cells.*® ! 12 Because disulfide bonds are cleaved to their
corresponding thiols in a reducing environment or in the presence of GSH, disulfide chemistry
has been extensively explored for the development of GSH-responsive degradable
nanoassemblies for controlled/enhanced drug release.!®> 1°* Note that diselenide chemistry has
been also explored for reduction-responsive degradation.!*>!%® Several approaches have been
proposed to fabricate nanoassemblies constructed with acid-labile and disulfide linkages
exhibiting dual acid/reduction responses in the micelle core, in the hydrophilic corona or at the

core/corona interface.

For a dual acid/reduction response in the micelle core, both acid-cleavable and disulfide
linkages are incorporated in pendant chains, on backbones of block copolymers, or as crosslinks
in the nanoassemblies. Acrylamide-based linear copolymers having pendant pyridyldisulfide
groups and either aldehyde or amine groups were synthesized by RAFT polymerization.'”® As
illustrated in Figure 2.13, the copolymer chains were crosslinked through imine bond formation
between the aldehyde and amine groups at pH = 8 and disulfide bond formation by disulfide-
thiol exchange reaction. This yielded a dual-responsive crosslinked nanogels with acidic pH- and
GSH- responsive properties. When exposed to tris(2-carboxyethyl)phosphine (a reducing agent)
in acidic pH (5.5), the nanogels disassembled into their polymer chain components. Furthermore,
grafting PEG into the nanogels demonstrates their potential to undergo post-assembly
functionalization. ABPs of PEG-b-poly(2,4,6-trimethoxybenzylidene-pentaerythritol carbonate-co-5-
methyl-5-propargyl-1,3-dioxan-2-one) (PEG-b-P(TMBPEC-co-MPMC)) with pendant reactive
alkynyl groups as well as pH-sensitive acetal groups were synthesized by the ROP technique.’® Their
nanoassemblies were crosslinked through azido—alkyne click chemistry of at the pendant alkyne
groups with bis(azidoethyl)disulfide (a disulfide-labeled diazido crosslinker), yielding disulfide-core-
crosslinked nanogels labeled with both acetal and disulfide linkages in the core. The nanogels
appeared to have good colloidal stability due to core-crosslinking. They also exhibited enhanced
release of encapsulated Dox at pH = 5 with 10 mM DTT, compared with either pH =5 or DTT alone.
The on-demand drug release induced by acidic pH and reductive environment of cancer cells

enhanced the cytotoxicity of nanogels to MCF-7/ADR cells.
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Figure 2.13 Schematic illustration of the synthesis, crosslinking, and dual acid/reduction-
responsive disassembly of acrylamide-based linear copolymers having pendant pyridyldisulfide
groups and either aldehyde or amine groups by RAFT polymerization. Copyright 2012 American
Chemical Society.

Drug molecules (e.g. Dox) were conjugated onto polymeric chains through acid-labile
hydrazone or imine linkages. Upon aqueous self-assembly of the formed block copolymer
prodrugs, the resultant nanoassemblies were further subjected to core-crosslinking through amide
formation with dithiodiethanonic acid (DTDEA) for PEG-b-poly(acrylic acid)**! and in situ
disulfide-core crosslinking through disulfide-thiol exchange for PEG-b-polyaspartate.?’> The
formed nanogels functionalized with both hydrazone linkages and disulfide crosslinks responded
to acidic pH for Dox release, via cleavage of hydrazone linkages, and to GSH for disassembly
via cleavage of disulfide crosslinks. Another report describes the fabrication of nanoassemblies
of PEG-b-poly(6-O-metacryloyl-D-galactopyranose) conjugated with Dox through disulfide and

imine linkages.?®

Recently, the synthesis of polydoxorubicin (PDOX) labeled with backbone disulfide and
hydrazone linkages was reported.?** Figure 2.14 illustrates the synthetic route to a disulfide-
labeled Dox dimer (Dox-ss-Dox) by reaction of Dox with DTDEA through the formation of
amide bonds, followed by step-growth polymerization with adipic dihydrazide (ADH). The
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resulting polyDox particles with 78% Dox content could completely release DOX-SH within
1.5 days at the tumor microenvironment, but no measurable leakage in the physiological media

was observed.
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Figure 2.14 Synthetic route and dual acid/reduction-responsive release of polydoxorubicin
prodrug. Copyright 2018 Wiley.

For dual responses at the core/corona interface, supramolecular block copolymers were
prepared by molecular recognition of nucleobases between poly(2-(2-methoxyethoxy)ethyl
methacrylate-co-oligo(ethylene glycol) methacrylate) (P(MEO2MA-co-OEGMA))-SS-PCL-
adenine labeled with a disulfide at the block junction and a uracil-terminated PEG (PEG-U). The
copolymer self-assembled into micelles with PCL cores surrounded with both P(IMEO>MA-co-
OEGMA) and PEG coronas, which were labeled with reduction-responsive disulfide linkages
and pH-responsive nucleobase interactions at the core/corona interface. Upon cleavage of these
linkages, controlled release of encapsulated Nile red (NR) was achieved.?®> Another report
describes the development of galactosamine-modified polymeric micelles which were responsive
to both reduction (via disulfide exchange) and acidic pH (via acetal cleavage) constructed from
poly(ethylethylene phosphate)-acetal-PCL-SS-poly(2-dimethylaminoethyl methacrylate) for co-

delivery of anticancer drugs and nucleic acids.?%

For dual responses in coronas, dual acid/reduction-degradable shell-crosslinked
nanoassemblies with disulfide and acid-labile linkages were prepared using ADH as a disulfide-
labeled crosslinker. The terminal hydrazide groups of ADH were conjugated to pendant aldehyde

groups of hydrophilic blocks in various block copolymers such as a linear’*” and a four-armed
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star’*® polymethacrylate as well as chitosan,?” yielding crosslinked shells with disulfide-labeled

crosslinks through the formation of hydrazone bonds.
2.3.2 Dual-location acid/reduction-degradable systems

Dual location acid/reduction-degradable nanoassemblies are constructed from block
copolymers labeled with acid-labile and disulfide linkages in different positions, (e.g. the
hydrophobic block and at the hydrophilic/hydrophobic block junction). Their self-assembled
micelles possess dual responses both in the micelle core and core/corona interface, thus attaining
dual response at dual locations. One strategy to synthesize dual location dual acid/reduction-
cleavable nanoassemblies involves the incorporation of disulfide linkage at the interface and
acid-labile linkages in the micelle core, (i.e. disulfide (interface)/acid (core)). An ABA-type
PLA-based triblock copolymer containing a disulfide linkage between the hydrophilic
poly(oligoethylene oxide methacrylate) (POEOMA) and PLA blocks and a ketal linkage in the
center of the PLA block (POEOMA-ss-PLA-ketal-PLA-ss-POEOMA) was synthesized by a
combination of ROP, ATRP, esterification, and coupling reactions.’? The self-assembled
micelles have ketal linkages in the PLA cores and disulfide linkages at the core/corona interface.
As illustrated in Figure 2.15, the cleavage of interfacial disulfide bonds in the presence of
glutathione (GSH) resulted in shedding coronas from micelles, while the cleavage of the core
ketal linkages under acidic conditions resulted in the disruption of the micelle cores. Compared
with single response systems, dual response in the presence of GSH at acidic pH at dual
locations (both core and interface) resulted in the synergistic regulation of micelle
destabilization, ultimately leading to accelerated cargo release. The synthesis of nanoassemblies
with disulfide (interface)/acid (core) based on polycarbonate,?!° PCL,*!! and polyvinyl*!? block

copolymers has also been reported.
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Figure 2.15 (a) Synthetic scheme and (b) illustration of aqueous micellization and dual acidic
pH/reduction-responsive degradation of a PLA-based triblock copolymer consisting of a
hydrophilic polymethacrylate and PLA blocks with a ketal linkage in the center of PLA block
and disulfides at the polymethacrylate/PLA block junctions, thus exhibiting dual response at dual
location. Copyright 2018 Wiley.

Another strategy explores the incorporation of acid-labile linkages at the interface and
disulfide linkages in the micelle core, (i.e. acid (interface)/disulfide (core)). PCL-based grafted
copolymers bearing an acetal linkage at the hydrophilic/hydrophobic block junction and a single
disulfide linkage on the hydrophobic backbone were synthesized by a combination of ROP and
RAFT polymerization techniques.?'**!® Furthermore, PCL-bearing polyurethane linear
copolymers linked with hydrophilic PEG through benzoic imine?!” or hydrazone?!® linkages as
well as a PCL labeled with a disulfide linkage connected with a PEG block through a hydrazone
bond?!? was synthesized by ROP and facile coupling reactions. These copolymers self-assembled
to form dual acid/reduction-degradable nanoassemblies with an acid-labile interface and a

disulfide core.

Recently, a polypeptide block copolymer composed of a hydrophilic PEG block connected
through an acid-cleavable DMMA linkage with a thiol-pendant poly(L-cysteine) was synthesized.
The synthesis involved ROP of nitrobenzyl-bearing a-amino acid N-carboxyanhydride initiated with
an amine terminated PEG derivative and a sequential photo-cleavage reaction to generate pendant
thiol groups (Figure 2.16). Self-assembly and subsequent oxidation of thiol groups allowed for the
formation of a new class of polypeptide copolymer nanoassembly with a sheddable PEG corona and a
disulfide-crosslinked core. In response to acid and reduction, the resultant nanoassemblies exhibit
dual-stimuli-triggered drug release profiles of the anticancer drug camptothecin (CPT). CPT-loaded

nanogels facilitated cellular internalization and CPT was released inside the HeLa cells at pH 6.5, as
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confirmed by flow cytometry and fluorescence microscopy.??’ Another polypeptide block
copolymer with a benzimine linkage at the block junction was synthesized by a combination of
ROP, a coupling reaction, and thiol-oxidation for core crosslinking. Its applicability to dual
acid/reduction-degradable intracellular drug delivery to tumors was demonstrated with both in
vitro and in vivo studies.?!
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Figure 2.16 Synthesis of a polypeptide block copolymer composed of a hydrophilic PEG block
connected via a DMMA linkage with a thiol-pendant poly(L-cysteine) by ROP of a-amino acid N-
carboxyanhydride initiated with an amine-terminated PEG derivative and a subsequent photo-
cleavage reaction to generate pendant thiol groups. Copyright 2018 Royal Society of Chemistry.

New strategies utilizing CRP techniques have been explored to synthesize a novel block
copolymer having a ketal linkage at the block junction and multiple disulfide pendants in the
hydrophobic block. The diblock copolymer comprises a hydrophilic PEG block covalently
conjugated through a ketal linkage with a hydrophobic polymethacrylate block having pendant
disulfide linkages (PHMssEt; i.e. PEG-ketal-PHMssEt block copolymer, P5). This approach is
versatile as the number of pendant disulfide linkages in the micelle core is easily adjusted
through controlled radical polymerization. An attempt using ATRP to synthesize the block
copolymer was not straightforward due to the instability of ketal linkages at interfaces under
ATRP conditions.??? Promisingly, as illustrated in Figure 2.17, the RAFT polymerization in the
presence of a newly-synthesized PEG-based macro-RAFT agent labeled with a ketal linkage
(PEG-ketal-RAFT, P4) allows for the successful synthesis of a well-controlled block copolymer
(P5).223 P4 was synthesized using robust multi-step route utilizing carbamate chemistry to endow
stability during protection/deprotection steps. Not only does the cleavage of the ketal linkages,
under endosomal or lysosomal pH conditions, sheds coronas at the interfaces, but also the
reductive cleavage of pendant disulfides to the corresponding thiols, in the presence of cellular

GSH, causes a change in hydrophobic/hydrophilic balance in the micelle core. This dual

30



acid/reduction response leads to synergistic and accelerated drug release, compared with the
single response at single location analogues. These results, combined with in vitro cell culture
experiments including cell viability and cellular uptake, demonstrate the versatility of dual
location dual acidic pH/reduction-responsive degradation in the development of tumor-targeting
intracellular drug delivery vehicles for cancer chemotherapy.??* This versatile strategy has
recently been explored to synthesize a degradable double hydrophilic block copolymer for dual

acid/reduction-responsive disassembly and thermoresponsive tunability.?**
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Figure 2.17 (a) Synthesis of a new dual acid/reduction-degradable block copolymers labeled
with a ketal linkage at the block junction and disulfide pendants in the hydrophobic block, (b)
DLS diagram, digital (inset), and TEM (inset) images of Dox loaded nanoassemblies, and (c) %
Dox release from Dox-loaded nanoassemblies incubated at pH = 5.3 and 7.4 with and without 10
mM GSH. Copyright 2018 Royal Society of Chemistry.

The robust approach was further explored to synthesize a new dual acid/reduction-degradable
block copolymer labeled with dual acetal and disulfide linkages at the block junction as well as
pendant disulfide bonds in the hydrophobic block, POEOMA-AC-SS-PHMssEt (AC: acetal).
This new approach utilizes the combination of ATRP and RAFT polymerization in a sequential
or concurrent mechanism, along with facile coupling reactions. This study provides the first

example of a block copolymer with a reductively and acidic degradable junction, and elucidates
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the interplay of RAFT and ATRP for synthesizing dual location dual stimuli responsive

nanocarriers.??

2.3.3 Acid/light-degradable systems

Dual acid/light-degradable nanoassemblies contain photo-cleavable linkages such as
coumarin and o-nitrobenzyl groups, along with acid-labile linkages. Most systems were designed
with the linkages located mainly in the micelle core. Coumarin-based light-crosslinkable and pH
de-crosslinkable nanoassemblies were formed from amphiphilic copolymers such as poly(amino
acid) 22° and polyurethane®?’ conjugated through hydrazone linkages with the coumarin groups.
Figure 2.18 illustrates an example of the synthesis of a PEG-based polyaspartamide having both
hydrazone and coumarin groups by a combination of ROP and post modifications with hydrazine
and 7((4-oxopentyl)oxy)-4-methylcoumarin. The resultant block copolymer self-assembled to
form nanoassemblies that were stabilized via UV-induced crosslinking based on dimerization of
the coumarin moieties. The formed nanogels were dissociated upon cleavage of the hydrazone
linkages under mild acidic conditions, accelerating release of the encapsulated drug.
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Figure 2.18 Synthetic route to a PEG-based polyaspartamide conjugated through hydrazone
linkages with coumarin groups by a combination of ROP and post modifications. 2015 Copyright
Royal Society of Chemistry.

In addition to coumarin, o-nitrobenzyl light-cleavable groups have been utilized for the
fabrication of dual acid/light-cleavable nanoassemblies. Amphiphilic glycol chitosan grafted
with o-nitrobenzyl succinate conjugates was synthesized by conjugating hydrophobic light-
sensitive o-nitrobenzyl succinate (NBS) to the main chain of hydrophilic glycol chitosan. This
copolymer was treated with glutaraldehyde to form core-crosslinked nanogels through imine

linkages.??® In fact, the synthesis of several PEG-conjugated block copolymers labeled with acid-
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labile and o-nitrobenzyl linkages have been reported. Examples include a PEG-based polyacetal
labeled with o-nitrobenzyl groups on the backbone??’ and a PEG-based triblock copolymer
labeled with B-thiopropionate and o-nitrobenzyl linkages in the central hydrophobic block.?*
These copolymers self-assembled to form nanoaggregates with both o-nitrobenzyl groups and
acetal or B-thiopropionate groups in the core. Dual pH/light-mediated degradation of these

nanoassemblies increased therapeutic potency versus cancer cell lines in vitro.

For dual acid/light-cleavable nanoassemblies at the core/corona interface, linear dendritic
copolymers were synthesized via connecting the hydrophilic PEG block to a hydrophobic
dendron with o-nitrobenzyl and acetal groups as bridges between the two blocks. They self-
assembled to form nanoassemblies displaying a dual acid and light responsive interface NR
encapsulated in these nanoassemblies showed rapid release upon UV light exposure (35% in 60
min), while the sluggish NR release was observed at pH 5.4 (less than 20% in 70 hrs), which was
attributed to the slow hydrolysis rate of the acetal groups and its shielding by the micelle’s

unique morphology.?!

2.3.4 Acid/enzyme-degradable systems

Dual acid/enzyme-cleavable nanoassemblies have been synthesized via the incorporation of
enzyme-responsive cleavable linkages along with acid-labile linkages. Polysaccharide-based
vesicular nanoscaffolds were synthesized for the administration of Dox via physical loading and
polymer—drug conjugation toward drug delivery for breast cancer cells.?*? As illustrated in
Figure 2.19, dextran was modified with a renewable resource, 3-pentadecyl phenol, through both
acid-labile imine and aliphatic ester linkages that can be cleaved in response to acid and an
esterase enzyme. The formed dextran-based copolymer was amphiphilic and self-organized into
nanovesicles with diameters of ca. 200 nm in water. Dox was conjugated to the copolymer
through imine linkages as well as by physical encapsulation in hydrophilic pocket. At pH = 5-6
and in the presence of an esterase, both imine and ester linkages were cleaved to release 100% of
the loaded Dox molecules. In vivo cell culture results suggest that the newly-developed
acid/enzyme-cleavable polysaccharide vesicular assemblies are potential drug vectors for the
administration of Dox, in both loaded and chemically conjugated forms, for the efficient killing

of breast cancer cells.
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High molecular weight dual acid/enzyme-cleavable branched copolymers were synthesized
by RAFT polymerization through copolymerization with a dimethacrylate crosslinker bearing a
GFLGK peptide linkage. The conjugation of Dox to the copolymer via the formation of a
hydrazone linkage allows the synthesis of dual acid/enzyme-degradable polymer prodrug
nanogels. They degraded to smaller fragments of 8.6 nm in the presence of papain at pH =5.4
(dual stimuli), which lead to enhanced Dox release. In vitro, in vivo, hematological, and
histological assays corroborated anti-tumor activity against 4T1 breast cancer cells and

biological safety of this nanocarrier for Dox drug delivery.?33-23
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Figure 2.19 (a) Schematic representation of polymer-drug nanovesicle cellular uptake and their
degradation in endocytic compartments and (b) structural engineering of dual acid/enzyme-degradable
polysaccharide vesicles. Copyright 2015 Royal Society of Chemistry.

2.4 Summary and outlook

Acid-responsive block copolymers bearing cleavable linkages have become a formidable
choice of building blocks for constructing effective nanoassemblies for tumor-targeting drug
delivery. They are designed with acid-labile linkages that are stable under normal physiological
pH conditions, but cleaved in acidic environments, particularly in tumor tissues and in
endosomes/lysosomes. Various acid-cleavable linkages can be incorporated into acid-degradable
block copolymers at various positions, as on hydrophobic block backbone, in pendant chains, or
at the hydrophilic/hydrophobic block junctions. Their aqueous micellization enables the
formation of self-assembled nanoassemblies at single location, as in the hydrophobic cores,

shells, or at the core/corona interface. They are degraded or disintegrated upon the cleavage of
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acid-labile linkages under acidic pH conditions, leading to controlled and enhanced release of

encapsulated drugs.

Due to the acidic environment of cancer cells and the versatility of acid-cleavable
chemistries, acid-cleavable block copolymers have been explored extensively for biomedical
applications in the past decades. Despite numerous examples of block copolymers reported in the
literature, only a few examples of acid-cleavable block copolymers have entered clinical trials
(e.g. NC-6300 from Nanocarrier is in phase 1 clinical trial).!* In addition to the general
shortcomings pertaining to polymeric nanocarriers, transforming acid-cleavable block
copolymers from “bench-top to bed-side” requires a more comprehensive understanding of the
acid-cleavable chemistry and degradation kinetics in the macromolecular form. With advances of
research in cancer cell biology, our understanding of the importance in controlling acidity of the
cancer microenvironment in regulating tumor metastasis and drug resistance is mounting.**¢ In
addition to activating lysosomal enzymes, the acidity of the tumor microenvironment can induce
pro-metastatic factors.’”> The future design of acid-cleavable block copolymers should be tailored
to not only be applied for increasing anti-cancer drug release but also to tune the acidity of the
tumor environment for reducing tumor progression. Other intriguing and emerging applications
of acid-cleavable block copolymers, such as their use for drug delivery to inflammation,*’
corrosion inhibitors release,?® self-healing networks,?** biodegradable gels for tissue

241

engineering,”*” and porous materials®*! are now attracting the attention of other researchers to

this diverse family of polymers.

Along with single acid-responsive degradation, dual and multiple stimuli-responsive
degradation has been explored for acid/reduction, acid/light and acid/enzyme responses to
improve drug release profiles. In particular, dual location the dual acid/reduction degradation
strategy has been proposed in the form of block copolymers with an acid-labile linkage at the
block junction and pendant disulfide linkages in hydrophobic block. Their self-assembled
micelles exhibit a dual response both in the micelle core and core/corona interface. The
encouraging results demonstrate that this new strategy can not only facilitate the
synergistic/accelerated release of drugs but can also enhance the precision of degradation of
nanocarriers and thus generate functional multifaceted behavior. Each degradable linkage,
positioned at different locations, can be independently stimulated to allow for more precise

control over dissociation and release kinetics of drugs from micelles in the tumor environment.
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A great advantage for acid-responsive degradation is a broad choice of acid-labile linkages,
such as acetals/ketals, imines, hydrazones and oximes, which show various cleavage kinetics
under acidic conditions. Some linkages are rapidly cleaved under very mild conditions, even at
physiological pH, while other linkages are very stable under acidic environments (pH = 4.5-5.5).
Their cleavage kinetics have been known to be further tuned through the design of chemical
structures and neighboring groups associated with these linkages. For example, ketals and imines
are known to rapidly degrade under physiological pH (pH = 7.4), thus their positioning in the
hydrophobic core of micelles could slow down their hydrolysis in the blood stream while leading
to burst release in the acidic environment of endosomes or lysosomes. On the other hand, due to
their mediocre rate of hydrolysis, benzylic acetals and hydrazones are more suitable for the
interface of polymeric micelles for the purpose of PEG shedding in the slightly acidic
environment of tumor tissue. The more hydrolytically stable functional groups, such as
acetaldehyde acetals and oximes are more suited when sustained drug release of cargo is needed.
It should be noted that unlike the hydrolytic properties of acid-cleavable functional groups in
small molecules, the degradation behavior of acid-cleavable functionalities in macromolecules is
intricately regulated by various factors, including molecular weight, DP, hydrophobic content,
crystallinity of the polymer as well as the particle size and the location of the cleavable linkage
in the nanoassemblies. For example, drastically conflicting results have been reported in the
literature for drug release performance of block copolymers containing acetaldehyde acetal
compared to its hydrolysis kinetic in small molecules.?® %177 This also necessitates improving
consistency in experimental conditions (temperature, buffer concentration, volume of release
media, efc.) for drug release investigations of acid-cleavable block copolymers among different

research groups.

Once the target site is reached, the drug-loaded nanoassemblies should have tunable and
programmable release of drugs for better biodistribution and greater efficacy of the drug
molecules. Upon acid-cleavable degradation, degraded products containing cytotoxic chemical
moieties, such as aldehyde and hydrazine are generated. Careful design of acid-degradable block
copolymers and meticulous dosage injection are required to minimize bioaccumulation of these
substances in the body. Furthermore, tumors are highly heterogeneous environments.
Consequently, the pH conditions are not universally consistent to various cancer cell lines, which

could make acidic-degradable nanocarriers ineffective to certain tumors. Understanding the
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acidity of each tumor tissue should be a prerequisite when acid-degradable block copolymer

nanoassemblies are designed.
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Chapter 3: Imidazole-mediated dual location disassembly of acid-
degradable intracellular drug delivery block copolymer
nanoassemblies

3.1 Introduction

The development of well-defined block copolymer-based nanoassemblies which are
degradable in response to biological stimuli (or endogenous triggers) has been extensively
explored as promising candidates for polymer-based drug delivery systems. At optimal sizes,
these nanoassemblies can minimize renal clearance and side effects associated with small
molecular weight anticancer drugs in conventional chemotherapy.”8> Moreover, they are prone
to be accumulated in tumor tissues through the EPR effect, improving biodistribution of small
drug molecules.” In particular, acidic pH-responsive degradable nanoassemblies show potential
in targeted drug delivery due to the difference in pH between tumor tissues (pH = 6.5-6.9) and
cancerous endosomes/lysosomes (pH = 4.2-5.3) from normal tissues and blood (pH = 7.4).7*
These acid-degradable nanoassemblies can enter into tumor tissues and cancer cells via
extravasation and endocytosis, where the acidic environments of these tissues can degrade the

nanoassemblies, thus leading to the enhanced and controlled release of the encapsulated drug

molecules.

To explore the acidic pH-triggered disassembly, several approaches for the synthesis of acid-
degradable block copolymer nanoassemblies have been developed. Most approaches involve the
integration of acid-cleavable linkages, such as acetal/ketal, imine, and boronic ester groups, in
nanoassemblies. These linkages are incorporated in the hydrophobic cores for core-degradable
nanoassemblies or at the interfaces between hydrophilic coronas and cores for shell-sheddable
nanoassemblies.?!> >4 9 In an acidic environment, these nanoassemblies disintegrate through
unique degradation mechanisms depending on the position of acid-labile linkages in their parent
block copolymers. Shell-sheddable nanoassemblies utilize the corona detachment upon the

2,98, 158,160, 161, 164, 172, 173, 175, 223, 242-244 while

cleavage of acid-labile linkage at the block junction,
core-degradable micelles undergo a change in the hydrophobic/hydrophilic balance upon the
cleavage of the pendant acid-labile linkage in the hydrophobic block.!22-128: 130 131,245 Degpite
these advances, single location systems have several limitations: sluggish degradation for core-

degradable nanoassemblies, undesired aggregation of degraded products for shell-sheddable
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nanoassemblies, and difficulty in controlled and on-demand drug release.?* Developing the
synthesis of acid-degradable nanoassemblies bearing acid-labile linkages in dual locations, both
in cores and at interfaces, will be crucial for showing the accelerated degradation and drug
release through synergistic degradation mechanisms (i.e., change in the hydrophobic/hydrophilic

balance and corona detachment) at two locations.

Another challenge in designing acid-cleavable nanoassemblies is achieving rapid
disassembly in acidic pH values (4.2-6.9) while remaining structurally stable in physiological
pH. Successfully achieving this balance will improve the biodistribution and on-demand release
of drug molecules in targeted sites, which will minimize the premature release of drugs and
circumvent the undesired occurrence of large aggregates in the blood. One approach to achieve
this is to incorporate acid-ionizable groups into the structure of the acid-cleavable micelle cores.
Tertiary dialkylamino groups such as dimethylaminoethyl,'®> diethylaminoethyl,'®” and
diisopropylaminoethyl '*¢ groups have been explored as acid-ionizable groups. In acidic pH
lower than their pKa values, these groups can be protonated, which increases the polarity of the
hydrophobic cores. As a result, more protons have access to acid-labile linkages, leading to the
enhanced hydrolysis of pendant orthoester and trimethoxyphenylacetal groups in the
hydrophobic cores. However, these groups retain relatively rapid acid-catalyzed hydrolysis and
the dialkylamino groups could hamper the ability of the cores to encapsulate hydrophobic drug
molecules due to their increased hydrophilicity induced by their weak protonation at pH = 7.4.
Studies have also shown the slow hydrolysis of acetaldehyde acetal groups in acidic
environments at pH = 5.3 and even at pH = 4.%% 132246 Moreover, the imidazole ring has its pKa
= 6.7 higher than endo/lysosomal pH ranges.?*"-*® The aromaticity of the ring could enhance the

loading capacity and efficiency of aromatic drug molecules such as Dox.>*% 2>

In this work, we explored a dual location acid-responsive degradation platform by
synthesizing well-defined acid-cleavable block copolymers with an acetaldehyde acetal linkage
positioned both in the hydrophobic block and at the hydrophilic/hydrophobic block junction
(Figure 3.1). Biocompatible PEG was used as the hydrophilic block. These copolymers self-
assembled in an aqueous solution to form spherical nanoassemblies with acetal linkages in dual
locations (cores and interfaces). In acidic pH, these nanoassemblies degraded through dual
mechanisms, which consists of the detachment of the PEG corona upon the cleavage of acetal

linkages at the interfaces and the disruption of the hydrophobic/hydrophilic balance upon the
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cleavage of pendant acetal linkages in hydrophobic cores. Their acid-catalyzed degradation was
systematically examined in both homogeneous and heterogeneous media to obtain insight into
dual location acid degradation and the effect of nanoassembly concentration. Furthermore, the
effect of pendant imidazole groups incorporated in micelle cores on aqueous micellization, acid-
responsive degradation, loading, and acid-responsive release of Dox was investigated. Finally,
these copolymers were evaluated as effective intracellular drug delivery nanocarriers for in vitro

toxicity and cellular uptake with HeLa cancer cell lines.
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Figure 3.1 Schematic illustration of intracellular drug delivery of Dox-loaded acid-cleavable
nanoassemblies with acetal linkages located at interfaces and in micelles cores.
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3.2 Experimental

3.2.1 Instrumentation. "H-NMR spectra were recorded using a 500 MHz Varian
spectrometer. The deuterated chloroform (CDCl3) singlet at 7.26 ppm and deuterated dimethyl
sulfoxide (DMSO-ds) quintet at 2.5 ppm were selected as the reference standard. For the
synthesis of (co)polymers, monomer conversion was determined by proton nuclear magnetic
resonance spectroscopy ('H-NMR) analysis. 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). 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 dimethylformamide (DMF) containing 0.1 mol % LiBr at
50 °C at a flow rate of 1.0 mL/min. Linear poly(methyl methacrylate) standards from Fluka were
used for calibration. Aliquots of the polymer samples were dissolved in DMF/LiBr. The clear
solutions were filtered using a 0.40 mm polytetrafluoroethylene (PTFE) filter to remove any
DMF-insoluble species. A drop of anisole was added as a flow rate marker. The size of micelles
in hydrodynamic diameter by volume was measured by dynamic light scattering (DLS) at a fixed
scattering angle of 175° at 25 °C with a Malvern Instruments Nano S ZEN1600 equipped with a
633 nm He-Ne gas laser. Fluorescence spectra on a Varian Cary Eclipse fluorescence
spectrometer and ultraviolet/visible (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. To prepare specimens, aqueous P1-NPs or P2-NPs dispersions were
dropped onto copper TEM grids (400 mesh, carbon coated), blotted and allowed to air dry at

room temperature. Size determinations were carried out using ImageJ using 60 nanoparticles.

3.2.2 Materials. Most reagents including triethylamine (EtsN, 99.5%), carbonyl diimidazole
(CDI, > 90%), 2-hydroxyethyl methacrylate (HEMA, > 99%), acetyl chloride (> 98%), ethylene
glycol vinyl ether (> 97%), pyridinium p-toluenesulfonate (PPTS, 98%), Nile Red (NR),
doxorubicin (Dox, -NH3"Cl™ form, >98%), Tris(2-pyridylmethyl)amine (TPMA, 98%), tin(1I) 2-
ethylhexanoate (Sn(IT)(EH)2, 95%), and deuterium chloride solution (DCIl, 35 wt% in D,O) were
purchased from Sigma-Aldrich and used as received. Poly(ethylene glycol) monomethyl ether
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(PEG, MW = 5000 g/mol, EO# = 113) was dried by azeotropic distillation with toluene to
remove residual moisture. An acetal-labeled bromine-functionalized PEG (PEG-AC-Br) was

synthesized according to our previous publications.??*

3.2.3 Synthesis of ACMA. In the first step to synthesize acetyl vinyl ether (ACVE), acetyl
chloride (9.7 g, 123 mmol) was added dropwise to a solution containing vinyl ether ethylene
glycol (9.1 g, 103 mmol) and EtzN (12.5 g, 123 mmol) dissolved in anhydrous dichloromethane
(DCM, 200 mL) in an ice-bath for 20 min. The resulting mixture was stirred at room temperature
overnight. After the removal of formed by-products (EtsN-HBr adducts) by vacuum filtration,
additional DCM (150 mL) was added. The mixture was washed with brine and distilled water
(150 mL) six times and then dried over sodium sulfate. After removal of the solvent by rotary
evaporation, the product was dried in vacuum oven overnight. Light-yellow residue with yield =

12.2 g (91%); Ry=0.55 on silica (7.5/2.5 v/v hexane/ethyl acetate).

In the second step to synthesize acetyl methacrylate (ACMA), HEMA (4.4 g, 33.8 mmol)
was added dropwise to a clear solution of ACVE (4.4 g, 33.8 mmol) and PPTS (0.84 g, 3.38
mmol) dissolved in anhydrous DCM (60 mL) in an ice-bath for 20 min. The reaction mixture
was stirred vigorously overnight at room temperature and then quenched by the addition of EzN
(0.5 mL). After being washed with phosphate buffered saline (PBS, pH 7.4, 200 mL) three times,
the product was purified by silica gel column chromatography using hexane/ethyl acetate (2/1
v/v). The product was collected as the second of the total two bands off a silica gel column and
then dried for 24 hours. Yellow oil with yield = 3.3 g (38%); Rr=0.42 on silica (7.5/2.5 v/v

hexane/ethyl acetate).

3.2.4 Synthesis of carbonyl imidazole methacrylate (CIMA). HEMA (6 g, 46.1 mmol) was
added dropwise to a clear solution containing CDI (9.9 g, 61.3 mmol) and anhydrous DCM (120
mL) in an ice bath for 20 min. The reaction mixture was stirred vigorously for 18 hrs at room
temperature, and then washed with distilled water (100 mL) three times, and then dried over
sodium sulfate. After removal of the solvent by rotary evaporator, the product was dried by
vacuum oven for 12 hours. Colorless oil with yield=10.3 g (99.2%); Rs= 0.42 on silica (7.5/2.5

v/v hexane/ethyl acetate).

3.2.5 Synthesis of P1 and P2 block copolymers by ATRP. To synthesize P1, PEG-AC-Br
(0.25 g, 0.047 mmol), ACMA (0.74 g, 2.84 mmol), TPMA (0.5 g, 7.1 pumol), [Cu(I)TPMA-
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Br]Br (0.5 g, 2.4 umol), and anisole (2.5 g) were mixed in a 25 mL Schlenk flask and
deoxygenated by nitrogen purging for 1 h in an oil bath heated to 40 °C. Following purging in
nitrogen, a pre-purged solution of Sn(I)(EH): (8 mg, 19.0 umol) in anisole was injected into the
Schlenk flask to initiate polymerization. Polymerization was stopped by cooling down the
solution to room temperature in an ice bath and exposing it to air. For purification, the as-
synthesized polymer was dissolved in acetone passed through a basic alumina column to remove
residual copper species. After the removal of the solvent by rotary evaporation at room
temperature, the product was isolated by precipitation from hexane and dried in a vacuum oven

at room temperature for 15 hrs.

For the synthesis of P2, a similar procedure was used except for the use of PEG-AC-Br (0.14
g, 0.026 mmol), ACMA (0.35 g, 1.34 mmol), CIMA (0.05 mg, 0.23 mmol), TPMA (1.15 mg,
3.96 pmol), [Cu(II)TPMA-Br|Br (6.8 mg, 1.31 umol), anisole (0.9 g), and Sn(II)(EH)> (4.3 mg,
10.5 pmol).

3.2.6 Determination of CMC using a NR probe. A stock solution of NR in tetrahydrofuran
(THF) at I mg/mL and stock solutions of P1 or P2 in THF at 1 mg/mL and 0.1 pg/ml were
prepared. Water (10 mL) was then added dropwise into mixtures consisting of the same amount
of the stock solution of NR (0.5 mL, 0.5 mg NR) and various amounts of the stock solution of P1
and P2. The resulting dispersions were stirred for 24 hrs to remove THF, and then were subjected
to filtration using 0.45 pm polyethersulfone (PES) filter to remove excess NR. A series of NR-
loaded micelles at various concentrations of P1 or P2 ranging from 107 to 0.1 mg/mL were
formed. From their fluorescence spectra recorded with Aex= 480 nm, the fluorescence intensity

at maximum Aem = 620 nm was recorded.

3.2.7 Aqueous micellization by nanoprecipitation method. PBS (pH = 7.4, 10 mL) was
added dropwise to an organic solution of copolymer dissolved in THF (2 mL) using a syringe
pump equipped with a plastic syringe (20 mL volume, 20 mm diameter) at an addition rate of 0.2
mL/min. The resulting dispersion was dialyzed against PBS solution (1 L) twice for 24 hrs,

yielding aqueous micellar dispersion at 1 mg/mL concentration.

3.2.8 Investigation of acidic pH-responsive degradation. The aliquots of P1 or P2 (0.02 g)
were dissolved in DMF (3 mL), mixed with 20 pL of HCI, and stirred for 24 hrs and GPC
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analysis was followed. For "TH-NMR analysis of P1, its aliquot (0.01 g) was dissolved in DMSO
(1 mL) and mixed with DCI (10 pL).

An aqueous dispersion of P1-based nanoassemblies was formed in PBS (pH = 7.4) as
described above. They were mixed with acetate buffer (pH = 5.3) to bring the final concentration
of polymer in the dispersion to 1.7 and 0.06 mg/mL. After 72 hrs stirring at room temperature,

the residues were dried and then analyzed by GPC.

3.2.9 Preparation of aqueous Dox-loaded micelle dispersions (Dox-NPs). An organic
solution consisting of Dox (2 mg), Et3N (5 puL), and P1 or P2 (20 mg) in DMF (1.6 mL) was
mixed with PBS at pH = 7.4 (10 mL) under magnetic stirring. The resulting mixture was placed
in a dialysis tubing (molecular weight cut off (MWCO) = 12000 g/mol) for dialysis over PBS (1
L) for 24 hrs. The formed dispersion was passed through 0.45 um PES filter, yielding aqueous
Dox-loaded micelle dispersion. To determine the loading capacity of Dox using UV/vis
spectroscopy, an aliquot of aqueous Dox-loaded micelle dispersion (1 mL) was mixed with DMF
(5 mL) to form a clear solution. After being passed through 0.25 um PTFE filter, its UV/vis
spectrum was recorded. The loading capacity was determined by the weight ratio of loaded Dox

to P1 or P2.

3.2.10 Acidic pH-responsive Dox release from aqueous Dox-NPs. Aliquots of Dox-NPs
(1.4 mg/mL, 2 mL) were transferred into dialysis tubing (MWCO = 12,000 g/mol) and immersed
in outer buffer solutions (40 mL and 150 mL) prepared under various conditions: aqueous PBS at
pH = 7.4 and aqueous acetate buffer solution at pH = 5.3. Aliquots of the outer buffer solutions
(3.5 mL) were taken, and their fluorescence spectra were recorded at Aex = 470 nm. The equal

volume of fresh buffer was added to keep the same volume of outer buffer.

3.2.11 In vitro cytotoxicity and cellular uptake. In a 96-well plate, HeLa cells (6000
cells/well) were seeded and incubated at 37 °C in Dulbecco's Modified Eagle Medium (DMEM)
(100 pL) containing 10 vol% fetal bovine serum (FBS) and 1 vol% penicillin-streptomycin
solution. Viability of HeLa cells by Alamar Blue assay and cellular uptake by fluorescence

microscopy were measured as described in our previous publication.?**
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3.3 Results and discussion

3.3.1 Synthesis of P1 and P2 block copolymers. Our experiment began with the synthesis
of a methacrylate monomer bearing a pendant acetaldehyde acetal linkage (ACMA), as depicted
in Figure A1. Our careful analyses by 'H-NMR (Figure A1), *C-NMR (Figure A2 and A3), and
mass spectroscopy (m/z experimental for (ACMA+Na) = 283.11474) confirmed the successful
synthesis of ACMA at 38% yield. After synthesis and characterization, ATRP?! 252 was
examined to synthesize well-controlled acid-degradable diblock copolymers with acetal linkages
positioned in dual locations at the block junction and in the hydrophobic block. As illustrated in
Figure 3.2, a PEG bearing bromine and an acetal linkage (PEG-AC-Br) (AC: acetaldehyde
acetal) was used as a macroinitiator for ATRP of ACMA to synthesize P1 (without imidazole
pendants) and a mixture of ACMA with CIMA for P2 (with imidazole pendants). Activators
ReGenerated by Electron Transfer (ARGET) process for ATRP was employed with
TPMA/Cu(Il)Br: active catalyst complex and Sn(EH); as the reducing agent to convert Cu(II) to
Cu(I) and to initiate polymerization at 40 °C. The initial mole ratio of [monomer(s)]./[PEG-AC-
Br], was set to be 60/1 as the DP at complete monomer conversion. Polymerizations were
stopped when conversions reached greater than 80%. After purification, which was achieved by
passing the crude product through a basic aluminum oxide column to remove residual Cu
species, followed by precipitation in hexanes to remove unreacted monomers, the copolymers
were analyzed for their chemical structures with 'TH-NMR and their molecular weight by GPC.

Table A1 summarizes the characteristics and properties of P1 and P2.

P1 is a PEG-based diblock copolymer with a PACMA homopolymer block, thus it is
abbreviated as PEG-AC-PACMA. Its '"H-NMR in Figure 3.3a shows the presence of acetal
moieties at 1.3 ppm (c) and 4.8 ppm (b) as well as ethylene oxide moieties (EO and a) at 3.5-3.7
ppm. Using the integral ratio of these peaks with the DP = 113 for the PEG block, the DP of the
PACMA block was determined to be 57. This value is slightly larger than the theoretically
estimated DP = 49 determined by '"H-NMR spectroscopy at 82% monomer conversion. GPC
analysis confirms that P1 had the molecular weight as the number average molecular weight
(Mp) =28 kg/mol and D = 1.13 (Figure A4). Its GPC trace clearly evolved to the high molecular

weight region with negligible PEG-AC-Br macroinitiator residue.
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P2 is a PEG-based diblock copolymer with P(CIMA-co-ACMA) random copolymer block,
thus it is abbreviated as PEG-AC-P(CIMA-co-ACMA). A 15 mol% CIMA (i.e., pendant
imidazole groups) of total methacrylates in the feed was chosen based on the reported result.'®’
'"H-NMR in Figure 3.3b shows the presence of imidazole rings at 7.1-8.3 ppm (j, k, 1), along with
the presence of pendant acetal linkages and EO moieties. In a similar way, 'H-NMR analysis
allows the determination of the DP of CIMA units to be 11 and ACMA units to be 51,
corresponding to 15.7 mol% of pendant imidazole groups. The synthesized P2 had M, = 28.6

kg/mol with & =1.21 by GPC analysis.
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Figure 3.2 Synthesis of P1 and P2 by ATRP.
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Figure 3.3 'H-NMR spectra in CDCl; for P1 (a) and P2 (b).

3.3.2 Aqueous micellization and colloidal stability. The synthesized P1 and P2 were first

characterized for their aqueous micellization. Their CMC was determined using the fluorescence
spectroscopy technique with a NR probe as described in our previous publications. A
fluorescence intensity plot at 620 nm was constructed with increasing concentrations of P1
(Figure AS5) and P2 (Figure A6). Using the extrapolation of two linear regressions in the lower
and higher concentration regions, the CMC values were determined to be 16 ng/mL for P1,
which is greater than the CMC value of P2 (13 pg/mL). In the view of the core hydrophobicity,
the CMC is expected to be greater for P2 than P1, since the P2 core could be more hydrophilic
due to the presence of pendant imidazole groups. The plausible reason for the lower CMC value
of P2 is the presence of aromatic imidazole pendants that increase n-m interactions with NR

molecules, as suggested in the other literatures.*” 248

At concentrations above the CMC, amphiphilic P1 and P2 copolymers self-assembled to
form nanoassemblies (or micelle aggregates) in aqueous solution. Dialysis method was used to
form nanoassemblies in PBS solution (pH = 7.4) at 1 mg/mL. DLS analysis confirmed that P1-
micelles had a hydrodynamic diameter of 40 nm with a negligible population of large aggregates
(<1%), while P2-micelles had a multimodal distribution, and their major population had a

diameter of 62 nm (Figure A7). Note that the P2 micelles became turbid and unstable after 3
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days, which could be attributed to a possible cleavage of imidazole groups even in the phosphate

buffer solution.

3.3.3 Acid-catalyzed degradation of P1. P1 copolymer labeled with an acetal linkage at the
block junction and pendant acetals in the hydrophobic block (no pendant imidazole groups) was
first examined. Upon the cleavage of the acetal linkages in acidic pH, P1 degrades to PEG-OH,
PHEMA-OH, acetyl ethylene glycol and acetaldehyde (Figure 3.4a). To get an insight into the
acid-catalyzed degradation, we conducted the experiment in an organic solution where P1 chains
are dissolved in macromolecular levels. For GPC analysis, an aliquot of P1 was incubated in
acidic DMF at room temperature for 24 hrs. As shown in Figure 3.4b, the GPC diagram became
bimodal and shifted to the lower molecular weight region, with a significant decrease in
molecular weight from M; = 28 to 14 kg/mol. A shoulder in the low molecular weight region
appeared to overlap with the PEG-AC-Br precursor. Furthermore, P1 was incubated with DCI in
DMSO-ds ([DCI] = 0.32 M) for 'H-NMR analysis. As seen in Figure 3.4c, a peak at 9.6 ppm
corresponding to acetaldehyde (highlighted with light orange as a degraded product) newly
appeared, while the peak at 1.3 ppm (highlighted with grey) that was assigned to the methyl
group of the acetal moieties decreased. Using the integral ratios, >88% of acetal linkages is

cleaved in the given acidic condition.
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macroinitiator (b), and "H-NMR spectra before and 19 hrs after treatment with DC1 (10 pL) in
DMSO-ds (c).

Given this preliminary result in a homogeneous solution, we investigated the acid-catalyzed
degradation of P1 in aqueous micelles forms. We investigated the effect of the concentration of
P1 in a given volume of aqueous solution on the acid-catalyzed degradation of P1 upon the
cleavage of acetal linkages. In a given acidic pH (i.e., given proton concentration), the mole ratio
of the proton to acetal linkage becomes greater at a lower concentration of P1. Such a higher
mole ratio could lead to more rapid hydrolysis of acetal linkages. To test our hypothesis, an
aliquot of P1 was dissolved in aqueous acetate buffer solution at pH = 5.3 whose concentrations
were adjusted to 1.7 and 0.06 mg/mL. The mole equivalent ratio of proton/acetal is calculated to
be 21.5 at 0.06 mg/mL, which is much greater than 0.75 at 1.7 mg/mL. After 72 hrs incubation,
their degradation was monitored by GPC. As shown in Figure 3.5a, the GPC diagram of P1

remained unchanged at 1.7 mg/mL (higher P1 concentration), suggesting no significant cleavage
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of acetal linkages in both acidic conditions. At 0.06 mg/mL (28 times lower than 1.7 mg/mL), its
molecular weight distribution became bimodal and shifted to the lower molecular weight region
with the appearance of a shoulder corresponding to the PEG precursors. The change in molecular
weight distribution can be attributed to the cleavage of acetal linkages both in hydrophobic cores
and at core/corona interfaces. These results demonstrate the importance of polymer concentration
(e.g. mole equivalent ratio of proton/acetal) in acid-catalyzed hydrolysis of acetal and subsequent
polymer degradation. However, the quantitative analysis of the cleavage of acetal linkages at

block junction and in pendant chains was not straightforward.

3.3.4 Acid-catalyzed degradation and crosslinking of P2-based nanoassemblies. Given
our results of the P1 micelles, the degradation of P2 (having 15.7 mol% pendant imidazole
groups) in the micellar form at 1.7 mg/mL (higher concentration) was examined in aqueous
acetate buffer solutions at pH = 5.3. As seen in Figure 3.5b, when P2 micelles were incubated at
pH = 5.3 for 72 hrs, its molecular weight distribution became multimodal with the appearance of
two peaks: the peak equivalent to the PEG species in lower molecular weight region as well as
the multiple shoulders in the higher molecular weight region. Compared with P1 showing no
change in its molecular weight distribution at 1.7 mg/mL (see Figure 3.5a), this result suggests
that the incorporation of imidazole pendants promotes the hydrolysis of acetal linkages not only
in the core but also at the interfaces. The cleavage of acetal groups at the interfaces sheds the
PEG coronas from the hydrophobic cores, loosening polymer chains in the cores and generating
hydrophilic pores. This process could facilitate the access of hydronium ions to acetal linkages in
the cores, which can further accelerate the cleavage of acetal groups. GPC analysis for P2 at a
lower concentration (0.06 mg/mL) was not straightforward because of the more rapid and
intensive degradation, followed by crosslinking to form larger-sized branched and gel-like

species.

Another interesting aspect to acidic degradation of P2 micelles is the occurrence of
crosslinking in micelle cores in an acidic condition. The GPC diagrams in Figure 3.5b show
multiple shoulders in the higher molecular weight region (>10° g/mol), which could be highly
branched or gel-like species. As proposed in Figure 3.5c, such high molecular weight species
could be formed through the reaction of reactive imidazole with pendant hydroxyl groups
generated through the cleavage of acetal groups in acidic pHs, leading to the occurrence of

crosslinking in degraded micelle cores. In an aqueous environment, the nanoassemblies could be
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disintegrated (or destabilized) upon the cleavage of acetal linkages and protonation of pendant
imidazole groups as well as the occurrence of core crosslinking. This combined process could

result in unexpected aggregation.
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3.3.5 Encapsulation of Drug molecules. Dox (a clinically-used anticancer drug) was used
for encapsulation using a dialysis method. An organic solution of Dox was treated with Et;N in

DMF to form neutral forms of Dox and then mixed with PBS (pH = 7.4) via stirring. The
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resulting mixture was subjected to intensive dialysis over PBS to remove free (not encapsulated)
Dox, yielding Dox-loaded micelles (Dox-NPs) at 1.4 mg/mL. After filtration to remove
unexpectedly-formed aggregates, the formed Dox-NPs were characterized for their sizes and
morphologies (Figure 3.6a and 3.6b). DLS analysis confirms the diameter by volume to be 45.3
nm (PDI = 0.25) for P1-Dox-NPs and 61 nm (PDI = 0.18) for P2-Dox-NPs. Note that the latter is
larger by 20 nm, which could be due to the presence of imidazole in the cores. TEM analysis
suggests that the dried Dox-NPs appeared to be spherical. Unfortunately, our efforts to determine
their mean diameters were not conclusive due to the poor quality of the images. To determine the
loading capacity of Dox, their UV/Vis spectra were recorded in a mixture of DMF/water = 5/1
(v/v) (Figure A8). Using the Beer-Lambert equation with absorbance and the pre-determined
extinction coefficient of Dox (12,400 M cm™) at 620 nm,*® the loading capacity of Dox was
determined to be 1.1% for P1 and 4% for P2. The greater loading capacity of P2 could be
attributed to - interaction and hydrogen bonding of the Dox molecules and the imidazole

I'il’lgS.247’ 253

3.3.6 Acid-responsive Dox release. Aliquots of P1 Dox-NPs in dialysis tubing were placed
in an outer buffer solution at pH = 5.3 (mimic to endo/lysosomal pH) and pH = 7.4 at 70 pg/mL
of Dox-NPs. Dox molecules released from Dox-NPs could be diffused out of a dialysis tubing to
the outer buffer solutions. Under sink condition, fluorescence spectroscopy was used to
determine the cumulative %Dox release using a pre-determined Dox calibration curve at Amax=
593 nm reported in our previous publication.’”® As seen in Figure 3.6¢, Dox was slowly released,
reaching 13% after 190 hrs at pH = 7.4 (no acid), which is mainly attributed to natural leak. At
pH = 5.3, %Dox release is faster, compared at pH = 7.4; however, it gradually increased,
reaching 45% in 190 hrs. Such a slow release could be the result of the slow hydrolysis of
acetaldehyde acetal linkages at the given concentration. This result appears to be similar to those
reported for other types of copolymer micelles labeled with acetaldehyde acetal linkages.®* 23! 254
However, rapid Dox release with acetaldehyde acetal is also reported; >70% Dox release in 60
hrs in pH = 5 from micelles based on a triblock copolymer of PCL and PEG having acetaldehyde
acetal linkage at the block junctions.!® Such discrepancy in drug release for the acetaldehyde
acetal-bearing copolymer micelles could be attributed to the difference in experimental

conditions such as concentration of the copolymers.'!'* 177 To investigate the effect of

concentration of Dox-NPs on its release profile, the Dox release experiment was conducted at a
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lower concentration, 20 pg/mL. As seen in Figure 3.6d, at pH = 7.4, %Dox reached 25%, which
is larger than the %Dox release (13%) in 70 pg/mL polymeric concentration. As expected, rapid
Dox release was observed at acidic pH = 5.3, with an accelerated drug release within 10 hrs (up

to 60% release) and a gradual release in 72 hrs (> 95% release).

P2 was also evaluated for the Dox release under similar conditions. P2 had %Dox release
similar to P1 in 70 pg/mL (Figure 3.6¢). Interestingly, its %Dox release was slower than P1 in 20
pg/mL (lower concentration) (Figure 3.6d). Given the faster degradation of P2 compared to P1 in
the acidic environment, there could be various opposing effects that contribute to the delayed
drug release of P2. In addition to the degradation of P2-Dox-NPs upon the cleavage of acetal
linkages both in the cores and at the core/corona interfaces, the protonation of pendant imidazole
groups could result in a rapid shift from hydrophobicity to hydrophilicity, leading to rapid Dox
release. Furthermore, the protonation of amino groups of Dox molecules could induce enhanced
Dox release from protonated imidazole-containing P2 nanoassemblies. However, the occurrence
of core-crosslinking could impede drug release since the formed networks introduce steric
barriers that can slow down the diffusion of Dox molecules. Additionally, there could be a
possibility that Dox molecules react with pendant imidazole groups, which results in the covalent
conjugation of Dox to the copolymers. Overall, our release profiles of encapsulated Dox at acidic

pH were distinct from those at pH = 7.4 for both P1 and P2-Dox NPs.
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Figure 3.6 DLS diagram and TEM image of Dox-NPs of P1 (a) and P2 (b) and %Dox release at
pH="7.4 and 5.4 in 70 pg/mL (c) and 20 pg/mL (d) for Dox-NPs of P1 and P2.

3.3.7 In vitro anti-tumor activity and intracellular trafficking of Dox-NPs. Given our
promising results of acid-responsive degradation and enhanced Dox release kinetics, the P1 and
P2 nanoassemblies were further investigated to see their feasibility for effective intracellular
drug delivery targeting tumors. It is important that the empty nanocarriers are non-toxic to cells,
while Dox-NPs should retain anti-tumoral activity. Figure 3.7a shows that the viability of HeLa
cells determined by Alamar Blue Assay was greater than 80% in the presence of empty P1 and
P2 micelles, suggesting they are not toxic to the cells up to a concentration of 500 pg/mL.
Promisingly, the viability of HeLa cells decreased when the concentration of both Dox NPs
increased (Figure 3.7b). Note that free Dox appeared to be more potent, compared to P1 and P2
Dox-NPs, possibly due to its easier penetration into the cells. In our experiment, ICso was
determined to be 0.28 pg/mL for free Dox, which is lower than 1.1 pg/mL for P1-Dox-NPs, and
1.2 pg/mL for P2-Dox-NPs.
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Figure 3.7 For P1 and P2 copolymers, viability of HeLa cells incubated with empty micelles (a)
and Dox-NPs (b), compared with free Dox for 48 hrs, determined by Alamar Blue Assay; time-
lapse fluorescence microscopy images of HeLa cells incubated with Dox-NPs (encapsulated Dox
= 2.5 pg/mL), compared with free Dox (2.5 pg/mL) for 4 hrs (c). Scale bar = 20 pm.

Cellular uptake of Dox-NPs was investigated using fluorescence microscopy. Figure 3.7¢
shows the fluorescence images of HeLa cells after 4 hrs of incubation with P1-Dox-NPs and P2-
Dox-NPS, along with free Dox. The nuclei were stained with Hoechst 33342 is shown in blue
and Dox fluorescence is shown in red. Although free Dox had greater cellular uptake, both P1
and P2 Dox-NPs show strong Dox signals in the nuclei, suggesting that they were taken by cells
through endocytosis. The presence of pendant imidazole at pH = 7.4 (close to its pKa = 6.7)
could facilitate the endocytosis of P2-Dox-NPs. However, their larger size over P1-Dox-NPs
could induce delayed endocytosis. Due to the competing effects, the two nanoparticles have
similar the cellular entry. Overall, empty P1 and P2 NPs and their Dox-NPs exhibit no

significant difference in cytotoxicity and cellular uptake.

3.4 Conclusion

We synthesized dual location acid-responsive degradable block copolymers labeled with
acetaldehyde acetal linkages at the block junction and as pendant chains in the hydrophobic
block with and without pendant imidazole groups by ATRP in the presence of an acid-cleavable
bromine macroinitiator. Due to their amphiphilicity, these block copolymers self-assembled to

form spherical nanoassemblies where acetal linkages are positioned in dual locations, both at the
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interfaces and in micelle cores. Their degradation was driven by acid-catalyzed hydrolysis of
acetal linkages and could be promoted with acetal linkages positioned in dual locations.
Additionally, their kinetics for acid-catalyzed degradation and release of encapsulated Dox
molecules were significantly influenced by block copolymer concentration and pH. An
integration of imidazole pendants rendered micelle cores to be hydrophilic and sensitive to
environments while improving the loading capacity of Dox, an aromatic drug, through n-n
interactions. It enhanced the hydrolysis of acetal linkages located both in the micelle cores and at
the interfaces; however, it induced crosslinking in micelle cores, which impeded Dox release.
Such competing processes can affect acid-catalyzed Dox release kinetics. Promisingly, dual
location acid-degradable nanoassemblies with and without pendant imidazole groups show

biocompatibility, anti-cancer activity, and cellular uptake with HeLa cancer cells.
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Chapter 4: Dual location dual acidic pH/reduction-responsive
degradable block copolymers prepared via ATRP
4.1 Introduction

In recent years stimuli-responsive (or smart) copolymers and particularly block copolymers
have emerged as promising building blocks of choice in the construction of advanced
nanomaterials for the plethora of applications in nanoscience, nanotechnology, and pharmaceutic
science.%> 2°>2¢0 Upon being triggered by external stimuli, these stimuli-responsive copolymers
undergo either a physical or a chemical transition, depending on the nature of stimuli-responsive
moieties (or groups) within the structures. In comparison with a physical transition leading to a
change in volume or phase in response to physical stimuli (mostly, temperature and pH),?%!1-2%3
chemical transition involves the incorporation of cleavable (or labile) covalent bonds into the
design of block copolymers. So-called stimuli-responsive degradable copolymers degrade to
their appropriate products upon the cleavage of labile linkages when chemical or biological
stimuli present.?® 2% % As a consequence, SRD polymers, particularly those with amphiphilic
properties (called SRD-exhibiting ABPs) and their self-assembled nanoassemblies have been
specifically studied for on-demand drug delivery.?”- ®2 Acidic pH, light, reductive, oxidative,
and enzymatic reactions are typical stimuli of great interest and promises that can cleave the
corresponding labile linkages. In particular, acidic pH has received increasing attention owing to
the slightly acidic pH of the tumor microenvironment (pH = 6.5-6.9) as well as endosomes and
lysosomes (pH = 4.5-6.5) as compared to normal tissues (pH = 7.4).”* Acetal, ketal, orthoester,
hydrazone, imine, and B-thiopropionate are typical acidic pH-labile linkages.*! In addition to
acidic pH, the reductive reaction has been extensively explored with unique disulfide linkage as
a promising reduction-responsive degradable linkage.*’ %% 1% In biological environments, cellular
GSH presents at millimolar concentrations (=10 mM) in the intracellular compartment, compared
with that (<10 uM) in the extracellular compartment, and further, elevated concentration (3-4
times) in tumor tissues and cancer cells.®

Given numerous strategies to synthesize novel SRD block copolymers labeled with a single

66.67.265 an increasing attention has

type of cleavable linkages exhibiting single stimulus-response,
been drawn on stimuli-responsive block copolymers that can be triggered by two or more

stimuli.!%21% Such dual or multi-stimuli-responsiveness displays analogous features to natural
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macromolecules within the body, whose behavior is governed by cumulative effects of stimuli,
rather than a single factor. Various strategies that have enabled the synthesis of dual- and multi-
stimuli-responsive block copolymers have been reviewed.?- 19519 Most strategies have utilized a
combination of chemical, biological, and physical stimuli. Despite these advances, the
development of SRD-block copolymers having only stimuli-responsive cleavable (degradable)
linkages is more promising because of the propensity to complete and controlled disassembly or
chemical degradation of nanoassemblies.?*% 231-266- 267 Fyrthermore, dual and multiple stimuli-
responsive degradable block copolymers which can be triggered by two endogenous acidic pH

and reduction are in high demand.?¢®

A few examples of dual acidic pH/reduction-responsive degradable (or cleavable) block
copolymers have been demonstrated, where acidic pH-cleavable linkages are positioned in the

210,269 or as crosslinks, 9% 200- 297208 thys single location. Other

side chains of hydrophobic blocks
block copolymers were also synthesized with acidic pH-labile acetal or benzoic imine linkage
positioned at the junction of hydrophilic and hydrophobic blocks. However, they were brush-

213-216 and liner PCL-based triblock copolymers®!” with a single disulfide

type block copolymers
linkage positioned in the center of the main chains. To the best of our knowledge, no reports
describe a dual acidic pH/reduction-responsive degradable block copolymer comprising a ketal
group at the block junction and disulfide pendants in the hydrophobic blocks. The copolymer
self-assembles to nanoassemblies with multiple disulfide linkages in the cores and ketal linkage
at the core/corona interfaces, thus attaining dual location dual acidic pH/disulfide-responsive
degradation. Such a strategy can offer versatility in that multi-stimuli responses to each stimulus
can independently and precisely regulate the release of encapsulated biomolecules at dual or
multiple locations.?’”® Compared with acetals and other acid-labile linkages, the ketal group has
very rapid hydrolysis kinetics in the acidic environment, particularly acidic pH, thus leading to
rapid hydrolysis rate and unique degradation pattern.”” However, its degradation can be varied

with substituents as well as their hydrophobic-hydrophilic environments in the copolymers

where they are situated.® !> 184

In this work, we have investigated a new strategy utilizing ATRP to synthesize a dual
location dual acidic pH/reduction-responsive degradable block copolymer (DLDSRD). The
diblock copolymer is composed of a hydrophilic PEG block covalently conjugated through a
ketal linkage with a hydrophobic polymethacrylate block having pendant disulfide linkages
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(PHMssEt), thus PEG-ketal-PHMssEt block copolymer. The strategy requires the synthesis of a
novel PEG-based bromine macroinitiator labeled with a ketal linkage (PEG-ketal-Br) for the
ATRP of HMssEt. A robust route with multiple steps utilizing the carbamate chemistry, which
was stable to hydrolytic conditions and protection/deprotection chemistry, allowed for the
synthesis of the macroinitiator. Other routes were also investigated to understand the unexpected
side reactions associated with the high sensitivity of ketal linkage. A series of ATRP of HMssEt
in the presence of the synthesized PEG-ketal-Br as well as the instability of ketal group under
ATRP conditions was systematically investigated. Furthermore, the synthesized block copolymer
after purification was characterized for aqueous micellization through self-assembly and dual

acidic pH/reduction-responsive cleavage of ketal and disulfide linkages.

4.2 Experimental
4.2.1 Instrumentation. The same instrumentation and method were used as described in

chapter 3.

4.2.2 Materials. Most reagents including triethylamine (Et3N), bromoisobutyryl bromide
(Br-iBuBr), and tin(II) 2-ethylhexanoate (SnEH2, 95%) used in our synthesis were purchased
from Sigma Aldrich Canada and used as received, except for disuccinimidyl carbonate (DSC)
from Toronto Research Chemicals and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-HCI salt
(EDC) from Matrix Innovation. Poly(ethylene glycol) monomethyl ether (PEG, MW= 5000
g/mol, EO# = 113) was dried by azeotropic distillation with toluene to remove residual
moistures. Solvents include ethyl acetate (EA), hexane (HE), dichloromethane (DCM),
tetrahydrofuran (THF), and methanol (MeOH). Tris(2-pyridylmethyl)amine (TPMA),*’! a
methacrylate having a pendant disulfide linkage (HMssEt),?’*> and PEG-functionalized bromide

(PEG-Br)*”® were synthesized as described elsewhere.

4.2.3. Synthesis of PEG-ketal-Br initiator. The detailed procedures for the synthesis of
PEG-ketal-Br are described here. Other attempts to synthesize the initiator are detailed in

Appendix B.

4.2.3.1 AC1: Ethyl trifluoroacetate (50.2 g, 354 mmol) was added dropwise to a solution
consisting of ethanolamine (18.0 g, 295 mmol) and Et3N (44.7 g, 442 mmol) dissolved in MeOH

(300 mL) in an ice bath at 0 °C for 20 min and then the mixture was stirred at room temperature

for 12 hrs. After the removal of solvents by rotary evaporation, the residues were dissolved in
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saturated brine (100 mL), extracted from EA (200 mL) four times, and dried over sodium sulfate.
After the solvent was evaporated, the product was purified by silica gel column chromatography
with EA as an eluent. The product, a white solid, was collected as the first of a total of two bands
from a silica gel column, yield 35.5 g (76.5%). R¢= 0.5 on silica (EA as an eluent). "H-NMR
(CDCl3, ppm): 6.85 (s, 1H, F3CC(O)NHC-), 3.80 (t, 2H, F3CC(O)NHCH>CH>OH), 3.54 (t, 2H,
F3CC(O)NHCH,CH,0H), 2.05 (s, 1H, F3CC(O)NHCH2CH20H). '*C-NMR (DMSO, ppm):
158.0, 116.03, 59.45, 42.10. Mass calculated for (Cs0,NF3HgNa"): 180.02428. Found:
180.02451.

4.2.3.2 AC2: ACl1 (12.2 g, 77.6 mmol) dissolved in anhydrous THF (300 mL) was mixed
with PPTS (1.2 g, 4.6 mmol) under vigorous stirring for 1 hr. After the addition of molecular
sieves (5 A, 1.6 mm pellet, pre-dried at 100 °C for 72 hrs, 150 g), the resulting mixture was kept
at 0 °C for 30 min under magnetic stirring. Followed by the addition of a solution of 2-
methoxypropene (1.4 g, 19.4 mmol) dissolved in cold anhydrous THF (15 mL), the mixture was
stirred overnight at room temperature, and then quenched by the addition of EtzN (6.2 mL).
Molecular sieves by filtration and solvents by rotary evaporation were removed, and then
residues were dissolved in PBS (pH 7.4, 150 mL), and then extracted from EA (200 mL) three
times. After the solvent was evaporated, the product was purified by silica gel column
chromatography (1/1 v/v EA/HE). The product, a white solid, was collected as the second of the
total three bands off a silica gel column, yielding 3.3 g (48.2%). Rf=0.67 on silica (1/1 v/v
EA/HE). 'H-NMR (CDCls, ppm): 6.8 (s, 2H, CF3C(O)NHCH,CH>OC(CH3)20-), 3.5 (s, 8H,
F3CC(O)NHCHCH>OC(CH3),0-), 1.37 (s, 6H, -CH2OC(CH3),OCHa-). *C-NMR (CDCls,
ppm): 158.0, 116.03, 101.0, 59.45, 39.92, 22.5. Mass calculated for (C1104FsN2H ¢Na"):
377.09065. Found: 377.09190

4.2.3.3 AC3: AC2 (2.8 g, 7.9 mmol) was dissolved in 6 M aqueous sodium hydroxide
(NaOH) solution (60 mL) and stirred for 4.5 hrs at room temperature. The product was extracted
from DCM (150 mL) and dried over sodium sulfate. The solvent was evaporated by rotary
evaporation to yield an amber-colored oil (1.2 g, 89.7%). 'H-NMR (CDCls, ppm): 3.4 (t, 4H,
NH,CH>CH>OC(CHj3),0-), 2.8 (t, 4H, NH>CH,CH>OC(CHj3)20-), 1.37 (s, 6H, -
CH>,OC(CHs3),0CH3-). *C-NMR (CDCls, ppm): 100.50, 63.23, 42.2, 25.12. Mass calculated for
(C7N202H;sNa"): 185.12605. Found: 185.12578
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4.2.3.4 AC4: Ethyl trifluoroacetate (0.87 g, 6.2 mmol) was dropwise added to a clear
solution containing AC3 (1.0 g, 6.2 mmol), Et3N (0.74 g, 7.4 mmol), and MeOH (15 mL) in an
ice bath for 20 min. The reaction mixture was stirred overnight at room temperature, and then
solvents were evaporated. The residues were dissolved in PBS (pH 7.4, 50 mL) and extracted
from DCM (100 mL) three times. After the evaporation of the solvent, the product was purified
by silica gel column chromatography deactivated with EtsN using DCM/MeOH (9/1 v/v). The
product, a yellow oil, was collected as the second of the total three bands off a silica gel column,
yielding 0.35 g (22.4%). R¢= 0.54 on silica (8/2 v/v DCM/MeOH; ninhydrin was used for
visualization). 'TH-NMR (CDCls, ppm): 3.68 (t, 2H, -CF3C(O)NHCH,CH>OC(CHj3),0-), 3.54
(m, 4H, -CH,OC(CH3).OCH>-), 2.8 (t, 2H, -OC(CH3).OCH>CH>NH>), 1.37 (s, 6H, -
CH,OC(CH3),OCH>-). *C-NMR (CDCl3, ppm): 157.5, 116.0, 99.9, 61.65, 58.05, 40.95, 40.45,
24.74. Mass calculated for (CoN2OsF3H 7Na"): 281.10830. Found: 281.10770

4.2.3.5 PEG-DSC: A solution containing PEG (5.0 g, 1.0 mmol), Et3N (0.30 g, 3.0 mmol),
and DSC (0.77 g, 3.0 mmol) dissolved in anhydrous DCM (220 mL) was purged with nitrogen
for 20 min and then stirred for 28 hrs at room temperature. The product, a white solid, was
precipitated from anhydrous diethyl ether (600 mL), isolated by vacuum filtration, and dried in a
vacuum oven at room temperature for 12 hrs, yielding 5.0 g (97%). 'H-NMR (CDCls, ppm): 4.45
(t, 2H, CH,OC(0)-), 3.45-3.80 (m, -CH,CH,O- of PEG main chain), 3.37 (s, 3H, CH30-), 2.83
(s, 4H, -(O)CCH2CH>C(0O)-).

4.2.3.6 ACS5: A solution containing the purified, dried PEG-DSC (1.5 g, 0.29 mmol) and
Et3N (0.06 g, 0.61 mmol) in chloroform (110 mL) was mixed with a solution of AC4 (0.17 g,
0.67 mmol) in chloroform (5 mL) in an ice bath. The mixture was stirred for 22 hrs at room
temperature. The product, a white solid, was precipitated from anhydrous diethyl ether (500 mL),
isolated by vacuum filtration, and dried in a vacuum oven at room temperature for 12 hrs,
yielding 1.4 g (93.2%). '"H-NMR (CDCls, ppm): 4.21 (t, 2H, CH,OC(0)-), 3.45-3.80 (m, -
CH,>CH,O- of PEG main chain), 3.37 (s, 3H, CH50-), 1.36 (s, 6H, -CH,OC(CH3),OCH2>-).

4.2.3.7 AC6: A solution of AC5 (1.4 g, 0.26 mmol) dissolved in MeOH (30 mL) was mixed
with a solution of potassium carbonate (0.25 g, 1.85 mmol) in water (6 mL). The mixture was
stirred overnight at room temperature and concentrated by rotary evaporation. The residues were

dissolved in water (50 mL) and extracted from DCM (250 mL) three times. The product, a white
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solid, was precipitated from anhydrous diethyl ether (500 mL), isolated by vacuum filtration, and
dried in a vacuum oven at room temperature for 12 hrs, yielding 1.23 g (91.7%).'H-NMR
(CDCls, ppm): 4.21 (t, 2H, CH,OC(O)-), 3.45-3.80 (m, -CH2CH>0- of PEG main chain), 3.37 (s,
3H, CH50-), 2.85 (t, 2H,-OCH>CH>NH2>), 1.36 (s, 6H, -CH2OC(CH3)OCH2>-).

4.2.3.8 PEG-ketal-Br (AC7): Br-iBuBr (0.13 g, 0.59 mmol) was added to a solution
containing AC6 (1.23 g, 0.24 mmol) and EtzN (0.35 g, 3.56 mmol) dissolved anhydrous THF
(100 mL) in an ice bath. The mixture was stirred for 90 mins. The formed solids (Ets;N-HBr
adducts) were removed by vacuum filtration and the solvent was evaporated. The residues were
dissolved in DCM (300 mL) and the solution was washed with water two times, and then dried
over sodium sulfate. The product, a white solid, was precipitated from anhydrous diethyl ether
(500 mL), isolated by vacuum filtration, and dried in a vacuum oven at room temperature for 12
hrs, yielding 1.1 g (87.9%). '"H-NMR (CDCls, ppm): 4.21 (t, 2H, CH,OC(O)-), 3.45-3.80 (m, -
CH>CH»O- of PEG main chain), 3.37 (s, 3H, CH30-), 1.95 (s, 6H, -NHC(O)C(CH3)2Br),) 1.36
(s, 6H, -CH,OC(CH3).OCH>-).

4.2.4 Synthesis of DLDSRD block copolymers by ATRP. To synthesize DLDSRD-1 as an
example, PEG-ketal-Br (0.24 g, 45.7 pmol), HMssEt (0.8 g, 2.28 mmol), [Cu(I)TPMABr|Br
(1.17 mg, 2.27 umol), TPMA (1.99 mg, 6.8 pmol), and anisole (3.5 g) 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 40 °C. A nitrogen pre-purged solution of Sn(II)(EH)2 (7.41 mg, 18.3 pmol)
dissolved in anisole (0.5 g) was injected into the Schlenk flask to initiate polymerization.
Polymerization was stopped after 2.3 hrs by cooling the reaction mixture in an ice bath and
exposing it to air. For kinetic studies, aliquots of the samples were taken periodically to follow
monomer conversion using 'H-NMR analysis. Polymerization was stopped by cooling and

exposing the reaction mixture to air.

Similar procedure was applied except for the use of PEG-ketal-Br (0.13 g, 25.6 pmol),
HMssEt (0.45 g, 1.28 mmol), [Cu(I[)TPMABr]Br (0.66 mg, 1.28 umol), TPMA (1.12 mg, 3.85
pmol), and anisole (3.0 g) for DLDSRD-2, and PEG-ketal-Br (0.18 g, 33.7 umol), HMssEt (0.3
g, 0.85 mmol), [Cu(Il)TPMABTr]Br (0.88 mg, 1.71 umol), TPMA (1.49 mg, 5.13 pumol), and
anisole (3.0 g) for DLDSRD-3.
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For purification, the as-prepared polymer solution was diluted with acetone and passed
through a basic alumina column to remove residual copper species. The solvent was removed
under rotary evaporation at room temperature, and the polymer was isolated by precipitation

from hexane, then dried under vacuum at room temperature for 15 hrs.

4.2.5 ATRP to synthesize PEG-b-PHMssEt block copolymer (control). PEG-Br (0.10 g,
19.4 umol), HMssEt (0.34 g, 0.97 mmol), [Cu(I)TPMABr]Br (0.5 mg, 0.97 umol), TPMA (0.85
mg, 2.92 pmol), and anisole (3.4 g) 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 40 °C. A
nitrogen pre-purged solution of Sn(II)(EH)2 (3.15 mg, 7.77 umol) dissolved in anisole (0.5 g)
was injected into the Schlenk flask to initiate polymerization. Polymerization was stopped after 2

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

4.2.6 "H-NMR investigation of ketal cleavage under ATRP condition. PEG-ketal-Br (30
mg, 5.6 umol) dissolved in DMSO-ds (1 mL) was mixed with CuBrz (2 mg, 8.95umol). 'H-NMR

spectra of the resulting mixture were recorded over time.

4.2.7 Dual stimuli-responsive cleavage of DLDSRDs. Selected with DLDSRD-1, for
acidic pH response, its aliquot (1 mg) dissolved in CDCl; was mixed with a drop of HCI. After
45 min, the mixture was analyzed by 'H-NMR. For dual responses, its aliquot (10 mg) dissolved
in DMF (10 mL) was mixed with DTT (4 mg, 1.2 moles equivalent to pendant disulfides) and a
drop of HCI (0.63 mmol) under stirring at room temperature for 1 day. An aliquot was taken to

analyze molecular weight distribution using GPC.

4.2.8 Aqueous micellization using dialysis method. Water (10 mL) was added drop-wise
to an organic solution of DLDSRD-1 (15 mg) in THF (2 mL) using a syringe pump equipped
with a plastic syringe (20 mL volume, 20 mm diameter) at an addition rate of 0.2 mL/min. The
resulting dispersion was placed in a dialysis tubing with MWCO = 3500 g/mol and dialyzed
against water (1 L) for 24 hrs. Outer water was changed twice to yield aqueous micellar

aggregates at 1.5 mg/mL.
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4.3 Results and discussion

4.3.1 Synthesis of PEG-ketal-Br ATRP initiator. Our approach to synthesize PEG-ketal-
Br initiator began with the synthesis of a diamine precursor labeled with a ketal linkage (AC3) as
described in the previous publications.?’* As illustrated in Scheme 4.1, the first step was the
protection of amine group in ethanolamine with ethyl trifluoroacetate in the presence of Et3N (a
base) in MeOH to synthesize AC1 at 76% yield. The second step was the reaction of AC1 with
2-methoxypropene in the presence of pyridinium p-toluenesulfonate (PPTS) in THF, yielding
AC?2 at 48% yield. The use of molecular sieves with 5 A pore size is essential to remove the
formed MeOH. Both AC1 and AC2 were purified by column chromatography and their
structures were confirmed by 'H-NMR and *C-NMR analysis (Figure 4.1a, Figure B1 and B2),
along with high resolution mass spectroscopy to determine their absolute molecular weights. The
next step was the deprotection of trifluoroacetamide groups in AC2 in the presence of a 6 M
aqueous NaOH solution. 'H- and *C-NMR (Figure B3), as well as further COSY NMR analysis
(Figure B4) confirm the synthesis of AC3 at 89% yield.

o]
o
OH F3CJLO/\ oH
TR Vi S — F,C” SN
TEA/MeOH
(76%) OMe | PPTS/THF
AC1 \Ir (48%)
o] o]
6M NaOH
0o_0
H,N T~ x ~NH, «— F3CJLN/\/O7<O\/\NJLCF3
H H
(89%)
AC3 AC2

Scheme 4.1 Synthetic route to AC3.

Given the successful synthesis of AC3, Scheme 4.2 illustrates our successful route (I) to the
synthesis of PEG-ketal-Br functionalized with a ketal linkage and a bromo group (AC7). This
synthetic route centers on the use of carbamate linkage between PEG and AC4, which is stable
under alkaline deprotection processes. A few reports describe the utilization of stable carbamate
linkages for the synthesis of polymer-drug conjugates and hydrogels.'¢"-27>276 The first step was
the protection of one amine group in AC3 with ethyl trifluoroacetate (an electron-withdrawing
group) in a basic condition. Column chromatography was required to isolate AC4 from the

corresponding dimer at 22% yield. The chemical structure of the purified AC4 was confirmed by
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"H-NMR (Figure 4.1b) and '*C-NMR (Figure B5) as well as further COSY NMR analysis
(Figure B6).

(2]
-
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d ° o_ o
H2N/\/ >< \/\NH2
a a
b c
a) d
N
4.04 4.02 6.0 2.0
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Chemical shift (ppm)

Figure 4.1 'H-NMR spectra of AC3 (a) and AC4 (b) in CDCls. Note that the values under each
spectrum are integrals.

In a separate set, the hydroxyl group of PEG was activated with DSC in the presence of
EtsN. After purification from diethyl ether, the structure of the formed PEG-DSC is confirmed
by '"H-NMR analysis (Figure 4.2a). The second step was the conjugation of PEG-DSC with AC4
through the formation of a carbamate bond to synthesize ACS5. The third step was the treatment
of AC5 with KoCOs in a mixture of MeOH and water. This step allows for the cleavage of
trifluoroacetamide group to generate the corresponding amino group, thus yielding AC6. Both
ACS and AC6 were purified by precipitation from diethyl ether and the purified products were
characterized by 'H-NMR analysis (Figure 4.2b and 4.2c). For example, with AC6, the typical
peaks include the peak (b) corresponding methylene group adjacent to ester bond, the peak (f) to
two methyl groups in the ketal linkage, and the peak (h) to methylene group adjacent to the
amine group. Their integral ratio was close to 2/6/2, which is equivalent to that of their proton
numbers. Further, the complete deprotection of the trifluoroacetamide protecting group is

confirmed with '’F-NMR spectroscopy (Figure B7). The final step was the coupling reaction of
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the purified AC6 with Br-iBuBr to synthesize AC7. HBr (a strong acid) is released as a result of
the coupling reaction. Thus, the use of excess Et3N (15 moles equivalent to AC6) to facilitate the
formation of HBr-Et3N salts as well as the reaction time of <3 hrs at room temperature were
adopted, in order to minimize the unexpected cleavage of ketal linkages during coupling
reaction. '"H-NMR spectrum in Figure 4.2d shows the peak (j) corresponding to two methyl
groups in bromo moieties. The quantitative mole ratio of the peaks a/f/j = 3/6/6, suggesting the

successful synthesis of PEG-ketal-Br.
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Scheme 4.2 Synthetic route (I) to PEG-ketal-Br initiator, starting with AC3.
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Figure 4.2 '"H-NMR spectra of PEG-DSC (a), ACS5 (b), AC6 (c), and AC7 (d, PEG-ketal-Br) in
CDCls. Note that the values under each spectrum are integrals. x denotes impurities including
water.

routes (II and III), which were not straightforward and successful, were also explored in an
attempt to synthesize PEG-ketal-Br. As illustrated in Scheme B1, route (II) is similar to the
above route (I) but differs with the use of ester bond between PEG and AC4 (Scheme B1). The
route (IIT) in Scheme B2 centers on the synthesis of AC12 functionalized with both amine and
bromo groups, which could yield a PEG-ketal-Br by its direct coupling with a COOH-
functionalized PEG (PEG-COOQOH). The detailed procedures and results including NMR spectra

Chemical shift (ppm)

(Figures B8-B13) are described in supporting information.
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4.3.2 Synthesis of PEG-ketal-PHMSssEt and kinetic investigation. Given our successful
synthesis and characterization of PEG-ketal-Br initiator, ATRP, a successful CRP technique, was
examined to synthesize PEG-ketal-PHMssEt (DLDSRD) block copolymers. ARGET process for
ATRP?!277 was employed since this process requires the use of a minimal amount of Cu species
(<50 ppm). As illustrated in Figure 4.3, the polymerization was mediated with Cu(Il)/TPMA
complexes in the presence of the PEG-ketal-Br initiator. Sn(II)EH> was used as a reducing agent
to convert Cu(Il) species to active Cu(I) species. Under the conditions for typical ARGET ATRP
including [PEG-ketal-Br]o/[Cu(II)Br2]o/[ TPMA]o/[Sn(IT)EH2]o = 1/0.05/0.15/0.4 in anisole at 40
°C, the initial mole ratio of [HMssEt]o/[PEG-ketal-Br]o as the targeting DP at he complete
monomer conversion was varied with 50/1 and 25/1. Polymerization was stopped and 'H-NMR

analysis was used to determine conversion.

After purification by filtration through a basic alumina column to remove residual metal
species and the following precipitation from hexane to remove unreactive monomers, the
copolymers were characterized for their structures and molecular weights. For an example with
DLDSRD-1, its "TH-NMR spectrum in Figure 4.3 shows the typical peaks at 3.7 ppm
corresponding to methylene protons in PEG block and 0.8-1.2 ppm equivalent to methyl protons
on backbones in PHMssEt block. Their integral ratio was analyzed to determine the DP of
PHMssEt to be 164 at conversion = 0.66. GPC analysis in Figure 4.4 (red line for DLDSRD-1)
indicates the molecular weight as the number average molecular weight (M,) = 87.4 kg/mol with
molecular weight distribution as B = 1.18. Note that a small peak observed in the high molecular
weight region could be attributed to high molecular species formed by undesired side reactions
during ATRP. Similar protocols were used to analyze other DLDSRD copolymers and their

characteristics and results are summarized in Table 4.1.

Table 4.1 Characteristics and properties of DLDSRD block copolymers synthesized by ARGET
ATRP of HMssEt in the presence of PEG-ketal-Br.?

HMssEt/anisole Time DPY M, ©

b) c)
DLDSRD  [HMssEto/[1]o (wi/wt) (rs) O™ PHMssEt (kg/mol) D
1 50 0.23 23 066 164 874 118
2 50 0.10 64 0.8 159 514 1.07
3 25 0.15 20 054 110 556 111

a) Conditions for ATRP: [PEG-ketal-Br]o/[ Cu(II)Br2]o/[ TPMA]o/[ Sn(I[)EHz]o = 1/0.05/0.15/0.4
in anisole at 40 °C; b) Determined by 'H-NMR; ¢) Determined by GPC with PMMA standards.
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Figure 4.4 GPC diagrams of DLDSRD block copolymers, compared with PEG-ketal-Br
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Kinetics of ATRP of HMssEt in the presence of PEG-ketal-Br was investigated by analysing
samples taken periodically (not purified). Figure 4.5 shows that In([M]o/[M]) linearly increased
with time, suggesting that the polymerization is first-order. This result indicates the constant
concentration of active centers during polymerization, up to 60% conversion. The
polymerization was well-controlled. As expected, polymerization slowed down when the wt ratio

of HMssEt/anisole decreased (more anisole) from 0.23 (DLDSRD-1) to 0.10 (DLDSRD-2) at 40
°C.
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Figure 4.5 First-order kinetic plot over polymerization time for ARGET ATRP of HMssEt in the
presence of PEG-ketal-Br in anisole at 40 °C.

4.3.3 Stability of ketal linkages during ATRP. Our careful analysis suggests that all three
copolymers after purification presented in Table 4.1 had the DPs of PHMssEt blocks much
greater than those calculated based on conversion and targeting DPs. For example with the
purified DLDSRD-3, the DP of PHMssEt block was 110 determined by "H-NMR analysis, while
it can be estimated to be 14, based on conversion (0.54) and targeting DP = 25. The plausible
reason for such large discrepancy of the DPs of DLDSRD block copolymers was investigated.

The samples taken during ATRP to investigate its kinetics were analyzed for the DPs of
PHMssEt block. Note that those samples were not purified by our standard protocol (filtration
with basic AO3 column and then precipitation from hexane). Our 'H-NMR analysis indicates

that the determined DPs of the samples were very close to DPs theoretically calculated with
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targeting DP over conversion (Figure 4.6). This result appeared to be quite different from the
DPs (110-164) of the purified DLDSRD copolymers. We then carefully examined the

purification steps of the copolymers.

40
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Figure 4.6 DP determined by 'H-NMR analysis for the samples taken during ATRP over
conversion. The theoretical DP values are calculated with the targeting DP = 50 over
conversions.

The first step of our standard purification protocol is the filtration of copolymer solution
through a basic alumina column to remove Cu species. As compared in Figure B14, the GPC
diagram of the copolymer before filtration exhibits the presence of an important amount of PEG
homopolymers, which could not be covalently attached to PHMssEt blocks. After filtration, the
peak equivalent to PEG homopolymer significantly reduced (or disappeared). These results
suggest that the ketal linkages labeled in PEG-ketal-Br or PEG-ketal-PHMssEt could be cleaved
during ATRP.

Followed by filtration, the second step is the precipitation of copolymers from hexane (a
poor solvent). After precipitates were isolated by vacuum filtration, the supernatant was analyzed
by '"H-NMR and GPC techniques after the removal of solvents. The results shown in Figure B15
indicate that the residue dissolved in hexane is PHMssEt homopolymer. Interestingly, the

homopolymer had a high molecular weight with broad molecular weight distribution.

For comparison, a control experiment was conducted with PEG-Br (a similar structure, but

with no ketal linkage) for ARGET ATRP of HMssEt under similar conditions with PEG-ketal-
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Br: [HMssEt]o/[PEG-Br]o/[Cu(II)Br2]o/[ TPMA]o/[Sn(I[)EH2]o = 50/1/0.05/0.15/0.4 in anisole at
40 °C. At the conversion of HMssEt = 0.48, the purified PEG-b-PHMssEt was characterized
with the DP of PHMssEt block = 25 by 'H-NMR (Figure B16), which is close to the DP = 24
theoretically estimated with the targeting DP = 50. This result not only confirms the
reproducibility of our previous publication,?’? but also confirms the possibility of the cleavage

of the ketal linkages labeled in PEG-ketal-Br or PEG-ketal-PHMssEt under ATRP conditions.

Given the above results, a cleavage of ketal linkages was examined for PEG-ketal-Br in the
presence of CuBr; in DMSO-ds using 'H-NMR spectroscopy. Their concentrations were
designed to be similar to those used for ARGET ATRP above. As seen in Figure 4.7, the integral
of the peak at 1.3 ppm corresponding to two ketal methyl groups decreased, while the integral of
the peak at 2.1 ppm to acetone released as a result of the cleavage of ketal linkages increased.
From the integrals, the extent of ketal cleavage was quantitatively estimated. It reached >70%
within 4 hrs. Note that no cleavage was found in the absence of CuBr,. These results suggest that

the ketal linkages in PEG-ketal-Br and PEG-ketal-PHMssEt could be cleaved under ATRP

conditions.
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Figure 4.7 Evolution of "H-NMR spectra and extent of ketal cleavage for a mixtrue of PEG-
ketal-Br in the presence of CuBr2 in DMSO-ds over time at room temperature.
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4.3.4 Aqueous micellization and preliminary investigation of dual stimuli response of
DLDSRDs. Given the above results, some portion of ketal linkages at block junctions of
DLDSRDs was cleaved during ATRP. Nevertheless, both PEG and PHMssEt homopolymers
generated from the unexpected cleavage during ATRP could be removed by the established
purification process with precipitation and filtration. Consequently, the purified DLDSRD
copolymers consist of hydrophilic PEG and hydrophobic PHMssEt blocks.

Due to the amphiphilic nature, the DLDSRD copolymer formed colloidally stable micellar
aggregates with the diameter = 198 nm by aqueous micellization through self-assembly in an
aqueous solution (Figure B17). Furthermore, the purified DLDSRD contains both a ketal linkage
at the block junction as well as disulfide pendants in the hydrophobic PHMssEt block. The labile
linkages can be cleaved in response to acidic pH and reduction individually or dually (Figure
4.8a). The feasibility of dual stimuli-responsive degradation of DLDSRD copolymers was
examined in organic solution by GPC and 'H-NMR techniques. Note that the kinetics of dual
stimuli-responsive degradation of copolymers in organic solution could be different from their
nanoassemblies in water. The response of ketal linkage to acidic pH was first examined as an
aliquot of DLDSRD-1 was dissolved in CDCl; and treated with a trace amount of HC1. "TH-NMR
spectrum in Figure 4.8b shows the new peak at 2.18 ppm corresponding to acetone released as a
consequence of the cleavage of block junction ketal linkages, suggesting the cleavage of ketal
linkage in an acidic condition. A similar result was observed for the PEG-ketal-Br initiator being
treated with HCI (Figure B18). Then, the response to dual acidic pH and reduction was examined
as DLDSRD-1 was mixed with an excess DTT (1.2 equivalents to pendant disulfide linkages)
and HCl (0.63 mmol). As shown in Figure 4.8c, the GPC trace was shifted to the molecular

weight region as a result of the cleavage of both one ketal linkage and 164 disulfide pendants.

73



a) o

(o]
0. )J]\ A0 0~ Br
Ao RN A

o o]
DTT Br
o OH HO
n o]

Acidic pH
o ° 0 o
PEG
Ketal 2 3 PEG-OH /U\ 2 3
[} o]
00
°:> {:o Acetone o o
S-S SH SH
PHMssEt HO-PHM-SH HS-Et
[+
b) ) DTT +

Acidic pH

No treatment

acetone

WU W

50 45 40 35 30 25 20 15 1.0 05 10° 10 10° 10°

Chemical shift (ppm) Molecular weight (g/mol)

Figure 4.8 Schematic illustration of dual-stimuli acidic pH and reduction-responsive cleavage of
a ketal linkage and disulfide pendants of DLDSRD (a), 'TH-NMR spectrum of DLDSRD-1 treated
with a trace amount of HCI (b), and GPC diagrams of DLDSRD-1 in the absence and presence of
excess DTT (1.2 equivalent to pendant disulfides) and HCI (0.63 mmol) in DMF (c).

4.4 Conclusion

A new strategy utilizing ATRP was investigated to synthesize PEG-ketal-PHMssEt
DLDSRDs consisting of a hydrophilic PEG block covalently conjugated through a ketal linkage
with a hydrophobic polymethacrylate block having pendant disulfide linkages. The synthesis of a
PEG-ketal-Br macroinitiator was not straightforward because of the unexpected side reactions
associated with the high sensitivity of ketal linkage to environments. The carbamate group was
found to be stable to a basic hydrolysis condition, compared to ester and carbonate groups.
Carbamate chemistry and required protection/deprotection chemistries allowed for the
development of a robust route with multiple steps to the synthesis of PEG-ketal-Br
macroinitiator. Under ATRP conditions, the ketal linkages in the macroinitiators and polymeric
species were unstable and likely cleaved. This ketal instability could result in the synthesis of
PEG-ketal-PHMssEt with 3-4 times higher DP of PHMssEt block, compared to theoretically-
estimated ones (thus, DP of PHMssEt = 100~150). Promisingly, the purified DLDSRDs enabled

self-assembly to form nanoassemblies with ketal at core/corona interfaces and multiple disulfide
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linkages in hydrophobic cores. Furthermore, 'H-NMR and GPC results confirm the dual acidic

pH/reduction-responsive cleavage of ketal and disulfide linkages in dual locations.
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Chapter 5: Tumor-targeting intracellular drug delivery based on
dual acid/reduction-degradable nanoassemblies with ketal interface
and disulfide core locations

5.1 Introduction
In the past decades, self-assembled nanoaggregates (or micelles) from ABPs have received

considerable attention as an effective drug delivery carrier,!% 27827

owing to their ability to
increase the solubility of hydrophobic drugs by encapsulating them in their hydrophobic
reservoir and passively target the tumor via EPR effect.”’*? Nevertheless, the poor release profile
of drugs from the micelles has hampered their practical application and clinical success. The
introduction of cleavable chemical linkages which are prone to degrade in the tumor
environment (e.g reductive environment of cytosol or acidic pH of endosome and lysosome) has
recently witnessed significant growth.?® 2% 67 However, most of the reported polymers contain
the acid and GSH cleavable linkages at only one location in the micelles.®” These systems
provide restricted control over drug release performance of micellar carriers and are unable to
fully degrade and synergistically release the drugs in the intracellular environment due to the
heterogenous presence of GSH and acidic pH in different intracellular organelles.>* % In
addition, the degradation of single location GSH or acidic degradable nanoassemblies can only
lead to limited destabilization of nanoassemblies due to minimal change in hydrophobic-
hydrophilic balance or agglomeration of hydrophobic cores.?? 27245 Such drawbacks may not

only produce sluggish drug release but could present difficulty in elimination of degraded

products out of biological systems.

Researchers have recently begun to realize the potential advantages of dual location
GSH/acid degradable block copolymer to address the poor drug release performance of single
location systems. Several reports describe the synthesis of PCL-based grafted copolymers

bearing pendant acetal junction and single disulfide linkages on the hydrophobic backbone?!3-213

and a PEG-based polypeptide bearing dimethylmaleic anhydride junction and thiol pendant.?*°
These copolymers self-assembled to form dual acid/reduction-degradable
nanoassemblies/nanogels with acid-labile interfaces and disulfide cores. The biggest drawbacks

of these systems are their incomplete disassembly due to the presence of a single disulfide in the
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hydrophobic backbone or difficulty in control of disulfide-crosslink formation through

uncontrolled oxidation of pendant thiols.

In chapter 4, we explored the synthesis of a novel block copolymer having a ketal linkage at
block junction and multiple disulfide pendants in the hydrophobic block. Our initial attempt with
ATRP technique was not straightforward because of the instability of ketal linkages at interfaces
under ATRP conditions. Herein, we report our further investigation to RAFT polymerization as
a robust means to the successful synthesis of a ketal-linked diblock copolymer composed of
hydrophilic PEG block connected through a ketal linkage with a hydrophobic methacrylate
having pendant disulfide linkages (HMssEt), thus forming PEG-ketal-PHMssEt (P5). Our
approach centers on the synthesis of a new PEG-based RAFT agent labeled with a ketal linkage,
thus PEG-ketal-RAFT (P4). As illustrated in Figure 5.1, the formed P5 self-assembled to form
dual acid/reduction-degradable nanoassemblies with ketal linkages at interfaces and disulfide
pendants in micellar cores. Given dual acid/reduction responses at dual core and interface
locations, they exhibit synergistic and excellent release of encapsulated anticancer drugs,
compared with their single response counterparts. These dual location dual acid/reduction-
degradable nanoassemblies were further evaluated in vitro cell viability and cellular uptake to

demonstrate their versatility for effective tumor-targeting intracellular drug delivery.
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Figure 5.1 [llustration of tumor-targeting intracellular drug delivery of Dox-loaded dual
acid/reduction-degradable nanoassemblies with ketal linkages at interfaces and disulfide
pendants in micellar cores self-assembled from a well-controlled ketal-linked diblock copolymer
composed of hydrophilic PEG block connected through a ketal linkage with a hydrophobic
methacrylate having pendant disulfide linkages (PEG-ketal-PHMSssEt, P5) synthesized by RAFT
polymerization.

5.2 Experimental

5.2.1 Instrumentation. The same instrumentation and method were used as chapter 3 except
that TEM images were obtained using a Philips Tecnai 12 TEM, operated at 80kV and equipped
with a thermionic LaB6 filament. An AMT V601 DVC camera with point-to-point resolution
and line resolution of 0.34 nm and 0.20 nm respectively were used to capture images in 2048 by
2048 pixels. To prepare specimens, aqueous Dox-loaded NP dispersion was dropped onto copper

TEM grids (400 mesh, carbon-coated), blotted, and allowed to air dry at room temperature.
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Subsequently, uranyl acetate (1%) was applied on the TEM grids and then dried again at room

temperature.

5.2.2 Materials. 4-(Dimethylamino)pyridine (DMAP, 99 %), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPTP, 97%), Nile Red (NR), glutathione (GSH),
doxorubicin (Dox, -NH3"Cl™ forms, >98%), and 1,4-dithreithiol (DTT) from Sigma Aldrich, and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide-HCI salt (EDC) from Matrix Innovation, and
2,2'-azodi(2-methylbutyronitrile) (AMBN) from Wako chemicals were purchased and used as
received. A methacrylate having pendant a disulfide linkage (HMssEt) was synthesized

according to the previous publication.?’?

5.2.3 Synthesis of a PEG-labeled macro-RAFT agent (P4). Precursors P1-P3 shown in
Figure 5.1a were synthesized as described in chapter 4. To synthesize P4, a solution of EDC
(0.12 g, 0.63 mmol) dissolved in DCM (15 mL) was dropwise added to a solution of P3 (1.17 g,
0.23 mmol), DMAP (11.0 mg, 0.09 mmol), and CPTP (0.12 g, 0.45 mmol) in DCM (80 mL) in
an ice bath. After being stirred for 19 hrs at room temperature, the reaction mixture was washed
with deionized water (30 mL) three times and precipitated from cold diethyl ether. The product
was collected by filtration and dried in a vacuum oven at room temperature for 12 hrs: pink

residues, 1.1 g (92%).

5.2.4 Synthesis of PS5 block copolymers by RAFT. As an example, to synthesize P5-A, P4
(0.15 g, 29.1 umol), HMssEt (0.5 g, 1.48 mmol), AMBN (1.7 mg, 8.7 pumol), and anisole (0.9 g)
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 73 °C to initiate polymerization. Aliquots of the samples
were taken periodically to follow monomer conversion using 'H-NMR and molecular weight and
molecular weight distribution by GPC. After 2.5 hr, the polymerization was stopped by cooling
the reaction mixture in an ice bath and exposing it to air. For purification, the as-prepared
polymer solution was diluted with acetone and precipitated from hexane, then dried under

vacuum at room temperature for 15 hrs.

5.2.5 Determination of CMC using a NR probe. A stock solution of NR in tetrahydrofuran
(THF) at 1 mg/mL and stock solutions of P5 in THF at 1 mg/mL and 0.1 pg/ml were prepared.

Water (10 mL) was then added dropwise into mixtures consisting of the same amount of the
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stock solution of NR (0.5 mL, 0.5 mg NR) and various amounts of the stock solution of P5. The
resulting dispersions were stirred for 40 hrs to remove THF, and then were subjected to filtration
using a 0.45 um PES filter to remove excess NR. A series of NR-loaded micelles at various
concentrations of P5 ranging from 107 to 0.1 mg/mL were formed. From their fluorescence
spectra recorded with Aex= 480 nm, the fluorescence intensity at maximum Aem = 620 nm was

recorded.

5.2.6 Aqueous micellization by dialysis method. PBS (pH = 7.4, 10 mL) was added
dropwise to an organic solution of P5 dissolved in THF (2 mL) using a syringe pump equipped
with a plastic syringe (20 mL volume, 20 mm diameter) at an addition rate of 0.2 mL/min. the
resulting dispersion was dialyzed against PBS solution (1 L) twice for 24 h, yielding aqueous

micellar dispersion at 0.9 mg/mL concentration.

5.2.7 Investigation of dual acid/reduction-responsive degradation. For P5 block
copolymer, a solution of P5 (5 mg) dissolved in DMF (1 mL) was mixed with acetate buffer (pH
= 5.3, 2 mL) for acidic pH response, DTT (7.7 mg, 5 moles equivalents to pendant disulfides) for
reduction response, and a combination of DTT (7.7 mg, 5 moles equivalents to pendant
disulfides) with acetate buffer (pH = 5.3, 2 mL) for dual acidic pH/reduction responses. GPC was
used to follow any changes in molecular weight and its distribution. "TH-NMR analysis was

conducted for a solution of P5 (1 mg) dissolved in DMSO-ds mixed with a drop of DCL.

For aqueous micelles of P4 (1 mg/mL), their aliquot (1 mL) was mixed with 10 mM aqueous
stock solution of GSH (3 mL) in PBS (pH = 7.4) for GSH response. Separately, their aliquots (1
mL) were mixed with aqueous acetate buffer solution at pH = 5.4 (3 mL) for acidic pH response,
and aqueous acetate buffer solution containing GSH (10 mM) at pH = 5.4 (3 mL) for dual acidic
pH/GSH responses. DLS was used to follow any changes in sizes and size distributions of the

micelles.

5.2.8 Preparation of aqueous Dox-loaded micellar dispersions (Dox-NPs). An organic
solution consisting of Dox (2 mg), EtsN (5 pL), and P5 (20 mg) dissolved in DMF (1.6 mL) was
mixed with PBS at pH = 7.4 (10 mL) under magnetic stirring. The resulting mixture was placed

in a dialysis tubing (MWCO = 12000 g/mol) for dialysis over PBS (1 L) for 24 hrs. The formed
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dispersion was passed through a 0.45 um PES filter, yielding aqueous Dox-loaded micellar

dispersion at 1.6 mg/mL.

To determine the loading level of Dox using UV/vis spectroscopy, an aliquot of aqueous
Dox-loaded micellar dispersion (1 mL) was mixed with DMF (5 mL) to form a clear solution.
After being passed through a 0.25 um PTFE filter, its UV/vis spectrum was recorded. The
loading level was determined by the weight ratio of loaded Dox to P5.

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

added to keep the same volume of outer buffer.

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

recorded at Aex = 470 nm to construct the calibration curves.

5.2.10 Cell culture. HeLa cervical cancer cells were cultured in DMEM (Dulbecco’s
modified Eagle’s medium) containing 10% fetal bovine serum (FBS) and 1% antibiotics (50
units/mL penicillin and 50 units/mL streptomycin) at 37 °C in a humidified atmosphere

containing 5% COsx.

5.2.11 Flow cytometry. HeLa cells were plated at densities of 5x10° cells/well in 6-well
dishes and kept at 37 °C. After 24 h, cells were treated with Dox-NPs (encapsulated Dox = 2.5
pg/mL) for 4 hrs. The cells were then washed with PBS three times and treated with trypsin. The
cells were suspended in DMEM (500 pL) for flow cytometry measurements using a FACSCanto
IT flow cytometer (BD Biosciences) and FACSDiva software (BD Biosciences).
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5.2.12 Live cell imaging by epifluorescence microscopy. HelLa cells were plated at
densities of 1x 10° cells/well in a glass-bottomed plate (MatTek Corporation) and incubated in
media (2 mL) at 37 'C for 18 hrs. The cells were stained with Hoechst 33342 dye for 15 min.
Then, the cells were washed with PBS three times to remove the excess dye. Phenol red-free
DMEM medium (0.5 mL) was added to the cells for imaging. The appropriate amount of free
Dox or Dox-micelles was added to attain a final Dox concentration of 2.5 ug/mL and incubated
for 4 hrs. Images were captured by a Nikon TI-E microscope equipped with LED Heliophors
with a Photometrics Evolve EMCCD camera. Dox and Hoescht33342 were excited at 405 nm

and at 555 nm, respectively.

5.2.13 Cell viability using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) assay. HeLa cells were plated at 5 x 103 cells per well into a 96-well plate and
incubated for 24 h in DMEM (100 pL) containing 10 % FBS and 1 % antibiotics. Then, they
were incubated with various concentrations of empty (Dox-free), free Dox, and Dox-NPs for 48
hrs. Blank controls without nanoparticles (cells only) were run simultaneously as control. Cell
viability was measured using the CellTiter 96 Non-Radioactive Cell Proliferation Assay kit
(MTT, Promega) according to the manufacturer’s protocol. Briefly, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) solution (15 pL) was added to each well. After 4 hrs of
incubation, the medium containing unreacted MTT was carefully removed. DMSO (100 uL) was
added to each well to dissolve the formed formazan purple crystals, and then the absorbance at A
=570 nm was recorded using a Powerwave HT Microplate Reader (Bio-Tek). Cell viability was
calculated as the percent ratio of absorbance of mixtures with micelles to control (cells only

without NPs).

5.2.14 Cell viability using Live Dead Cell Assay. HeLa cells were plated at 1 x 10* cells per
well into a 96-well plate and incubated at 37 °C in DMEM (100 pL) containing 10% FBS and
1% antibiotics for 24 hrs. Cells were then treated with Dox-NPs to have the concentrations of
Dox at 0.5, 1, and 2 pg/mL in DMEM containing either sodium bicarbonate (1.5 g/L, pH 7.4) for
the control and both 10 mM GSH-OEt and 15 mM HEPES buffer (pH = 6.8) for dual
acid/reduction stimuli. Blank samples without Dox-NPs were run simultaneously as controls.
Cell viability was measured using the Live Dead Cell Assay Kit (Invitrogen) according to the
manufacturer’s protocol. After 48 hr incubation at 37 °C, the cells were treated with DMEM
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(phenol red-free) containing Calcein-AM (1 uM) and ethidium homodimer (5 pM) for 30 min.
Images were obtained with an inverted fluorescent microscope (Nikon Eclipse TiE inverted
epifluorescence microscope) and the number of live cells were counted using ImageJ software.
Cell viability was calculated by the percent ratio of the number of live cells incubated with Dox-

NPs to control (without Dox-NPs).
5.3 Results and discussion

5.3.1 Synthesis of P5. Figure 5.2a illustrates our approach employing the RAFT
polymerization technique to the synthesis of well-controlled P5. The approach involves the
synthesis of a PEG-based macro-RAFT agent that is labeled with both a ketal linkage and a
dithioester group (P4). The detailed synthesis of the PEG-based precursor labeled with a terminal
amine group (PEG-ketal-NH>, P3) is reported. Briefly, a DSC-activated PEG (P1) was converted
to P2, followed by the deprotection of trifluoroacetate group in an alkaline condition, yielding
P3. Each step was carefully characterized with 'H-NMR analysis. The resultant P3 reacted with
CPTP in the presence of DMAP as a base catalyst through a facile EDC coupling reaction. 'H-
NMR of P4 in Figure 5.2b shows the presence of two methyl groups of ketal moieties at 1.3 ppm
(d), ethylene oxide moieties at 3.2-3.7 (EO and a), and phenyl groups of dithioester moieties at
7.3-7.9 ppm (1). Using the integral ratio of the peaks, the conjugation efficiency of the RAFT

agent was determined to be >95%.

After successful synthesis and characterization, the P4 was used as a macro-RAFT agent for
RAFT polymerization of HMssEt initiated with AMBN (an azo-type initiator) in anisole at
73 °C. The initial mole ratio of [HMssEt]./[P4], was varied at 50/1, 65/1, and 100/1 to
demonstrate that our RAFT-based approach is robust in the synthesis of a series of well-
controlled P5 block copolymers with different DPs of PHMssEt block (named P5-A, P5-B and
P5-C). With [HMssEt]o/[P4]o = 50/1 as an example, the kinetics of RAFT polymerization were
studied. Samples taken during the polymerization were analyzed for monomer conversion by 'H-
NMR and molecular weight by GPC. As shown in Figure C1, the RAFT polymerization of
HMssEt in the presence of P4 was well-controlled: first-order kinetics after an induction period
for 25 min, linear increase in molecular weight over conversion, and narrow molecular weight

distribution (P <1.15).
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Then, the formed P5-A was purified by precipitation from hexane to remove unreacted
HMssEt monomers at 72% monomer conversion. 'H-NMR of the purified P5-A in Figure 5.2b
shows the peak at 1.3 ppm (d) corresponding to two methyl protons in ketal moieties as well as
peaks corresponding to PHMssEt block, along with PEG block. Using the integral ratio of the
peaks (EO and k) with the DP of PEG block = 113, the DP of PHMssEt block was determined to
be 32. This quantity is very close to the theoretically estimated one (DP = 36) at 76% monomer
conversion. GPC analysis in Figure C2 indicates that GPC trace of P5-A evolved to a high
molecular weight region with increasing molecular weight as number average molecular weight
(M) to 24.6 kg/mol (close to the theoretically estimated M, = 18.5 kg/mol) and narrow
dispersity as D = 1.15. A small shoulder that appeared in the low molecular weight region is
attributed to a negligible trace of non-functionalized PEG species. The results obtained from
NMR and GPC analysis clearly suggest that the ketal linkages at the block junctions are stable
under the RAFT condition. In a similar way, other P5-B and P5-C copolymers were synthesized

and characterized and the results are summarized in Table 5.1.

Table 5.1. Characteristics and properties of P5 block copolymers synthesized by RAFT
polymerization of HMssEt in the presence of P4 macro-RAFT agent.?

P5 [HMssEt]o/[P4lo  Time Conv® DP M9 pY
(hrs) Theo® NMR

A 50 2.4 0.72 36 32 24.6 1.15

B 65 3.8 0.63 41 35 25 1.16

C 100 6.7 0.66 66 59 29.3 1.21

a) Conditions for RAFT polymerization: [P4]o/[AMBN], = 1/0.3 in anisole at 73 °C,
HMssEt/anisole = 0.6 wt/wt; b) 'TH-NMR; ¢) DP (theoretical) = [HMssEt]o/[P4]oxconversion; d)
GPC with PMMA standards.
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Figure 5.2 Synthetic scheme by RAFT polymerization (a) and 'TH-NMR spectrum in CDCl; (b)
for dual acidic pH/reduction-responsive P5-A as an example, compared with P4, its macro-
RAFT agent. Conditions for RAFT polymerization: [HMssEt]./[P4]o/[AMBN], = 50/1/0.3 in
anisole at 73 °C, HMssEt/anisole = 0.6 wt/wt.

5.3.2 Aqueous micellization and colloidal stability. Note that the P5-A (denoted as P5
hereafter) was examined for further characterizations and evaluations. The CMC of P5 was
determined using fluorescence spectroscopy with a NR probe. This method utilizes the low
fluorescence of NR in an aqueous environment because of its low solubility in water. However,
the NR fluorescence intensifies when NR stays in a hydrophobic environment. Figure 5.3a
(inset) shows the overlaid fluorescence spectra of NR over an increasing concentration of P5. At
its lower concentration, the NR fluorescence intensity kept low because of the existence of most
NR molecules in an aqueous solution. Upon increasing the concentration of P5, the intensity
increased, indicating the encapsulation of NR in micellar cores. As shown in Figure 5.3a, two
linear regressions of maximum fluorescence intensity allow for the determination of CMC to be

8.2 pg/mL, which is in a typical range of CMC for ABPs.

Due to the amphiphilic nature, the P5 self-assembled in the aqueous solution to form micellar

aggregates at concentrations above CMC. For example, a dialysis method was examined with
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THF to form aqueous micellar aggregates at 0.9 mg/mL. DLS analysis indicates the diameter =

84.5 nm, along with the negligible presence of large aggregates (<1%) (Figure C3).
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Figure 5.3 Overlaid fluorescence spectra (inset) and fluorescence intensity at maximum
wavelength for aqueous mixtures consisting of NR with various amounts of P5 to determine
CMC.

5.3.3 Investigation of dual acidic pH/reduction-responsive degradation. Figure 5.4a
shows the anticipated responses of P5 diblock copolymer to single and dual acidic pH/reduction
stimuli. Such dual degradation was first investigated in DMF using a GPC technique to follow
changes in molecular weights and distributions of the P5 (Figure 5.4b). When being incubated at
acidic pH, the ketal linkages at PEG/PHMSssEt block junctions could be cleaved to yield PEG-
OH and OH-PHMssEt as degraded products. The GPC trace of the degraded product was shifted
to the lower molecular weight region, with the decrease in molecular weight from 24.6 to 15.9
kg/mol. It became bimodal, with a shoulder overlapped with the GPC trace of P4 PEG-based
macro-RAFT agent. To further examine acidic pH-responsive cleavage of the ketal linkages
using '"H-NMR spectroscopy, an aliquot of the P5 was incubated with DCI in a NMR tube.
Figure C4 shows the appearance of the new peak at 2.1 ppm presenting acetone as well as the
disappearance of the peak at 1.3 ppm corresponding to two methyl groups in ketal moieties, as a
consequence of the cleavage of ketal linkage in P5 at acidic pH. In the presence of excess DTT
(5 equivalent to disulfides), the P5 could degrade to PEG-ketal-PHMSH upon cleavage pendant
disulfides to the thiols in PHMssEt blocks. Similar to acid response, the GPC trace of the
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degraded product was shifted to the lower molecular weight region, with the decrease in
molecular weight from 24.6 to 19.6 kg/mol. An interesting observation was the presence of a
small peak which is overlapped with the peak for the P4 (PEG-macro-RAFT agent). This result
could suggest the possibility of partial cleavage of ketal linkages in the presence of DTT. Next,
when being treated with both stimuli, both ketal junction and disulfide pendants could be
cleaved, generating PEG-OH and HO-PHMSH as the major degraded products. The GPC trace
shows two peaks: a peak appeared in low molecular weight region corresponds to PEG-OH and

the other peak corresponds to HO-PHMSH.
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Figure 5.4 Schematic illustration of dual acidic pH/reduction-responsive degradation (a) and
GPC traces of P5 before and after treatment with single and dual stimuli in DMF, compared with
that of P4 macro-RAFT agent (b).

Given our comprehensive investigation in DMF (a homogeneous solution), we then
investigated dual acidic pH/reduction-responsive degradation for aqueous micelles (a
heterogeneous system). Figure 5.5a shows the schematic illustration of micelle degradation as a
consequence of the cleavage of the ketal linkages at core/corona interfaces and the cleavage of
disulfide pendants in micellar cores. Figure 5.5b shows the typical DLS diagrams of micelles
incubated at acidic pH = 5.4 as well as physiological pH = 7.4 with and without 10 mM GSH for
6 hrs. Note that pH = 7.4 without GSH was included as a control with no stimuli. Their diameter

changes were monitored with z-average diameter (by light scattering intensity) over incubation
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time (Figure 5.5¢). When the micelles were exposed to acidic pH, the size distribution became
multimodal with the occurrence of large aggregation. Such change in size distribution could be
indicated by an abrupt increase in their z-average diameter within 12 hrs. To get more insight
into the acidic pH-responsive degradation of P5 micelles, the degraded products were further
analyzed after the separation of precipitates from the supernatant (water). 'H-NMR spectra in
Figure C5 show that the precipitates mainly include HO-PHMssEt homopolymer and the
residues in supernatant contain mostly PEG-OH homopolymer. Their GPC analysis shown in
Figure C6 appears to be in full agreement with the NMR analysis. Consequently, the results from
all NMR and GPC confirm the detachment of PEG coronas from PHMssEt micellar cores upon
the cleavage of ketal linkages, causing destabilization of micelles to large aggregates. In the
presence of 10 mM GSH, the size distribution became bimodal with the important population of
large aggregates. This could be due to the destabilization of the micelles through polarity change
of PHMssEt chains to the more hydrophilic PHMSH chains in micelle cores upon the cleavage
of pendant disulfide groups. The z-average diameter gradually increased over incubation time for
20 hrs. The destabilization could be attributed to a change in hydrophobic/hydrophilic balance
upon the cleavage of pendant disulfides to corresponding hydrophilic thiols. When being
incubated with 10 mM GSH at pH = 5.4 (with dual stimuli), the z-average diameter increased
more rapidly up to 8 hrs, compared with a single stimulus; however, upon further incubation, it
decreased gradually over incubation time. After 24 hrs, the DLS diagram shows a significant
population of small species with diameter < 1 nm. Different from single stimuli, this result is
very promising because the degraded products in dual stimuli could exist at the molecular level

as being soluble in the aqueous environment.
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Figure 5.5 Schematic illustration of dual acidic pH/reduction-responsive degradation (a), typical
examples of DLS diagrams after 6 hrs (b), and evolution of z-average diameter of micelles over
time (c) incubated at acidic pH = 5.4 and physiological pH = 7.4 with and without 10 mM GSH.

5.3.4 Preparation of Dox-loaded micelles. Dox was selected as a clinically used anticancer
drug. To encapsulate Dox in micelles, an organic solution of Dox treated with Ets;N in DMF was
mixed with PBS (pH = 7.4) under stirring. The resulting mixture was subjected to intensive
dialysis over PBS to remove free (not encapsulated) Dox and Et3N, yielding Dox-loaded micelles
(Dox-NPs) at 1.6 mg/mL. After filtration to remove unexpectedly formed aggregates, the
UV/Vis spectrum of the dispersion was recorded (Figure C7). Using the pre-determined
extinction coefficient of Dox (12,400 M'cm™') in DMF/water = 5/1 (v/v),* the loading level of
Dox was determined to be 2.5 wt%. Next, the size and morphology of Dox-NPs were
characterized using DLS and TEM techniques. The average diameter was determined to be 116.4

1 4.0 nm for the micelles in dispersed form by DLS (Figure 5.6a). TEM analysis indicates
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spherical micelles with diameter = 79 £+ 30 nm in the dried state (Figure 5.6b). Note that the size
by TEM is smaller than that by DLS one, which is attributed to the dehydrated state of micelles
on TEM grids.
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Figure 5.6 DLS diagram and digital image (inset) (a) and TEM images at high (b) and low (¢)
magnifications of Dox-NPs. For TEM analysis, >80 micelles were selected randomly to
manually calculate the average diameter.

5.3.5 Dual location dual acidic pH/reduction-responsive release of encapsulated Dox. /n
vitro release of Dox from Dox-NPs was examined as to follow the fluorescence intensity of Dox
using fluorescence spectroscopy. For the method, aliquots of Dox-NPs were placed in a dialysis
tubing (MWCO = 12 kDa) and placed in an outer buffer solution under different conditions.
Upon stimuli-responsive degradation of the micelles, Dox could be released from micelles and

diffused out of dialysis bag into an outer buffer. Aliquots (3 mL) of outer buffer were removed at
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given times to record their fluorescence spectra upon excitation at Aex =470 nm. To maintain a
sink condition, the same volume of fresh outer buffer was added to keep the same total volume
of outer buffer solution. The fluorescence intensity at Amax= 593 nm was used to determine the
cumulative %Dox release. For the quantitative analysis, the correlation curves of fluorescence
intensity at Amax= 593 nm over various concentration of free Dox was constructed at pH = 7.4
and 5.4 with and without 10 mM GSH. Their slopes estimated from linear regression were
similar (Figure C8), suggesting that Dox fluorescence could not be affected under these

conditions.

Figure 5.7 shows the %Dox release over incubation time in the presence of dual pH = 5.4/10
mM GSH, compared with a single stimulus (pH = 5.4 or 10 mM GSH) as well as a control with
no stimuli. Separately, %Dox release at pH = 7.4 was examined in triplicate as an example to
analyze the standard deviation of our %Dox release (Figure C9). In the absence of stimuli (i.e.
pH = 7.4), the release of Dox was slow as %Dox release reached a plateau to be 25% after 24
hrs. In the presence of a single stimulus (i.e. acidic pH = 5.4 and 10 mL GSH), the Dox release
was enhanced to some degree. For example, %Dox release reached ~50% when Dox-NPs were
incubated at pH = 5.4. Such enhanced Dox release could be attributed to acid-responsive PEG
shedding upon the cleavage of ketal linkages at block junctions. Interestingly, %Dox release also
reached ~50% in the presence of 10 mM GSH, which could be due to GSH-responsive core
degradation because of the cleavage of disulfide pendants. Furthermore, Dox release was
synergistically accelerated when Dox-NPs were incubated with 10 mM GSH at pH = 5.4 buffer
solution. %Dox release reached >80% within 48 hrs. Such rapid Dox release could be attributed
to the degradation of Dox-NPs through both PEG detachment and core polarity change upon the
cleavage of both ketal junction and disulfide pendants located both at interfaces and in cores.
These results show the faster release kinetics with GSH in acidic pH, compared with not only
single stimuli but also neutral pH, suggesting the clear benefits for dual location dual

acid/reduction degradation systems.
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Figure 5.7 %Dox release from Dox-NPs being incubated at pH = 5.4 and 7.4 with and without
10 mM GSH.

5.3.6 Intracellular trafficking and anti-tumor activity of Dox-NPs. Cellular uptake of
Dox-NPs was first investigated using flow cytometry and fluorescence microscopy. Figure 5.8
shows flow cytometry histograms of free Dox and Dox-NPs. Fluorescence intensity of Dox-NPs
was much greater, compared with HeLa cells only as a control; however, the fluorescence
intensity of free Dox was much greater. This could be due to the differences in internalization
mechanism where Dox easily diffuses into the cells through the passive diffusion mechanism.
Figure 5.9 shows fluorescence images of HeLa cells after 4 hr incubation with free Dox and
Dox-NPs. The nuclei were stained with Hoechst 33342 shown in blue, and Dox fluorescence
shown in red. For Dox-NPs, strong Dox signal in the perinuclear region while the weak signal in
the nuclei was observed, suggesting cellular uptake of Dox-NPs. On the other hand, free Dox

accumulated only in nuclei.
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Figure 5.8 Flow cytometric histograms of HeLa cells incubated with Dox-NPs (encapsulated
Dox = 2.5 pg/mL), compared with free Dox (2.5 pg/mL), for 4 hrs.
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Figure 5.9 Time-lapse fluorescence microscopy images of HeLa cells incubated with Dox-NPs
(encapsulated Dox = 2.5 pg/mL), compared with free Dox (2.5 pg/mL), for 4 hrs. Scale bar = 100
pm.
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Next, antitumor activity of Dox-NPs was evaluated on HeLa cervical cancer cells. First, a
MTT assay was used to examine the cytotoxicity of P5 empty micelles. As seen in Figure 5.10a,
the viability of HeLa cells was >80% in the presence of empty micelles up to 300 pg/mL,
suggesting that they are not toxic to HeLa cells. When being incubated with Dox-NPs in cell
media at pH = 7.4, their viability decreased (Figure 5.10b). Given that empty micelles were
biocompatible, this result suggests that the inhibition of HeLa cell proliferation is presumably
due to the release of Dox from Dox-NPs. Note that the viability of HeLa cells was lower for free

Dox at similar concentrations, compared with Dox-NPs.

Further to see the significance of dual acid/reduction responses at dual core/interface to cell
toxicity, we have designed an experiment where HeLa cells were incubated with Dox-NPs (i.e.
Dox) in the presence of 10 mM GSH (as GSH-OEt) at pH = 6.8 for 48 hrs. The mild pH
condition should be examined since cell viability is significantly low at pH = 5.4. Live/Dead Cell
Assay was employed to determine the HeLa viability as the percent ratio of live cells with Dox-
NPs to control (no Dox-NPs) through image analysis (see Figure C10 and C11). Figure 5.10c
shows the fluorescence microscopy images of live cells incubated with the various amounts of
Dox-NPs (as encapsulated Dox) in dual acidic pH = 6.8/GSH condition, compared with the
control at pH = 7.4 (no stimuli). For both cases, the density of live cells decreased with an
increasing amount of Dox-NPs. As seen in Figure 5.10d, the HeLa viability decreased
accordingly. At first glance, the viability was somewhat lower with both acid/GSH, compared to
the control with no stimuli at pH = 7.4. ICso value was as low as 0.5 pg/mL with both acid/GSH,
which is significantly lower than that (1.04 pg/mL) for the control (pH = 7.4). However, the
density of live cells is relatively quite low even without Dox-NPs when HeLa cells are incubated
with 10 mL GSH-OEt at pH = 6.8 (see Figure 5.10c of dual). This result suggests the potential
cytotoxicity of the combined GSH-OEt/pH = 6.8 stimuli. Although further evaluation should be
followed, our preliminary result suggests the versatility of our dual location dual-responsive

Dox-NPs toward effective drug delivery.
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Figure 5.10 Viability of HeLa cells incubated with empty micelles (a) and Dox-NPs and free
Dox at physiological pH = 7.4 (b), determined by MTT assay; fluorescence microscopy images
of live cells (c¢) and their viability (d) incubated with and without the various amounts of Dox-
NPs (as encapsulated Dox) in the presence of dual acidic pH = 6.8/GSH-OEt, compared with the
control at pH = 7.4, determined by Live/Dead Cell Assay.

5.4 Conclusion

A new approach utilizing RAFT polymerization technique enabled the synthesis of a well-
defined diblock copolymer composed of hydrophilic PEG and the hydrophobic PHMssEt blocks,
with a ketal linkage at the block junction and disulfide pendants in hydrophobic block. Kinetic
investigation with 'H-NMR and GPC techniques confirms the control over RAFT
polymerization of HMssEt in the presence of a PEG-based macro-RAFT agent and the stability
of ketal linkages at the block junctions under the RAFT condition. The block copolymer retained
amphiphilicity, thus forming Dox-loaded nanoassemblies with diameter = 188 nm at a

concentration above its CMC to be 8.2 pg/mL determined by fluorescence spectroscopy with a
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NR probe. The formed Dox-loaded micelles responded to reduction, acidic pH, and their
combination at different locations (micellar cores and core/corona interfaces). Dual location dual
responses significantly enhanced the release profile of encapsulated Dox as dual response at dual
core and interface exhibits synergistic and accelerated Dox release, compared to single reduction
at the core and acidic pH at the interface. Furthermore, they had great anti-tumor activity upon
cellular uptake to inhibit the proliferation of cancer cells due to the effective and rapid release of
Dox. Consequently, these results suggest the versatility of dual location systems for advanced

drug delivery and cancer therapy.
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Chapter 6: Facile strategies to synthesize dual location dual acidic
pH/reduction-responsive degradable block copolymers bearing
acetal/disulfide block junctions and disulfide pendants
6.1 Introduction

Block copolymers consist of two or more covalently linked blocks, each characterized with
different properties such as polarity. A particular interest is an ABP designed with hydrophilic
(or water-soluble) and hydrophobic blocks. Because of the amphiphilicity, well-defined ABPs
are capable of self-assembly to form nanoassemblies and nanostructured materials in aqueous
solution and film. Further to the amphiphilic nature, an introduction of additional functionalities
into the design of ABPs and ABP-based nanoassemblies provide the versatility and
multifunctionality toward various applications in pharmaceutical and materials science.?80-28
Particularly, stimuli-responsive degradation (SRD) utilizes unique dynamic covalent chemistry
with labile linkages that can be cleaved in response to external stimuli (or triggers).?” 2% Acidic
pH, light, and ultrasound as well as reductive, oxidative, and enzymatic reactions are typical
stimuli that have been extensively explored. The stimuli-responsive cleavage of the dynamic
linkages causes the degradation of ABPs and nanoassemblies and changes their physical,
chemical, and spectroscopic properties.?®: 3% 66:287-289 Thegse unique properties of SRD have
prompted SRD-exhibiting ABPs and SRD-polymers to be useful as effective building blocks in

the construction of multifunctional nanoassemblies not only as drug delivery nanocarriers 6%

290,291 Hut also biosensors, smart films, and surfaces.?”’> 263 292-294

Numerous strategies have been proposed for the development of SRD-exhibiting ABPs and
their nanoassemblies, based on the number and location of stimuli-responsive cleavable linkages.
Early strategies involve the incorporation of single-type cleavable linkages in one position of
ABPs, namely as in the backbone, in pendant chain of hydrophobic blocks, or at the junction of
hydrophobic and hydrophilic blocks. This, so-called single location strategies, create
nanoassemblies with cleavable linkages either in the core of the micelles or at core/corona
interface®” ”! The incorporation of multiple distinct stimulus-responsive linkages has been further
explored for the synthesis of dual or multi-stimuli-responsive degradable systems that can be
triggered by two or more stimuli.'’*'% Similar to single stimulus-responsive systems, dual or
multiple linkages are positioned predominantly in hydrophobic blocks, thus in micellar cores. A

few reports describe sheddable ABPs with dual cleavable linkages positioned at block junctions,
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including acetal/o-nitrobenzyl (acid/light),?*'disulfide/o-nitrobenzyl (reduction/light),?®% 23 and
disulfide/thioketal (reduction/oxidation).?*® However, these shell-sheddable systems have been
synthesized by coupling reaction of two homopolymers bearing either or both the cleavable
linkages. Therefore, the method has limited practical application due to low coupling efficiency

and difficulty in the purification of homopolymers from targeted ABPs.?"’

Recent advances include the development of a new strategy that allows for the synthesis of
robust ABPs and their nanoassemblies with single disulfide or combined linkages positioned at
dual or multiple locations (core, interlayer, and core/corona interface).%® 2% 2% This strategy,
referred as dual location-dual stimuli responsive degradation (DL-DSRD), can offer the
versatility in that dual or multi-stimuli responses to each stimulus can independently and
precisely regulate the release of encapsulated biomolecules at dual or multiple locations, as both
micellar core and core/corona interface. Given the promising features, several novel DL-DSRD-
exhibiting ABPs have been synthesized, particularly for endogenous and exogenous responses to
dual stimuli including acidic pH/reduction,?!* reduction/acidic pH,*!*2!7-222 and

light/reduction®”®

at dual locations (micellar core/interface). Despite these advances, the systems
present the position of a single-type disulfide or acid-labile linkage at the block junction, and

thus at the core/corona interface of nanoassemblies.

ATRP and RAFT polymerization have been viewed as the most successful CRP
techniques.?! 3% They enable the synthesis of well-defined block copolymers including SRD-
exhibiting ABPs with pre-determined molecular weight and narrow molecular weight
distribution.** 3°! In addition to the utilization of a single CRP technique, the combination of two
distinct CRP techniques is a highly appealing approach to synthesize the arrays of
multifunctional ABPs.**>3% Furthermore, the interplay of ATRP and RAFT polymerization in
the presence of RAFT mediators such as dithioesters, dithiocarbamates, and trithiocarbonates
allows for the synthesis of orthogonal polymers.**>3% As such, the rational selection of the
synthetic pathways can allow for the control over morphology, architecture, orthogonality, and

functionality of the resultant ABPs.

Herein, we report the synthesis of new DL-DSRD-exhibiting ABPs having dual acidic pH-
labile acetal (AC) linkage and reductively cleavable disulfide (SS) bond at the
hydrophilic/hydrophobic block junction as well as pendant disulfide bonds in the hydrophobic
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block. The block copolymers consist of a hydrophilic poly(oligo(ethylene oxide) monomethyl
ether methacrylate) (POEOMA) block and a hydrophobic polymethacrylate block having
multiple disulfide pendants (PHMssEt). Through self-assembly, the formed nanoassemblies
present dual acidic pH/reduction responses at interfaces and single reduction response in micellar
cores, thus attaining dual stimuli responsive degradation (DSRD) at dual locations. Our synthetic
pathways center on the use of a new hetero-functional bromine initiator labeled with both acetal
and disulfide groups (A2). Employing a novel macroinitiator approach, three strategies utilizing
a combination of ATRP and RAFT polymerization by their sequential or concurrent (or
interplay) mechanism were established. Dual acidic pH/reduction-responsive degradation was
investigated to understand not only site-specific responses but also the architectures and

orthogonality of the formed block copolymers as diblock or triblock copolymers.
6.2 Experimental

6.2.1 Instrumentation. Fourier transform infrared spectroscopy (FT-IR) was recorded on a
Nicolet iS5 spectrometer (Thermo Scientific). Other instrumentation and method were the same

as in chapter 3.

6.2.2 Materials. Most reagents including triethylamine (EtsN, 99.5%), bromoisobutyryl
bromide (Br-iBuBr, 98%), pyridinium p-toluenesulphonate (PPTS, 98%), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPTP), 1,4-dithiothreitol (DTT), and deuterium
chloride (DCI) were purchased from Sigma Aldrich, except for 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide-HCI salt (EDC) from Matrix Innovation and 2,2"-azodi(2-
methylbutyronitrile) (AMBN) from Wako chemicals. Solvents include ethyl acetate (EA),
hexane (HE), dichloromethane (DCM), tetrahydrofuran (THF), chloroform (CHCIl3), methanol
(MeOH), and diethyl ether (Et2O). All chemicals and solvents were used as received.
Oligo(ethylene glycol) monomethyl ether methacrylate (OEOMA) with MW= 300 g/mol
purchased from Sigma Aldrich was purified by passing through a column filled with basic

)271

aluminum oxide to remove inhibitor. Tris(2-pyridylmethyl)amine (TPMA)~"" and a methacrylate

)272

having a pendant disulfide linkage (HMssEt)“'“ were synthesized as described elsewhere.

6.2.3 Synthesis of vinyl ether-Br (A1). Br-iBuBr (17.2 g, 74.9 mmol) was added dropwise
to a solution containing vinyl ether ethylene glycol (6 g, 68.0 mmol) and Et;N (8.2 g, 81.7 mmol)

dissolved in DCM (60 mL) in an ice bath for 20 min. The resulting mixture was stirred at room
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temperature for 5 hrs. After the removal of formed by-products (Ets;N-HBr adducts) by vacuum
filtration, additional DCM (150 mL) was added. The mixture was washed with brine (150 mL)
five times, and then dried over sodium sulfate. The evaporation of solvent yielded the product, a

dark yellow residue (14.5 g, 90%); Rr=0.93 on silica (6/4 v/v HE/EA).

6.2.4 Synthesis of Br-AC-SS-OH (A2). A1 (9.2 g, 38.9 mmol) was added dropwise to a
clear solution containing 2-hydroxyethyl disulfide (6 g, 38.9 mmol), PPTS (0.97 g, 3.89 mmol),
and anhydrous DCM (150 mL) in an ice bath for 20 min. The reaction mixture was stirred
vigorously for 6.5 hrs at room temperature, and then quenched by the addition of Et3N (1 mL).
After being washed with PBS (pH 7.4, 100 mL) three times, the product was purified by silica
gel column chromatography using HE/EA (6/4 v/v). The product, yellow oil, was collected as the
second of the total two bands off a silica gel column, yielding 6.4 g (42%); Rr=0.33 on silica
(6/4 v/v HE/EA).

6.2.5 General procedure for ATRP. Initiator, monomer (either OEOMA or HMssEt),
[Cu(IDTPMABr]|Br complex, TPMA, and anisole were mixed in a 25 mL Schlenk flask. The
mixture was deoxygenated by purging under nitrogen for 1 hr and then placed in an oil bath pre-
heated at 40 °C. A nitrogen pre-purged solution of Sn(II)(EH): dissolved in anisole (0.5 g) was
injected to initiate polymerization. Polymerization was stopped by cooling the reaction mixture

in an ice bath and exposing it to air.

Synthesis: A2 (260 mg, 0.66 mmol), OEOMA (4.0 g, 13.3 mmol), [Cu(Il)TPMABr|Br (1.71
mg, 33.3 umol), TPMA (29.0 mg, 0.10 mmol), Sn(I[)(EH), (0.10 g, 0.26 mmol), and anisole
(17.4 g) for P1-20; A2 (60 mg, 0.16 mmol), OEOMA (2.5 g, 8.0 mmol), [Cu(I[)TPMABTr|Br (4.3
mg, 8.0 umol), TPMA (7.3 mg, 25.0 umol), Sn(I)(EH)2 (270 mg, 0.067 mmol), and anisole
(11.0 g) for P1-50; A2 (30 mg, 83.3 umol), OEOMA (2.5 g, 8.33 mmol), [Cu(I)TPMABr]|Br
(2.1 mg, 4.17 pmol), TPMA (3.6 mg, 12.5 umol), Sn(II)(EH)2 (13 mg, 33.0 umol), and anisole
(11.0 g) for P1-100; P5 (0.12 g, 24.5 umol), HMssEt (0.3 g, 0.85 mmol), [Cu(I[)TPMABr]|Br
(0.62 mg, 1.22 pmol), TPMA (1.1 mg, 3.67 umol), Sn(I1)(EH)2 (4.0 mg, 9.79 umol), and anisole
(1.7 g) for P6; P8 (0.22 g, 28.6 umol), HMssEt (0.4 g, 1.14 mmol), [Cu(Il)TPMABr]|Br (0.73
mg, 1.43 pmol), TPMA (1.24 mg, 4.28 pmol), Sn(I1)(EH): (4.63 mg, 11.4 umol), and anisole
(2.2 g) for P9.
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For purification, the as-prepared polymer solution was diluted with acetone and passed
through a basic alumina column to remove residual copper species. The solvent was removed
under rotary evaporation at room temperature. The polymer was isolated by precipitation from

HE, and dried in a vacuum oven at room temperature for 15 hrs.

For kinetic studies, aliquots of the samples were taken periodically to follow monomer

conversion by 'H-NMR and molecular weight by GPC.

6.2.6 General procedure for RAFT polymerization. A RAFT agent, monomer (either
OEOMA or HMssEt), AMBN, and anisole were mixed in a 15 mL Schlenk flask. The mixture
was deoxygenated by purging with nitrogen for 1 hr and then placed in an oil bath pre-heated at
70 °C to initiate polymerization. Polymerization was stopped by cooling the reaction mixture in

an ice bath.

Synthesis: P2 (0.27 g, 45.7 umol), HMssEt (0.8 g, 2.28 mmol), AMBN (2.6 mg, 13.7 umol),
and anisole (1.3 g) for P3; and CPTP (0.14 g, 0.53 mmol), OEOMA (4.0 g, 13.3 mmol), AMBN
(30.8 mg, 0.16 mmol), and anisole (6.7 g) for P7.

For purification, the as-prepared polymer solutions were precipitated from HE. The

precipitates were dried in a vacuum oven at room temperature for 15 hrs.

For kinetic studies, aliquots of the samples were taken periodically to follow monomer

conversion by 'H-NMR and molecular weight by GPC.

6.2.7 Synthesis of P2. A solution of EDC (52 mg, 0.27 mmol) dissolved in anhydrous DCM
(15 mL) was added dropwise to a solution containing the purified P1-20 (0.8 g, 0.13 mmol),
Et3N (54 mg, 0.53 mmol), CPTP (69 mg, 0.24 mmol), and anhydrous DCM (80 mL) in an ice
bath. After being stirred for 24 hrs at room temperature, the resulting mixture was washed with
PBS solution (pH = 7.4, 100 mL) twice, and dried over sodium sulfate. The product was
precipitated from cold HE/Et,O (6/1 v/v) twice, and dried in a vacuum oven at room temperature

for 12 hrs, yielding a pink residue (0.7 g, 91%).

6.2.8 Synthesis of P4. A mixture containing the purified P1-20 (1.2 g, 0.24 mmol) and NaNj3
(0.4 g, 6.2 mmol) in DMF (15 mL) was immersed in an oil-bath pre-heated to 60 °C under
magnetic stirring for 1 day. After the evaporation of the solvent, the residue was dissolved in

chloroform (300 mL). The resulting solution was washed with PBS (pH = 7.4, 200 mL) twice,
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and then dried over sodium sulfate. After the evaporation of the solvent, the product was purified
by precipitation from HE and dried in a vacuum oven at room temperature for 12 hrs, yielding a

light green residue (1.1 g, 90%).

6.2.9 Synthesis of P5. Br-iBuBr (44.0 mg, 0.19 mmol) was added dropwise to a solution
containing P4 (0.25 g, 54.6 umol), Et3N (66.3 mg, 0.65 mmol), and anhydrous THF (30 mL) in
an ice bath. The reaction mixture was stirred for 4 hrs, and then filtered to remove the formed
EtsN-HBr adducts. After the evaporation of solvent, the residue was re-suspended in DCM (300
mL), washed with PBS (pH = 7.4, 150 mL) twice, and then dried over sodium sulfate. After the
evaporation of the solvent, the product was purified by precipitation from HE and dried in a

vacuum oven at room temperature for 12 hrs, yielding a light green residue (0.2 g, 87%).

6.2.10 Synthesis of P8. A solution of EDC (61.5 mg, 0.32 mmol) dissolved in anhydrous
DCM (5 mL) was added dropwise to a solution of P7 (0.6 g, 0.08 mmol), EtzN (40.5 mg, 0.40
mmol), and A2 (0.15 g, 0.4 mmol) dissolved in anhydrous DCM (7 mL) in an ice bath. The
reaction mixture was stirred for 24 hrs at room temperature, washed with PBS (pH = 7.4, 200
mL) twice, and dried over sodium sulfate. The product was precipitated from cold HE and dried

in a vacuum oven at room temperature for 12 hrs, yielding a pink residue (0.6 g, 93%).

6.2.11 Acidic pH-responsive degradation. A solution of polymer (10 mg) dissolved in
DMF (3 mL) was mixed with HCI (20 pL, 0.24 mmol) for 72 hrs. The degraded mixture was
characterized using GPC to follow any change in molecular weight and its distribution. For 'H-
NMR analysis, a solution of polymer (50.6 mg) dissolved in DMSO-ds (1.5 mL) was mixed with
DCI (0.19 mmol) for 24 hrs.

6.2.12 Reduction-responsive degradation. A solution of polymer (10 mg) dissolved in
DMF (2.5 mL) was mixed with DTT (5 mole equivalent to disulfide linkages in the polymer) for
24 hrs. The degraded mixture was characterized using GPC to follow any change in molecular

weight and its distribution.
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6.3 Results and discussion

6.3.1 Synthesis of Br-AC-SS-OH initiator (A2). Three different strategies that have been
explored in this work focus on the synthesis of a novel A2 initiator functionalized with an acetal,
a disulfide, a hydroxyl, and a bromine group. Scheme 6.1 depicts its synthetic approach with two
steps. The first step was the esterification of ethylene glycol vinyl ether with Br-iBuBr in the
presence of Et:N (a base) as described in the literature.’® This step enabled the synthesis of A1
at 90% yield. The second step was the coupling reaction of the purified A1 with 2-hydroxyethyl
disulfide in the presence of PPTS. A 1/1 mole equivalent ratio of Al to 2-hydroxyethyl disulfide
was designed to minimize the formation of a dibromide side product and facilitate the isolation
of A2 from unreacted 2-hydroxyethyl disulfide. The product (A2) was purified by column
chromatography at 42% yield. The structures of A1 and A2 were confirmed by NMR analysis:
'H (Figure 6.1), 13C (Figure D1 and D2), and COSY (Figure D3) NMR spectra.

o

Br)l><Br (o}
Ho/\/o\/ — 1 e BV%O/\/O\/
Et;N/DCM
Ethylene glycol (90%) A1
vinyl ether

HO\/\S,S\/\OH

o PPTS/DCM
42%
Br%o/\/o\ro\/\s,s\/\m_l ( )

A2

Scheme 6.1 Synthetic route to Br-AC-SS-OH (A2).
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Figure 6.1 '"H-NMR spectra of Al (a) and A2 (b) in CDCls.

6.3.2 Strategies to synthesize diblock copolymers. Given the successful synthesis and
characterization of A2 as an ATRP initiator, two strategies were explored to synthesize well-
controlled diblock copolymers that consist of POEOMA and PHMssEt blocks. As illustrated in
Scheme 6.2, two strategies differ with the utilization of both ATRP and RAFT polymerization
techniques for the strategy I and only ATRP for strategy II. To achieve this, the strategies require
employing facile coupling reactions to convert P1 precursor to either macro-RAFT agent or

ATRP macroinitiator.
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Scheme 6.2 Strategies I and II to synthesize well-defined diblock copolymers composed of
POEOMA and PHMssEt blocks.
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6.3.2.1 Synthesis of P1 and investigation of ATRP kinetics. The first step for both
strategies I and II is the ATRP of OEOMA in the presence of an A2 initiator to synthesize a
well-controlled POEOMA-AC-SS-OH (P1) homopolymer. The initial mole ratio of
[OEOMA]o/[A2], can be defined as the DP of POEOMA when monomer conversion is
complete. Here, the ratio was varied with 20/1, 50/1, and 100/1 (P1-20, P1-50 and P1-100,
respectively) under similar conditions for ATRP. To investigate their kinetics, aliquots were
taken periodically during polymerization to determine monomer conversion by 'H-NMR and
molecular weight and its distribution by GPC. As seen in Figure 6.2a, all three polymerizations
were first order, indicating a constant concentration of active centers during the polymerizations.

Polymerization was faster in the order of the [OEOMA]./[A2], = 20/1>50/1>100/1, which is
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consistent with the increasing order of A2 initiator concentration. Note that the rate of ATRP is
proportional to the concentration of the ATRP initiator. Molecular weight increased
monotonically with conversion, and dispersity remained low, D <1.2 up to 65% monomer
conversion (Figure 6.2b). GPC traces evolved to a high molecular weight region over time
(Figure D4). However, the molecular weights of P1 homopolymers determined by GPC,
calibrated with PMMA standards, appeared to deviate from theoretically-calculated ones over
conversions. Such difference is due to the different hydrodynamic volume of POEOMA,
compared with PMMA standards. Overall, these results with first-order kinetics, linear increase
of molecular weight, and narrow dispersity over conversion suggest that the ATRP of OEOMA
in the presence of A2 is well-controlled, enabling the synthesis of well-defined P1 polymers with

various DPs and narrow molecular weight distributions.
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Figure 6.2 First-order kinetic plot over time (a) and evolution of molecular weight and
molecular weight distribution over conversion (b) for ATRP of OEOMA in the presence of A2
initiator, with various initial mole ratios of [OEOMA]./[A2], = 20/1, 50/1, and 100/1. The
straight lines in (b) are theoretically calculated My values at conversion. Conditions for ATRP:
[A2]o/[Cu(IT)Br2]o/[TPMA]/[Sn(IT)EH2], = 1/0.05/0.15/0.4 in anisole at 40 °C, OEOMA/anisole
=0.23 wt/wt.
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The formed polymers were purified by passing through a basic aluminum oxide column to
remove Cu and tin species, followed by precipitation from HE to remove unreacted OEOMA
monomers. As seen in Figure 6.3a, "H-NMR spectrum of the purified P1-20, as an example,
shows the peaks at 4.8 ppm (e) corresponding to a methine proton of acetal group, 2.9 ppm (f
and g) corresponding to four methylene protons adjacent to disulfide linkage, and 0.8-1.1 ppm
(a) corresponding to the backbone methyl protons. Their integral ratios [(a/3)/(f +g/4)] were used
to determine the DP of POEOMA block for P1-20 to be 14. GPC analysis indicates the purified
P1-20 had the M, = 6.7 kg/mol and D = 1.14 (Figure D5). The other two P1 polymers (P1-50 and
P1-100) were also characterized in similar ways and the results are summarized in Table 6.1.
Note that the DPs of POEOMA blocks determined by "H-NMR analysis are close to the
theoretically-calculated values.

Table 6.1. Characteristics and properties of P1 homopolymers synthesized by ATRP of OEOMA
in the presence of A2.9

Time DP M9
P1 [OEOMA]/[A2]0 (hrs) Conv® Thoo?  NMR_ (kg/mol) 9
P1-20 20 3 0.59 12 14 6.7 1.14
P1-50 50 49 0.62 31 32 11 1.11
P1-100 100 5.2 0.56 56 61 17.3 1.08

a) Conditions for ATRP: [A2]o/[Cu(I)Br2]o/[TPMA]o/[Sn(IT)EH2], = 1/0.05/0.15/0.4 in anisole
at 40 °C, OEOMA /anisole = 0.23 wt/wt; b) Determined by 'H-NMR; ¢) DP (theoretical) =
[OEOMA],/[A2]o xconversion; d) Determined by GPC with PMMA standards.

6.3.2.2 Strategy I (ATRP-RAFT). Given the synthesis of well-defined P1-20 by ATRP, the
next step for the strategy I is the EDC-mediated coupling reaction of the terminal hydroxyl (OH)
group of P1-20 with the carboxylic acid of CPTP (a RAFT agent) in presence of Et;N as a
catalyst, to synthesize P2, a POEOMA-based macro-RAFT agent. The product was precipitated
from a mixture of HE/Et>O (6/1 v/v) to remove excess CPTP from P2. 'H-NMR in Figure 6.3b
shows the appearance of the new peaks at 7.3-7.9 ppm (h) corresponding to aromatic protons in
CPTP moieties. Combined with a change in color from white to pink, the 'TH-NMR analysis
suggests the successful conjugation of CPTP to P1. Then, the purified P2 was used as a macro-
agent for RAFT polymerization of HMssEt, initiated with AMBN (an azo-type initiator) to
synthesize POEOMA-AC-SS-PHMssEt (P3) block copolymer. With the initial mole ratio of
[HMssEt]o/[P2 initiator], = 50/1 in anisole at 70 °C, the polymerization was stopped at 79%

monomer conversion. After being purified by precipitation from hexane, the product was
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analyzed by "H-NMR and GPC. 'H-NMR of P3 in Figure 6.3¢c shows the presence of pendant
methylene groups adjacent to disulfide linkages at 1.3 ppm (p) and pendant OEO moieties at 3.4-
3.7 ppm (EO). Using the integral ratio of the peak (c) and the peak (p), with the DP of POEOMA
block = 14, the DP of PHMssEt block was determined to be 48. GPC analysis indicates that GPC
traces evolved to high molecular weight region, with M, = 14.0 kg/mol and P = 1.24 (Figure

DS5). The characteristics and properties of the P3 block copolymer are summarized in Table 6.2.

The RAFT polymerization kinetics of HMssEt in the presence of P2-macro-RAFT agent
was studied. As seen in Figure 6.4, the polymerization was well-controlled. Polymerization was
first-order after an induction period of 30 min, which is due to the slow establishment of RAFT
equilibrium. Molecular weight evolved to high molecular region over conversion, and dispersity
remained low (P < 1.2 ) during polymerization. Furthermore, the possible activation of bromine
end groups of the P2 macro-RAFT agent under RAFT polymerization condition at 70 °C could

not be significant. 3% 30

These results suggest that the strategy I composed of three steps in the order of 1) ATRP,
2) carbodiimide-coupling reaction, and 3) RAFT polymerization enables the synthesis of well-
controlled block copolymers consisting of a POEOMA block covalently linked to a PHMssEt
block through a spacer functionalized with dual acetal and disulfide linkages, thus POEOMA -
AC-SS-PHMssEt diblock copolymer.
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