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Abstract

The delivery of lipophilic active pharmaceutical compounds to disease sites continues to be an
active area of research due to their poor aqueous solubility and biological stability. The self-
assembly of amphiphilic diblock copolymers into micellar nanoparticles has historically enabled
the encapsulation of such drugs by solubilizing and stabilizing them within their hydrophobic cores,
while hydrophilic coronae provides micelles with aqueous solubility and biological stealth.
Miktoarm star polymers are branched architectures in which at least three polymeric arms emanate
from a central core junction, and in which at least two of those arms are dissimilar. Such branching
architectures form micelles with lower critical micelle concentrations (CMC), higher overall drug
loading contents, and more sustained drug release profiles. The synthesis of miktoarm stars has
traditionally been carried out by a combination of arm-first and core-first methodologies, in which
polymer segments are synthesized first and then grafted to a central core molecule, or in which a
heteromultifunctional core is used to initiate the polymerization of different arms respectively.
Complications arising from low grafting efficiencies in arm-first methods, and difficulties in
selecting different compatible functional groups for polymerization in core-first methods have
prompted chemists to use a mixture of these two methods. The simplification of synthetic methods
has helped enhance the scope miktoarm stars for applications in biology.

The goals of this thesis were the synthesis of autogenous stimuli-responsive AB, (A =
polycaprolactone (PCL), B = poly(ethylene glycol) (PEG)) miktoarm star polymers using a mixed
arm- and core-first methodologies, a detailed evaluation of their self-assemblies, and the
development of drug delivery formulations that promote targeting, and decrease off-targeting. We
demonstrated that a combination of ring opening polymerization and Steglich esterification can be
used to generate modular “building blocks”, which consist of polymer segments with or without
incorporated thioketal and disulfide moieties. The latter are responsive to reactive oxygen species
(ROS) or glutathione (GSH) respectively. We demonstrated that the combination of such PEG-
and PCL-based building blocks, coupled through efficient copper-catalyzed alkyne-azide
cycloaddition (CuAAC) “click” reactions, can greatly simplify the construction of miktoarm stars
with different compositions and the pre-determined position based incorporation of stimuli-
responsive entities. Tissues surrounding disease sites are associated with high levels of

extracellular ROS, while GSH is overproduced intracellularly. Considering this redox gradient,



thioketal and disulfide units were placed in spatially disparate locations near PEG chain ends or
adjacent to the miktoarm polymer core junction. ROS-induced oxidative cleavage of thioketal
moieties located along PEG backbones facilitates partial outer corona shedding in miktoarm stars
self-assembled into micelles, thereby subtly increasing the release of loaded drugs, while keeping
micelles intact. Micelles that are taken up intracellularly are exposed to heightened GSH
concentrations that can reduce disulfide linkers at miktoarm polymer junctions, resulting in
micellar collapse and a significant increase in drug release. This combination of stimuli presents a
novel response pathway, through which nanodelivery particles can increasingly promote drug
release, as they accumulate at diseased sites and are subsequently taken up by cells. It was also
demonstrated that free thiol moieties, which become exposed on micellar surfaces following ROS-
induced thioketal cleavage, can further oxidatively couple with each other in a ROS environment,
thereby forming micellar networks. Micelles of small (<200 nm) diameters that distribute to
tumours through the surrounding leaky vasculature can more efficiently be retained at these disease
sites through such network formation, thus promoting drug delivery with decreased off-site

targeting.



Résumé

La livraison d’ingrédients pharmaceutiques actifs hydrophobes aux sites de maladies continue
d'étre un domaine de recherche actif en raison de leur faible solubilité aqueuse et de leur stabilité
biologique. Historiquement, l'auto-assemblage de copolymeéres amphiphiles en nanoparticules
micellaires a permis I'encapsulation de ces produits pharmaceutiques en les solubilisant et en les
stabilisant dans les noyaux hydrophobes, alors que les couronnes hydrophiles conférent aux
micelles la solubilité aqueuse et la furtivité biologique. Les polymeres « miktoarm » sont des
architectures ramifiées dans lesquelles au moins trois bras polymériques émanent d'une jonction
centrale et dans lesquelles au moins deux de ces bras sont différents. Les architectures ramifiées
s'assemblent en micelles avec des faibles concentrations micellaires critiques (CMC), un indice
élevé de saturation de médicament et des taux de libération de médicament plus prolongés. La
synthése des polymeéres miktoarm a été conventionnellement réalisée par une combinaison de
méthodologies dites « bras en premier » et « noyau en premier », dans lesquelles les segments
polymeres sont synthétises puis greffés sur une molécule centrale, ou dans lesquels un noyau
hétéromultifonctionnel est utilisé pour initier la polymérisation de bras polymériques différents
respectivement. Les complications qui résultent de la faible efficacité de greffage dans les
méthodes bras en premier et les difficultés dans la sélection de groupes fonctionnels différents qui
sont compatibles pour la polymérisation avec une méthode noyau en premier ont incité les
chimistes a utiliser un mélange de ces deux méthodes. La simplification des méthodes de synthese

a aidé a améliorer I'utilisation des polymeres miktoarm pour des applications en biologie.

Les objectifs de cette these étaient la synthese et I'évaluation des polymeéres miktoarm AB; (A =
polycaprolactone (PCL), B = polyéthylene glycol (PEG)) sensibles aux stimuli autogenes en
utilisant une méthodologie mixte de bras en premier et noyau en premier, une évaluation de leurs
auto-assemblages et le développement de formulations d'administration de médicaments qui
favorisent le ciblage et réduisent le hors-ciblage. Nous avons démontré qu'une combinaison de
polymeérisation par ouverture de cycle et d'estérification de Steglich a été utilisée pour synthétiser
des « blocs de construction » modulaires, qui sont constitués de segments polymeriques avec ou
sans des groupes fonctionnels thiocétal et disulfure. Ces derniers sont sensibles respectivement
aux dérivés réactifs de I'oxygéne (DRO) et au glutathion (GSH). Nous avons démontré que la

combinaison des blocs de construction a base de PEG et PCL, conjugués par des cycloadditions



alcyne-azoture catalysées par du cuivre (), peut simplifier la construction des polyméres miktoarm
et I'incorporation d'entités sensibles aux stimuli. Les tissus entourant les sites de la maladie sont
associés avec des niveaux élevés de DRO extracellulaires, tandis que le GSH est surproduit a
I'intérieur des cellules. En raison de cette différence d'oxydoréduction, les groupes thiocétal et
disulfure ont été placés a des emplacements spatialement éloignés pres des extrémités de la chaine
de PEG ou a c6té de la jonction du noyau polymere miktoarm. Le clivage oxydatif induit par les
DRO des groupes thiocétaux situés le long de la chaine de PEG a causé une perte partielle de la
couronne dans les polymeres miktoarm auto-assemblés en micelles, accélérant ainsi subtilement
la libération des médicaments chargés, tandis que les micelles restent assemblées. Les micelles qui
sont absorbées dans les cellules sont exposées a des concentrations élevées de GSH qui peuvent
réduire les liaisons disulfures aux jonctions polymeres miktoarm, résultant en un désassemblage
micellaire et une augmentation significative de la libération des médicaments. Cette combinaison
de stimuli présente une nouvelle voie de réponse, avec laquelle les nanoparticules peuvent de plus
en plus favoriser la libération de médicaments lorsqu'elles s'accumulent dans des sites malades et
sont ensuite absorbées par les cellules. Il a également été démontré que les groupes thiol libres,
exposeés sur les surfaces micellaires apres un clivage thiocétal induit par les DRO, peuvent se lier
par oxydation et former des réseaux micellaires. Les micelles de petits diametres <200 nm qui
peuvent déplacer vers les tumeurs a travers le systeme vasculaire poreux environnant peuvent étre
conservées plus efficacement sur les sites de la maladie grace a la formation d'un réseau, favorisant

la livraison de médicaments avec une réduction du ciblage hors-site.
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Chapter 1: Miktoarm star polymers: Branched architectures in drug
delivery

Abstract

Delivering active pharmaceutical agents to disease sites using polymeric soft nanoparticles
continues to be a topical area of research. It is becoming increasingly evident that the composition
of amphiphilic macromolecules plays a significant role in developing efficient nanoformulations.
Branched architectures with asymmetric polymeric arms emanating from a central core junction
have provided a pivotal venue to tailor their key parameters. The build-up of miktoarm stars offers
vast polymer arm tunability, aiding in the development of macromolecules with adjustable
properties, and allows facile inclusion of endogenous stimulus-responsive entities. Miktoarm star-
based micelles have been demonstrated to exhibit denser coronae, very low critical micelle
concentrations, high drug loading contents, and sustained drug release profiles. With significant
advances in chemical methodologies, synthetic articulation of miktoarm polymer architecture, and
determination of their structure-property relationships, are now becoming streamlined. This is
helping advance their implementation into formulating efficient therapeutic interventions. This
review brings into focus important discoveries in the syntheses of miktoarm stars of varied
compositions, their aqueous self-assembly, and contributions their formulations are making in

advancing the field of drug delivery.

1.1 Introduction

A majority of active pharmaceutical agents fail to provide expected relief upon administration as
90% of drugs in the discovery pipeline have very poor water solubility and low bioavailability.!3
These and other related shortcomings, including untargeted accumulation and systemic toxicity,
have necessitated the development of nanocarriers for efficient therapeutic interventions. In
particular, much progress has been made in the development of polymeric soft nanoparticles over
the last 30 years, and it has contributed significantly to enhancing drug solubility, stability, long
circulation times, and targeting specific locations in the body.* To achieve a free energy minimum,
amphiphilic polymers with distinct hydrophilic and hydrophobic blocks self-assemble in an
aqueous medium, into a range of supramolecular structures, including micelles and

polymersomes.> © Such nanoparticles can accumulate at disease sites using the enhanced



permeation and retention (EPR) effect,” resulting from the porous leaky vasculature typical of

unhealthy cancerous tissue and its deficient lymphatic drainage.%-*2

Micelles are supramolecular assemblies that constitute the majority of polymeric nanocarriers, and
are characterized by their distinct core-corona build-up. The outer hydrophilic corona contributes
to the solubility and stability of micellar structures in aqueous media,® and in the majority of the
nanoparticles, it is almost exclusively composed of, or based on, poly(ethylene glycol) (PEG).
PEG owes its ubiquity to its ability to confer aqueous solubility, stealth, and compatibility with
biological systems by avoiding immunogenic response and premature elimination.* Using their
hydrophobic cores, micelles can load a variety of cargo, including small hydrophobic drugs and
biomolecules. A key parameter which is intrinsic to the function of polymeric micelles as drug
delivery vehicles is the critical micelle concentration (CMC). At concentrations below their CMC,
amphiphilic polymers are disordered. At concentrations at or above the CMC, the continued
addition of amphiphiles leads to the formation of their self-assemblies (micelles). Upon
administration and introduction into the aqueous biological environment (typically blood),
micelles are subject to immense dilution, and low CMCs are required for long circulation times.*
13 Micellar drug delivery formulations based on diblock or graft copolymers generally have CMC
in a range of 10* - 107 M.} Another parameter of importance is the micelle size, which is
typically expected to be below 200 nm. Given the vasculature and tissue pore sizes, such small
diameters can significantly improve micellar circulation and biological distribution, and aid in

disease site targeting due to the EPR effect,10-12

One of the more fascinating and advantageous approaches to improving polymer-based drug
delivery has come from adjusting the architecture of polymeric backbones. Miktoarm polymers
(sometimes known as heteroarm star polymers) are a class of star polymers with asymmetric
branching in which there are at least 3 branching strands originating from a shared core.'® 1° Their
compositions differ from slight variations in molecular weight, to having completely different
repeating units and chemical configurations. Due to their asymmetry, miktoarm variants are
categorized in the form: AxByC,, where A, B and C are examples of polymeric chains, and the
subscript denotes their number (Figure 1.1). The branching architectures of miktoarm polymers
have contributed distinct properties to their aqueous self-assemblies, compared to those from their

linear diblock copolymer counterparts, including very low CMCs, smaller sizes, and most



importantly the ability to encapsulate large amounts of drug molecules.?>?® In addition, the
tunability offered by having multiple branching segments has led to the synthesis of a variety of
micelle structures that incorporate polymeric arms with stimulus-responsive units and biological
targeting moieties. These are in addition to conferring aqueous solubility and maintaining micelle
stability. Table 1.1 below provides a brief summary, in chronological order of their discovery, of
the different types of miktoarm polymeric architectures and their assemblies, used for the delivery
of a variety of pharmaceutics.?! % 2 It shows the diversity in their composition, and the potential

of targeting these formulations to desired sites through the introduction of various stimuli.

g\ “%“

AB, ABC A,B,C
AA'B, ABCD AsBs

Figure 1.1. Miktoarm polymer architectures of varied compositions.

Table 1.1. Miktoarm star polymers in drug delivery

Polymeric Encapsulation Loading
y . Architecture  Stimulus Cargo __p Capacity Year Citation
arms Efficiency (%)
(%)
PNIPAM P i
' AB, | Temperature| Droanisone 277 N/A 2006 27
PUA acetate
2006
PEG, PCL, . '
PoV/P ABC pH Nile Red N/A N/A 2009 28-30
2012
PMMA, Prednisone
PNIPAM ABg Temperature acetate 55 N/A 2007 31



PEG,
PTMC
PEG, PCL
PEG,
PLLA
PEG,
PLLA,
PDLA
PCL, PEG
PEG, PCL

PEG, PCL

PNIPAM,
PLL
PEG, PS,
PCL

PEG, PCL

PEG,
Niacin,
BODIPY
PEG, PCL,
TPPBr

PEG, PHis

PCL, PEG,
PLL
PAzo,
PDEAA
PEG, PCL
PCL,
PBLA,
PEG
PEG, PCL,
TIF
PCL,
PDEAEMA-
co-PPEGMA
PCL,
PDEAEMA-
co-PPEGMA

AB;
A:B;
AB;

ABC, AB;

AuB;
AB

AByo
AB:
ABC

AB:,
A(BA),

A:B, ABC

ABC

AB;

ABC

AB3

AB

ABC

ABC

A(BC);

A3(BC)3

pH

UV light,
Temperature

pH

pH

Indomethacin

Ibuprofen
Doxorubicin
Hydrochloride

Paclitaxel

Ibuprofen
Nimodipine
Prednisone

acetate

Prednisone

acetate

Disperse Red
1

Rhodamine B
isothiocyanate-

Dextran

Niacin

Coenzyme
Q10
5(6)-

carboxyfluores
cein

Paclitaxel,

plasmid DNA

Nile Red

Curcumin

Doxorubicin

Curcumin

Doxorubicin

Doxorubicin

27.3-56.6
26.8-89.7
72

N/A

7.7-46.0
23-70

21.1-44.5

18.6-21.4

N/A

40-57

N/A

83-85

N/A

N/A

N/A
48.5-65.0

56.2

39.2-55.9

N/A

29.4-71.4

9.1-21.4
7.3-20.3
N/A

5.0-11.6

2.3-13.8
2.3-7.0

2.1-43
2.1-25

04-21

N/A

N/A

8.3-8.5

0.92-
1.42 uL
mg!

5.0

N/A
4.6-6.5

11.2

3.9-5.6

10

9.5-19.6

2008
2009
2009

2009

2010
2010

2010
2010

2010

2011

2011
2012
2012
2014
2013

2013
2014

2014
2014

2014

2014

32
33
34

35

36
24

37

38

39

40

41

42

43, 44

45

46
47

48

49

50

51



PEG, PGA

PAzo, PEG
PEG, PCL
PCL, PEG

PEG, PAA,
PCL

PEG, PEG-
b-PCL

PEG,
PMMA
PCL, PCL-
b-PEG
PEG, PCL
PEG,
PHLG
PEG,
P(MMA-
co-MAA)
PCL,
P(MAA-
co-MMA)
PEG,

gPDMAEMA

PPEGMA,
PMMA,
PNIPAM
PEG,
PNBM,
PNIPAM

PEG, PGA
PVDF, PS,
PEG
PCL,
POEGMA

PEG, PCL

AB; pH
AB3 UV light
AB;
ABs
ABC pH
A(AB)3
Az(AB), Redox
As(AB)
AB; Redox
A(AB)3
AB;
AsB23 CCS
AB; pH
AsBs pH
pH, lonic
AB
! strength
(BA)(AC), Temperature
ABC UV light,
Temperature
AB3
(AB)2C:
AzB, A:B,
ABs, AsB
AB;

Doxorubicin

Nile Red,
Rhodamine B
Doxorubicin

Curcumin

Naproxen

Camptothecin

Methotrexate

Doxorubicin
Doxorubicin

SiRNA

Methotrexate

Doxorubicin,
Camptothecin

Rhodamine B,
FITC-dextran

Celecoxib

Nile Red

Lysozyme

Nile Red
Doxorubicin

Curcumin,
Methotrexate

16.2-

N/A 18.2
N/A N/A
416-727  6.1-16.1

11.4-
17.3-27.6 a3
58.2-72.8  9.7-12.1

N/A 3.6-10.8
64 16
528546 8891
24.7 5.6
N/A N/A
10.3-
48.7-82.3 e
DoOX: 4260 DX
CPT: 6 14-20
: CPT: 2
N/A N/A
N/A 8.8
N/A N/A
N/A N/A
N/A N/A
343629 4481
CUR: 938  CUR
I 14.1
: MTX:

2014

2014
2015
2015

2015
2015

2015

2016
2016
2016

2016

2016
2016
2016
2017
2017
2018
2018

2018

2018

52

53
54
55

56

57

58

59
60
61

62

63

64

65

66

67, 68

69

70

71



MTX: 72.9- 10.9-

75.7 11.4
PLLA, .
PNAM AB; Doxorubicin 55.6-78.7 9.4-13.6 2018 72
PEG, PLL AB; Redox pDNA N/A N/A 2018 73
Ceb:
Chlorin e6 Ceb: 77.7- 15.5-
PEG, PCL AB; Redox Doxorubici’n 82.1 DOX: 16.4 2018 74
16.2-29.2 DOX:
3.2-5.8
PIP_ISC? AB; Ibuprofen 51.5-76.5 1.7-7.0 2019 75
PEG, PGA AB3 Lysozyme N/A N/A 2019 76
OA, PEG AB: pH Vancomycin 39.6 3.6 2020 7
PEG, PCL AB; Baicalein 94.3-94.7 12.4 2020 78

!Polymer segment order corresponds to the order of letters in the Architecture column

1.2. Synthetic Approaches to Miktoarm Star Polymers

Given the asymmetric nature of miktoarm stars, their construction requires careful selection of
high yield methodologies for the build-up of individual arms on a branched core. Akin to the
divergent and convergent synthetic methodologies pioneered by Tomalia and Fréchet for the
synthesis of hyperbranched dendrimers,”® & the construction of branched miktoarm polymers can
be mostly broken down to two methods: arm-first and core-first (Figure 1.2). These involve the
independent synthesis of separate polymeric arms before attachment to a core molecule, or
polymerization initiated on a hetero-multifunctional core respectively.?* Depending on the
necessary reaction conditions, cores may be functionalized separately, or have certain moieties
blocked, in order to initiate polymerization from specific locations. Alternatively, in arm-first
approaches, pre-synthesized polymers with conjugating end moieties can be coupled to these cores
using esterification/amidation-based coupling, or, more recently, “click” chemistry.8! Both arm-
first and core-first methods present their own advantages depending on whether a miktoarm
polymer is densely branched, requires precise arm lengths, needs to be synthesized with ease, etc.
However, it has become more common recently to assemble miktoarm stars using a mixture of
arm- and core-first approaches. Such an approach can best accommodate varied conditions
required for the construction of desired branched architectures. For example, considering that one

of the most widely studied applications of miktoarm polymers is in biology, and especially as soft



nanoparticle-based drug delivery, PEG has become an increasingly featured component of
miktoarm polymers. Thus, it is often much simpler to purchase PEG of a desired molecular weight,
modify it to contain a reactive end group, and couple it to cores which have been used for the

initiation of hydrophobic polymer polymerization,32-37:40.41
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Figure 1.2. Examples of core-first synthesis (left) and arm-first synthesis (right) with examples
of functionalities, monomers, and polymers.
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1.2.1 Chlorosilane Based Synthesis

Hadjichristidis and coworkers were the first to prepare polymers with asymmetric branching based
on an arm-first method using chlorosilane cores.®?8” Dubbed “miktoarm” after the Greek word
pktog (miktos) or “mixed”, these polymers had a variety of branches emanating from a single
core. More specifically, the first example of such a polymer was a construct made of polyisoprene
(PI), polystyrene (PS), and polybutadiene (PB). Due to the increasing reactivity of the polymer
anion termini in the order of PB > P1 > PS, and the steric hindrance that follows the opposite trend,

the miktoarm synthetic methodology was designed such that P1 (with intermediate reactivity)

7



would first be linked to a large excess of a chlorosilane core. Then, relying on the inability of the
second PS arm to undergo complete reaction with Pl-linked chlorosilane, PS was attached second,
followed by excess PB which would undergo complete exchange with the remaining CI on the
chlorosilane core (Scheme 1.1).88

CI\ _/CI
/S\

Cl
Cl
WGLQ _owees N3i<
™! "}

S N
Li i
Nsi/CI + m-1 ns‘l m
n ‘\ O O )
Cl

K@&[ ?
MQ i + W/\@Li@) - > n Si\ .
cl o
/

Scheme 1.1. Development of an ABC miktoarm polymer based on PI, PS, and PB, using the
chlorosilane method.
While this PB-PI-PS star, as described above, is mostly recognized as the first synthesized
miktoarm polymer, a few years prior to this, Pennisi and Fetters had reported A>A’ polymers based
on PS and PB arms with differing molecular weights, synthesized using a chlorosilane core-based
approach.®® Then in 1990, an AB.-type miktoarm polymer was prepared by the single grafting of

PS end-capped with chlorosilane, onto the middle of a P1 chain.®

latrou and Hadjichristidis further took advantage of relative polymer chain reactivities to
synthesize a variety of branched polymers. Using a tetrachlorosilane core, they were able to
sequentially add anionic PS, poly(4-methyl styrene) (P4MS), PI, and PB lithium salts, following
each step with a titration, and confirming the ABCD miktoarm star end product via size exclusion
chromatography (SEC). By swapping the middle components in the sequential addition with PS
and PB respectively, an A,B2 miktoarm polymer was prepared.®



Due to the possible manipulations of chlorosilane cores in developing miktoarm architectures,
more methodologies soon followed. While many of these included alterations of polymer addition
onto trichlorosilane or tetrachlorosilane cores,”"® one of the more interesting examples was the
synthesis of an AgBs (A = PS, B = PI) miktoarm polymer based on a core with 16 active
chlorosilane bonds (called Si-Clig for simplicity). This core was synthesized by transforming a
tetravinylsilane initial core with methyldichlorosilane using vinylmagnesium bromide. PS, which
was made into a living polymer chain with BuLi, was carefully reacted with Si-Clis to produce
PSs-(Si-Clg). After product confirmation by SEC, the remaining chlorosilane bonds were used to
link living PI chains to yield a PSgPls miktoarm polymer.®® Hadjichristidis and coworkers later
used a different chlorosilane linker containing 6 Si-Cl bonds, 1,2-bis(trichlorosilyl)ethane, as the
core for an ABs (A = PS, B = poly(2-methyl-1,3-pentadiene) (P2MP)) miktoarm polymer. To
avoid multiple PS conjugations, a living PS chain was slowly added dropwise to the core in
solution after which P2MP was used to completely react with the remaining chlorosilane bonds.1®
Chlorosilane based synthesis has found great success over the years, and it paved the way for other
miktoarm polymers. This methodology is well suited for the introduction of nonpolar polymeric
chains, and has largely been used with chains that have living anionic ends.

1.2.2 Core-First Synthesis

This methodology, as the name suggests, involves initiating polymerization from a core, and
incorporates standard polymerization techniques that do not involve coupling or conjugation of
separately synthesized polymeric chains. It includes methods such as atom transfer radical
polymerization (ATRP), reversible addition-fragmentation chain transfer (RAFT),
anionic/cationic polymerization, and ring opening polymerization (ROP). A notable early example
demonstrating the flexibility and power of core-first methods was the synthesis of a trifunctional
initiator molecule, with a (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) group for the stable
free radical polymerization (SFRP) of styrene, a bromoisobutyrate for ATRP of t-butyl acrylate,
and a free OH for ROP of caprolactone (Scheme 1.2).1%! Each of these polymerization methods
could be applied to a wide variety of different monomers. For example, substituting caprolactone
with ethylene oxide for ROP would yield a PEG chain in the place of PCL, thus making an

amphiphilic miktoarm polymer suitable for aqueous self-assembly.
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Scheme 1.2. Core-first synthesis of an ABC miktoarm polymer (A = PCL, B = PS, C = PtBA)

from a multifunctional core, using varied polymerization techniques.
Core-first synthesis has also been used to prepare amphiphilic miktoarm polymers for drug
delivery. A series of A:B, A:B», ABz, and AsB (A = polycaprolactone (PCL), B =
poly(oligo(ethylene glycol) monomethyl ether methacrylate) (POEGMA)) miktoarm polymers,
were synthesized from pentaerythritol and 1,1,1-tris(hydroxymethyl)ethane, tetrafunctional and
trifunctional cores bearing 4 or 3 hydroxyls, respectively. Protecting/deprotecting strategies were
used to functionalize these cores with a-bromoisobutyryl bromide, an ATRP initiator.
Unfunctionalized OH positions were then used to initiate the polymerization of caprolactone, after
which ATRP of OEGMA was carried out at the remaining Br activated positions. The miktoarm
polymers were found to have no significant cytotoxicities, could be self-assembled into micelles,
and were able to efficiently encapsulate and deliver doxorubicin (DOX) to cells. Interestingly, the
most hydrophobic PCLsPOEGMA derived micelles had the lowest CMC, the highest DOX
encapsulation efficiency, and the best therapeutic efficiency for DOX release.”

Core-first methods are compatible with a variety of polymerization reactions. An AB: (A = poly(L-
lactide) (PLLA), B = poly(N-acryloylmorpholine) (PNAM)) miktoarm polymer was prepared
using a 1,1,1-tris(hydroxymethyl)ethane core, as in the above study. However, 2-bromopropionyl
bromide and potassium ethyl xanthogenate were sequentially coupled onto two of the core’s
hydroxy groups, to yield a multifunctional core containing two RAFT initiating groups and a free
hydroxy group. The latter was employed to initiate the ROP of L-lactide, and subsequently the two
RAFT initiating ends were used for the polymerization of N-acryloylmorpholine to give the final
AB; polymer (Scheme 1.3).”? Since most amphiphilic polymers use PEG to confer aqueous
solubility, PNAM is an interesting substitute noted for its low cytotoxicity, and promising

properties including its high aqueous solubility and low cytotoxicity.1%% 103

10
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Scheme 1.3. Core-first synthesis of an AB, miktoarm polymer (A = PLLA, B = PNAM) from a

multifunctional core using ROP and RAFT.
In another study, a “macro-core” was used to couple methoxy PEG to a highly branched
polyglycerol (PG). The ROP of caprolactone was then performed using the PG terminal hydroxy
ends as initiators to yield an AB1o (A = PEG, B = PCL) miktoarm polymer, with good loading
efficiency and sustained release of prednisone acetate, an adrenocortical hormone drug.®” The
methodology used in this procedure can be argued to be of a mixed type, and in fact, most
miktoarm polymer syntheses in drug delivery do use a combination of core-first and arm-first
methods. Due to the complexity in preparing hetero-multifunctional cores for polymerization
initiation without side reactions, mixed methodologies are often more practical.
1.2.3 Arm-First Synthesis
Arm-first syntheses generally comprise methodologies in which polymer chains are individually
prepared, and then attached to a single core. In fact, the chlorosilane-based miktoarm polymers
described above belong to arm-first methodology. This approach is advantageous due to the great
control over the properties of individual chains, and the freedom to use reaction conditions that
would normally be incompatible in the presence of other polymers. The most important aspect of
these syntheses is the necessity to use a coupling or conjugation reaction to link a completed
polymer chain to the core. This can generally be achieved using i) a condensation reaction between
a terminal alcohol/amine and acid; and ii) “click” coupling chemistry. Due to the unlikelihood of

complete reaction between polymer terminal ends, which can generally be associated with steric
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factors, condensations are conducted using catalysts. For example, Steglich famously described an
esterification procedure that uses a combination of dicyclohexylcarbodiimide (DCC) and 4-

dimethylaminopyridine (DMAP) as a coupling reagent and catalyst respectively.1%

Depending on the reaction conditions, necessary workup, and catalyst solubility, a variety of
combinations of coupling reagents have been employed, including but not limited to: 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC), N,N’-Diisopropylcarbodiimide (DIC), DCC, N-
Hydroxysuccinimide (NHS), 1,4-Dimethylpyridinium p-toluenesulfonate (DPTS), and DMAP.
For example, an AB, miktoarm polymer was prepared with two PEG segments conjugated to a
benzyl core using click chemistry, and niacin coupled to the benzyl alcohol on the core, using
EDC/DMAP coupling chemistry. The niacin conjugated structure was seen to localize within
cellular lipid droplets (LD), and inhibit the activity of the LD-localized enzyme, DGAT2.%
Another AB2 (A =PEG, B = PLLA) miktoarm polymer was synthesized by first activating an acid-
terminated PEG with NHS/DCC, to couple it with the free amine of serinol, thereby providing a
PEG-core structure where the core has two free hydroxy groups available for ROP. L-Lactide was
subsequently polymerized using these terminal alcohols as initiators to give the final miktoarm

polymer.34

Click coupling is the other widely used form of chemical conjugation applied in developing
miktoarm polymer architectures. The term “click chemistry”, while having older roots, is now
widely used to refer mainly to the copper-catalyzed alkyne-azide cycloaddition (CuAAC) coupling
reaction, first demonstrated by Sharpless.'% Due to this reaction’s atom economy, tendency to only
form the 1,4 isomer, complete or near-complete reaction progression, tolerance of other functional
groups, and capacity to be adapted into an immense variety of reaction conditions, it has found
significant usage in polymer coupling, in general.8 An example of its use in miktoarm polymer
synthesis can be found in one of the first miktoarm polymers used in drug delivery. An a-methoxy-
o-epoxy poly(ethylene glycol) was exposed to sodium azide in the presence of ammonium
chloride in order to produce a methoxy PEG-core structure with primary azide and hydroxy
functional groups. A propargyl alcohol-initiated PCL chain was then combined with this PEG, and
reacted in the presence of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and Cul, to “click” the two
polymers together. The remaining hydroxy functional group was used for the ROP of 2-Ethoxy-2-
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oxo-1,3,2-dioxaphospholane (EEP), thus forming an ABC (A = PEG, B = PCL, C =

polyphosphoester (PPE)) miktoarm star.%

Most researchers rarely limit themselves to one type of conjugation or even only arm-first
syntheses. Instead, arm-first and core-first methods are typically combined to attain the desired
miktoarm star polymer. For example, both Steglich esterification and CUAAC coupling were
combined with a core-first methodology. Propargyl alcohol and mPEG2000 were coupled to 2-
bromoglutaric acid (BGA), in this sequence, through DCC/DMAP catalyzed Steglich
esterifications to yield the desired PEG2oo0(-alkynyl )-Br macroinitiator. The latter was used for
the ATRP of N -isopropylacrylamide (NIPAM) with tris(2-(dimethylamino)ethyl)amine
(MesTREN) and CuCl,. Finally, azido-terminated poly(2-(diethylamino)ethyl methacrylate
(PDEAEMA), prepared earlier through ATRP, was “clicked” to the alkynyl group of the PEG-
PNIPAM diblock, using CUAAC coupling with N,N,N ",N "N "-Pentamethyldiethylenetriamine
(PMDETA) and CuBr, giving the ABC (A = PEG, B = PNIPAM, C = PDEAEMA) miktoarm star
polymer (Scheme 1.4).1%

Br

Propargyl Alcohol mPEG,009 /
OH DCC DMAP DCC, DMAP \% /\4/0 0/
O <
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o
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Scheme 1.4. Synthesis of an ABC (A = PEG, B = PNIPAM, C = PDEAEMA) miktoarm star
polymer using sequential arm-first (Steglich esterification, CuAAC “click” coupling) and core-
first (core-initiated ATRP) methods.
1.2.4 In-Out Synthesis
Synthesis of miktoarm polymers using “in-out” methodologies does not strictly fall into either
core-first or arm-first methods. In-out syntheses typically involve the preparation of polymeric
macroinitiators, and subsequently crosslinking them using small molecules such as those
containing divinyl functionalities. Miktoarm polymers prepared in this manner form densely core-

crosslinked star (CCS) AxBy architectures, comprised of two different arm variants. The first
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known example of such a miktoarm polymer involved the synthesis of vinylbenzyl terminated PS
and PI by coupling living anionic PS and PI with p-chloromethylstyrene. These macroinitiators
were then copolymerized in benzene with n-BuLi as an initiator to yield AxBy (A = PS, B = PI)
miktoarm stars. The latter were reported to undergo microphase separation, with individual
domains being smaller than those observed with the analogous diblock copolymers.i% While this
study did not use polymeric arms compatible with drug delivery, such microdomain sizes suggest

potentially beneficial micelle sizes and properties for such architectures.

An example of a typical in-out methodology involved modification of PCL with 2-
bromoisobutyryl bromide to form PCL-Br, a macroinitiator for ATRP, which was subsequently
core-crosslinked with divinylbenzene (DVB) to give a PCL star polymer with ATRP-active ends.
The latter were then used for the polymerization of styrene to yield an AxBy (A = PCL, B = PS)
CCS polymer. The PCL chains in this miktoarm star were able to undergo biodegradation through
hydrolysis in alkaline conditions (Scheme 1.5).1%° Using a poly(butyl acrylate) (PBA)
macroinitiator for ATRP, Matyjaszewski’s group was similarly able to demonstrate ATRP-
enabled core crosslinking using DVB. This was followed by using the resulting Br-capped ends to
initiate polymerization of PS. A biodegradable miktoarm polymer was similarly synthesized by
exchanging a few components from their earlier miktoarm polymer. Poly(methyl methacrylate)
(PMMA) polymerization was initiated using 2-bromoisobutyrate and CuBr/2,2¢-bipyridine (bpy)
as a catalyst. The resulting chain was then core crosslinked using bis(2-methacryloyloxyethyl)
disulfide, a divinyl molecule containing a degradable disulfide linkage. Subsequent ATRP of BA
led to the formation of a biodegradable AxBy (A = PBA, B = PMMA) miktoarm polymer.
Reduction, and resulting degradation of the miktoarm polymer, was triggered by its incubation in
0.08 M BusP/THF solution, and complete cleavage was seen in 40 hours.*? While not carried out
under biological conditions, a comparison can be made to the reductive power of intracellular
glutathione (GSH), present at roughly 10 mM concentrations, which can cleave disulfide
functional groups.t1t-113

A similar study approached the idea of biodegradable CCS polymers, which included arm-
degradable Ay, partially arm-degradable AxBy, and core-degradable By (A =PCL, B = PS/PMMA).
Beginning with a bifunctional core, 2-hydroxyethyl 2‘-methyl-2‘-bromopropionate, which had
both ROP and ATRP active ends, arm-degradable polymers were synthesized by the sequential
ROP of CL, and core-crosslinking using DVB. This resulted in a PCL-CCS polymer which could
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be degraded through hydrolysis. A non-degradable analogue was synthesized by using the initiator
for the ATRP of MMAV/St first, followed by DVB crosslinking. Most interestingly, however, was
the capacity to make partially arm-degradable A«By polymers using this approach.'** This opens
up the possibility of synthesizing miktoarm polymer-based drug delivery systems with tuned

biological responses that can be adjusted to provide a good sustained release of drug cargo.

o PCL PCL COOH
PN Br ATRP Br Br ATRP PS PS  H,0/OH PS PS
—_— —_— —_—
Pet ° Styrene
DVB PCL PCL y PCL PCL HOOC COOH
Br PS PS

Scheme 1.5. In-out synthesis of AxBy (A = PCL, B = PS) CCS polymers and their subsequent

alkaline hydrolysis.
To date, there has been one CCS miktoarm star that has been evaluated for drug delivery.
Trithiocarbonate-terminated  polyethylene glycol (PEG-DMPA), a PEG-based RAFT
macroinitiator, was synthesized from a-methoxy-w-hydroxy PEG. It was core crosslinked with
6,6'-(ethane-1,2-diylbis(oxy))bis(3-vinylbenzaldehyde) (EVBA), a divinyl linker with pendant
aldehyde functionalities, in the presence of aluminum tris(8-hydroxyquinoline) (Algs), a
fluorescent crosslinker, to yield a CCS with PEG arms, short aldehyde pendants, and a crosslinked
fluorescent core. The aldehyde groups were used to couple with aminooxy end-functionalized
poly(y-benzyl-I-glutamate) (PBLG), a polypeptide, through the aldehyde-aminooxy click reaction.
After an aminolysis step with B-hydroxyethylenediamine, the PBLG arms were converted to
PHLG which is cationic at physiological pH (Figure 1.3). The resulting charged miktoarm
polymers were found to be biocompatible and were able to bind siRNA through electrostatic
interactions. Due to their surface charge, the miktoarm polymers were easily taken up by cancer
cells where they could deliver their sSiRNA cargo. At the same time, the fluorescent miktoarm cores

provided efficient tracking.5!
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Figure 1.3. Schematic representation of PEG-PHLG CCS polymer synthesis using an in-out
methodology. Reprinted with permission from reference 61. Copyright 2016 Royal Society of
Chemistry.
1.2.5 Miktoarm Polymer Characterization
Owing to their branched architecture, the characterization of miktoarm polymers is important to
establish their compositions, and it requires careful consideration and interpretation of data.
Almost universally, the characterization of miktoarm star build-up is obtained through a
combination of NMR spectroscopy and GPC chromatography. Despite its prowess in
characterizing polymer homoarms, MALDI-TOF has not been successfully employed for the

characterization of miktoarm polymers.53 67115

Many of the earlier miktoarm polymers, generally synthesized using chlorosilane-based
methodologies, had ABC type structure, which was simple to elucidate. For example, as discussed
in section 2.1, the construction of the first miktoarm polymer required separate anionic
polymerization of PI, PS, and PB arms, each of which were characterized using NMR and GPC.
The stepwise conjugation of the polymers with living anionic ends, onto a chlorosilane core, was
then followed by GPC, and a downwards shift in retention time, upon addition of each arm, was
observed. The inclusion of each arm was further determined using *H NMR, and through this

combination, miktoarm polymer’s overall composition could be accurately calculated.®® Due its
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reliability and simplicity, this characterization methodology has been applied in recent ABC type
miktoarm polymers, which have been used for applications in drug delivery.*> 4 For example, the
synthesis of a PEG-PNBM-PNIPAM miktoarm polymer, which involved sequential ATRP of
NBM, and CuAAC of alkynyl-PNIPAM onto a PEG(-Br)-Nz macroinitiator, was followed
stepwise, using GPC, *H NMR, as well as FT-IR.%¢

Characterization of miktoarm polymers with AB» composition, typically involve characterization
using a careful comparison of *H NMR peak integrations, together with the analysis of their GPC
chromatograms. For example, in an AB> polymer, where B segments are added by click chemistry,
the relative integrations of B-derived protons become double, compared to those from the A
segment. Analysis of its GPC chromatogram showed a unimodal peak, implying that there are no

unconjugated segments, 24 38 42, 46,53, 55

Often, miktoarm polymer development is carried out using polymerization from
heteromultifunctional cores. Where there are equivalent initiating functional groups present in
multifunctional or polymer segment-conjugated cores, it is generally assumed that the
polymerization is initiated from every such functional group present. For example, in the
development of a PEG-PLA, miktoarm polymer from a PEG macroinitiator conjugated to a serinol
core, L-Lactide ROP was initiated from both hydroxyls present in the core.®* In such cases, GPC
is used to verify A and B segment addition. The *H NMR is then used to verify the overall polymer
structure and calculate the degree of polymerization (DP) of A and B arms,32 34 40,43, 44,46, 54,62, 65,
67.71,72, 74 Sych strategies have been applied to other miktoarm star architectures, including A2Bs,
A3Bs, and ABC.4-%0. 116

Depending on the core structure, *H NMR spectra can also provide more accurate confirmation of
initiator usage, with the disappearance of the corresponding protons.*® ¢ For example, ethyl-p-d-
glucopyranoside, a sugar containing 1 secondary and 3 primary hydroxyls, was used to initiate the
ROP of caprolactone, specifically at its secondary hydroxyl group, with the aid of the catalyst
Novozyme 435. After the hydroxyl group was terminated with vinyl acetate, caprolactone ROP
was initiated from the remaining hydroxyl groups, using a Sn(Oct). catalyst. PEG was then
conjugated to free PCL-OH ends. In addition to standard GPC characterization, ROP from specific

sugar hydroxyl groups was verified due to their inequivalent *H NMR peak shifts. While not a
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quantitative measure, FT-IR can also be used to verify the presence of functional groups derived

from each arm composing a miktoarm polymer.>2 %8 73.78

In one unique example, partially deprotonated PEG was used to initiate the ROP of glycidol to
yield a short hyperbranched oligoglycidol with 10 hydroxyl groups, for the ROP of caprolactone,
which was followed by integration of the *H NMR spectra. Based on the assumption that each
hydroxy! group will be active, caprolactone ROP was subsequently carried out to yield the 10 PCL

arms, and verified again using both NMR and GPC.*’

1.3. Amphiphilic Miktoarm Star Polymers: Self-Assembly

As discussed earlier, most pharmaceutical agents have inadequate bioavailability when
administered directly,> 2 and thus, polymeric nanocarriers provide an important tool for drug
delivery. Amphiphilic block copolymers and lipids have been extensively studied as potential
platforms for loading and delivering drug cargo to targeted diseased sites within the body.” 1%/
When introduced into aqueous media, the exposure to the newly polar environment forces
amphiphilic polymers to undergo microphase separation, during which chains segregate into
distinct polar and non-polar phases.'® The overall assembly that results from the sequestering of
chains, is generally guided by the total fraction of each polar/non-polar chain segment within the
amphiphilic polymer, as well as its overall topology.*® Although conditions vary, it is commonly
accepted that for micelle formation, an amphiphilic polymer must have a hydrophilic fraction f >
0.45, and for polymersomes, f = 0.35 + 0.1 (Figure 1.4).120- 221 While micelles are characterized by
their hydrophobic cores and hydrophilic coronae, polymersomes distinctly have a hydrophilic core,
surrounded by a hydrophobic layer, enclosed within a hydrophilic corona. These domains make
such nanostructures suitable for the physical encapsulation, prolonged retention, and delivery of
poorly-water soluble drugs, thus increasing their bioavailability and overall therapeutic efficiency.
Some of the important parameters typical of nanocarriers used for drug delivery applications
include their size, CAC/CMC, biocompatibility, drug loading, and drug release.® 222 While much
of the familiarity surrounding the effects of polymer self-assembly on drug delivery is derived
from work on amphiphilic linear diblock copolymers, miktoarm star polymers with asymmetric
branching polymer segments have increasingly been shown to possess superior micelle properties,
while also being more tunable due to their varied syntheses and number of unique constituent

segments, 21 122
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Micelle Polymersome

Figure 1.4. Aqueous self-assembly of AB, miktoarm polymers into micelles and polymersomes,
depending on polymer hydrophilic fraction (red = hydrophobic, blue = hydrophilic).
As discussed earlier, micelle diameters below 200 nm are necessary to improve their biological
distribution and disease site accumulation, commonly through the EPR effect.!? Self-assembled
structures from miktoarm star polymers can, in general, have similar sizes to those from linear
block copolymers,® and scale similarly with increasing hydrophobic segment size relative to
hydrophilic blocks.?* ° 2 The branched architecture of miktoarm star offers potential for tuning,
and this was explored in a study of three copolymers using biocompatible PEG and PCL arms,
with different AB, BAB, and AB> (A = PEG, B = PCL) diblock, triblock, and miktoarm topologies,
but with similar hydrophilic/hydrophobic ratios.?® XRD was used to study PEG and PCL
crystallinities, and it was found that the relative crystallinity of PCL chains decreased in the
sequence AB>BAB>AB:, as the arms became more sterically restricted. PEG crystallinity was
found to be severely limited in the BAB triblock as a result of the adjacent PCL arms, and it was
similar in AB and AB> copolymers. This was further evidenced by the measurement of C=0
vibrations using FTIR at 1726 and 1736 cm™, for crystalline and amorphous PCL regions,
respectively. Such variations in crystallinity accounted for the differences in micellar diameters,
where AB, BAB, and AB: copolymers had sizes of 43, 74, and 53 nm, respectively. On the other
hand, one can design miktoarm star polymers to have a larger proportion of hydrophilic to
hydrophobic arms, so that the relatively large volumes of the hydrophilic groups force a constricted
micellar curvature, resulting in smaller diameters.1? 12 An AB3; (A = PMMA, B = PNIPAM)
miktoarm star for prednisone acetate delivery was designed for this purpose, and it formed
spherical micelles of roughly 50 nm, considerably lower than the 190 nm diameters of the
equivalent linear diblock analogues.®! 2% Depending on the polarity of the majority of branches,
miktoarm polymers can have different properties. Increased hydrophobic branching can diminish

core crystallinity due to imperfect packing, with an insignificant increase in size, and such an effect
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has been demonstrated to be beneficial for drug loading.'®® On the other hand, increased

hydrophilic branching can lead to lower nanoparticle sizes.

1.3.1 Micelle Characteristics: CMC and Stability

There are several methodologies that have been employed for studying aqueous self-assembly of
amphiphilic polymers, including co-solvent evaporation, thin film, dialysis, and oil/water emulsion
methods.?” In the co-solvent evaporation and dialysis methods, the amphiphilic polymer is
solubilized in a miscible organic solvent, added to water slowly, and then the organic phase is
removed through evaporation or dialysis, triggering self-assembly. In the oil/water emulsion
method, the polymer is dissolved in a water-immiscible organic phase, followed by the addition
of water, and evaporation of the organic phase. Regardless of the method, the lowest concentration
at which the hydrophobic segments of amphiphiles will begin to sequester is known as the critical
aggregation concentration (CAC), or the critical micelle concentration (CMC) for micelles.
Amphiphilic polymers in solution exist as unimers below their CMC and partition to the
air/solution interface. Continuously increasing polymer concentrations past the CMC leads to the
formation of a separate phase composed of the self-assembled polymers, which is accompanied by
a decrease of free energy of the system.’?® Due to the large dilution that polymeric micelles
undergo upon administration into the body, having a very low CMC not only represents general
stability of micelles, but it is integral in maintaining their morphology, and in preserving their

function.*

The methods for determining a polymer’s CMC include tensiometry, conductometry, and
fluorescence spectrometry which measures the absorbance and emission spectra of encapsulated
hydrophobic dyes. The onset of CMC is seen as a sudden shift in the rate of change of a measured
variable as a function of polymer concentration.!?® The CMCs of miktoarm star polymer-based
assemblies is often determined through fluorescence spectroscopy, using the hydrophobic
fluorophore pyrene, or somewhat less commonly, Nile Red. With pyrene, for example, its
partitioning from the aqueous phase (below the CMC) towards micelle interiors (above the CMC),
is reflected by an increase in fluorescence intensity and a red-shift of its (0,0) vibronic band.*?®
Consequently, the CMC can be found as a change in the intensity ratio of 133s-l339 / I333-1336 Iin the
excitation spectra.> 13 Importantly, the CMCs attained in miktoarm star assemblies (107 - 10

M) have generally been found to be lower than those of diblock copolymers (10 - 10 M), though
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it should be noted that most diblock systems have CMCs closer to 1077 M4 1417, 20-25, 75
Incorporation of additional arms in miktoarm star polymers allows for further stabilization of
micelles, leading to lower CMCs. This normally involves tailoring miktoarm stars to have a larger
proportion of hydrophobic to hydrophilic segments, so that self-assembly is more energetically
favourable. For example, in a study comparing AB and AB: (A = PEG, B = poly(glutamic acid
(PGA)) polymers with conjugated DOX, the miktoarm star CMCs were lower at 5.4 mg/L
compared to the diblock polymer’s 9.0 mg/L.%? Similarly, ABs miktoarm star polymers (A =
PMMA, B = PNIPAM) were found to have considerably lower CMCs of 10 mg/L than their
diblock equivalents (50 mg/L).3% 125

With miktoarm polymers, as in the case of more conventional block copolymers, CMCs tend to
decrease with increasing hydrophobic chain length. This is generally attributed to the favourable
de-solvation and aggregation of hydrophobic segments in aqueous media.'3! It has been well
documented for miktoarm star polymers, especially those containing PCL, in varied systems
including ABC (PEG-PCL-TPPBr) (triphenylphosphonium bromide), and PEG-PCL-PAA, as
well as more complex A(AB)s, A2(AB),, and As(AB) (A = PEG, B = PCL) systems.*> % 5" One
interesting example was of an AB> (A = PEG, B = P(MAA-co-MMA) miktoarm star, where
poly(methacrylic acid) (PMAA) was a pH-responsive unit. Polymers containing higher
hydrophobic PMMA to hydrophilic PMAA content ratios led to more compact and stable micelles
and lower CMCs, with the trade-off that they were comparatively less pH-responsive.®? While
hydrophobicity tends to decrease CMCs, they generally increase with increasing hydrophilic block

sizes.%6 72

Rather than strictly increasing hydrophobic block sizes, one study attempted to change the ratio of
hydrophilic and hydrophobic segments through four different A2B, A2B2, AB3, and AsB (A =PCL,
B = POEGMA) miktoarm star polymers.’™ It was found that increasing the number of PCL arms
to POEGMA resulted in the largest increase in micelle stability, with a minimum CMC of 2.66
mg/L for the AsB miktoarm star. Interestingly, despite PCL/POEGMA ratios, the 4-armed
miktoarm stars collectively had lower CMCs than the 3-armed A>B miktoarm star. This
reciprocated an earlier study where more arms in star polymers increased micelle stability.*?
Similarly, the 3-armed star had the highest diameter of 73 nm, and the size decreased with the

number of PCL arms in 4-armed miktoarm star polymers to 28 nm.
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1.3.2 Micelle Drug Loading and Release

As mentioned earlier, most pharmaceutical agents have poor water solubility and low
bioavailability.? 3 Loading drugs into self-assembled polymeric micelles can help resolve this issue
by providing solvation, enabling prolonged gradual release, and through the EPR effect, facilitate
passive targeting to disease sites.” > " Owing to their tailorable architecture, superior CMCs,
improve drug loading, and sustained drug release, there has been much recent interest in miktoarm
star polymer-based assemblies for drug delivery.? 2% 26 Drug incorporation into micelles has been
shown to have varied effects on the size of miktoarm micelles, where it can lower, increase, or
have a negligible effect upon drug encapsulation.?* 4> 4749 Though generally, a decrease in size
has been attributed to good polymer-drug compatibility.” 4% 57 One of the beneficial effects of
including multiple branching arms as in miktoarm stars, is in increasing drug loading content into
their self-assemblies. For example, ABz (A = PMMA, B = PNIPAM) self-assembled miktoarm
polymers were used to load prednisone acetate with encapsulation efficiencies of 50%, compared
to 11% with the corresponding linear diblock copolymers.3! 1% Improved drug loadings were also
seen in AB: type miktoarm stars with A = PNIPAM, B = poly(undecylenic acid) (PUA), and A =
PEG, B = poly(trimethylene carbonate) (PTMC).2" 32133

Micellar drug retention has generally been associated with more sustained drug release and
dampening burst release,3> 4855 70 which has the benefit of increasing drug bioavailability. This
could be the result of strong interactions and more sites of association between encapsulated drug
and multiple hydrophobic chains.?”5% 70133 |n a study of A(AB)s, A2(AB)2, and A3(AB) (A = PEG,
B = PCL) miktoarm stars, camptothecin loading percentages ranged from 3.6 to 10.8%, with higher
loadings in assemblies of miktoarm stars with more PCL blocks.®” A higher degree of branching

in polymer-based nanocarriers is imperative in improving their therapeutic efficiency.

It has been argued that the branching architecture of miktoarm stars has favourable effects on drug
loading and release properties, and increasing hydrophobic chain length can lead to an increase in
drug encapsulation and prolonged drug release.®> %8 62 However, long hydrophobic segments may
also prohibit micellar hydrophilic surface coverage.® > 13 This has been mainly a concern for
diblock copolymers, and it can be lessened by making use of the branched architectures. For
example, in a study of AB2 (A = poly(lactide-co-glycolide) (PLGA), B = PEG) miktoarm stars,

increasing the length of PLGA arms was shown to result in total cumulative ibuprofen release to
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be between 10 and 60%.”® In another study using AB, (A = PCL, B = PEG) miktoarm stars,
nimodipine loading efficiencies, scaled between 23 and 70%, with variations in PCL length in
PEG775,-PCL5800 and PEG775,—PCL19000. However, the drug release was found to be
between 93 and 85% of their loaded cargo respectively, showing that PCL size or drug loading
efficiency had little effect on drug release.?* Interestingly, increasing the hydrophilic chain length
of a miktoarm star polymer can also promote drug loading as was shown for a miktoarm star with
two hydrophilic PNAM chains and a hydrophobic poly(L-lactide) (PLLA) arm.”

1.3.3 Non-spherical Micelles

Due to a wide range of the hydrophilic fractions (f > 0.45) that conventionally permit amphiphilic
polymers to form spherical micelles, and as a result of their simple morphology, micelles constitute
the bulk of assemblies that have been explored for drug delivery. However, through the alteration
of hydrophilic fractions of constituent amphiphilic polymers, it is possible to assemble
nanocarriers with different morphologies. When the hydrophilic fraction is lower than 0.45,
polymers tend to form polymersomes, inverted nanostructures, and cylindrical micelles amongst
other morphologies.'?% 12! This rule is not universally followed, as for example, in a study with
AB (A = PEG, B = PCL) type diblock copolymers, spherical micelles were obtained with PEG
fractions of 0.5, 0.3, and 0.17. AB: polymers with hydrophilic PEG fractions of 0.55, 0.32, and
0.20, instead formed fiber-like cylindrical micelles at f < 0.32.>* Generally, the transition from
spherical to cylindrical micelles occurs as the hydrophilic fraction of the constituent polymers
decreases, as a result of a change in the curvature. The increase in size of the hydrophobic segment
decreases the interfacial curvature, resulting in fiber-like micelles. Unlike linear AB block co-
polymers, the miktoarm stars transitioned to form cylindrical assemblies at higher hydrophilic
fractions as a result of the lateral crowding of PCL arms. Additionally, owing to their branching,
miktoarm stars had generally lower CMCs except in the case of the 0.2 fraction polymers; and
higher DOX loading efficiencies, reaching 73%, as opposed to 55% for diblock co-polymers. A
comparison of DOX release between the cylindrical freg = 0.32 micelles and spherical 0.30
micelles, showed 27 and 48% cumulative release, respectively. Another AB, (A = PEG, B =PCL)
miktoarm star containing a 3-aminoacrylate junction, was found to form spherical micelles at frec
= 0.71, cylindrical micelles at frec = 0.56-0.33, and platelet-like structures for frec = 0.23.
Interestingly, loading the frec = 0.56 polymers with chlorin-e6 (Ce6) and DOX resulted in a
spherical morphology.’
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Rather than assembling a structure defined by fractional hydrophilicity, (AB).C2 (A = PS, B =
poly(vinylidene fluoride) (PVDF), C = PEG) miktoarm stars were observed to self-assemble into
99 nm micelles in aqueous solution with distinct wrinkled cores.®® PVDF in the micellar inner core
blocks had both lipo-philicity and -phobicity. Cryo-TEM evaluation revealed that micelles had a
“frustrated” wrinkled core due to the resultant immiscibility of PVDF and PS. As a proof of
concept for drug delivery, these micelles were loaded with Nile Red, and due to imperfect packing
of PS and PVDF, the cargo could be encapsulated in empty pockets within the core, potentially
allowing for high loading of drugs.

1.3.4 Polymersomes

While micellar systems have been the main focus of miktoarm star-based formulations for drug
delivery, polymersomes remain an interesting and valuable option. This is due to the fact that they
can load both hydrophilic and hydrophobic drugs as a result of their unique morphologies. Part of
the reason why polymersomes have been more seldom explored in drug delivery is that
amphiphilic ~ polymers, including  miktoarm  polymers, are synthesized  with
hydrophilic/hydrophobic ratios that favour micelle formation upon self-assembly. As stated earlier,
hydrophilic fractions of 0.35 + 0.1 generally favor the formation of polymersomes.t?® 12! Such
approximations are difficult to apply universally, especially when considering the variably
branched architectures of miktoarm polymers. A comparison of AB and AB, (A =PEG, B=PLLA)
polymers with varying hydrophilic PEG volume fractions revealed that self-assembly of miktoarm
star polymers into polymersomes, is much more tolerant of more varied volume fractions.
Polymersome formation was observed for PEG volume fractions of f = 0.2—0.7, much broader than
the range of 0.2-0.4 for the linear diblock counterparts.3* In another example, an AB3 (A = PAzo,
B = PEG) miktoarm star polymer with an azobenzene-containing 4-isobutyloxyazobenzene side
chain on the polymethacrylate arm, had a 78/22 hydrophobic/hydrophilic ratio, slightly outside the
typical range for polymersome formation, yet it was still well suited for polymersome assembly.
Although their spherical nature can be easily established using electron microscopy or a
combination of DLS and SLS, it is often necessary to specifically distinguish them from spherical
micelles. To this end, TEM and cryo-TEM micrographs can determine whether particles are

polymersomes due to the visual presence of thin outer membranes (Figure 1.5).4% %3
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AB; 3-Miktoarm Star Copolymer
k=45, 1=21, f (PEG)=25 wt.%

Vesicle Bilayer Polymersome

Figure 1.5. Cartoon schematic (left) and comparative TEM micrograph (right) of a polymersome

assembled from a PEG-PHis, miktoarm star polymer with emphasis on its hydrophobic bilayer.

Reprinted with permission from reference 43. Copyright 2012 Royal Society of Chemistry.
An AB: (A =PEG, B = PCL) miktoarm polymer-based polymersome was used for the dual loading
of both hydrophobic curcumin and hydrophilic methotrexate HCI, with encapsulation efficiencies
of 14.13 and 10.93% respectively. The nanocarriers showed a large burst release of methotrexate
HCI unless co-loaded with curcumin. Curcumin was found to have an additional effect in
combating multidrug resistance, as a small loading of it had a significant effect on enhancing
methotrexate cytotoxicity.”* Thus far, there has not been enough research to determine whether
miktoarm architectures promote drug encapsulation specifically in polymersomes. However, in
one study, linear AB and miktoarm star AB, and A(BA). A = PEG, B = PCL) polymer-based
assemblies were used to load rhodamine B isothiocyanate-Dextran (RhDex), with encapsulation
efficiencies of roughly 45 and 40% for their AB and AB: polymers based systems, respectively. It
showed good consistency between the two architectures, but with higher loading in the diblock.
On the other hand, complete drug release occurred at 9 and 14 days for the AB and AB> polymers

respectively, suggesting enhanced drug retention conferred by branching.*°

Trends relating to physical properties of polymersomes do show some differences to those in
micelles. For example, an increase in hydrophobic block size had the effect of hindering drug
release, even in the case of those loaded in the hydrophilic core.®* In comparing polymersomes of
AB and AB: (A = PEG, B =PLLA) type architectures, CACs were found to be consistently lower
for polymersomes assembled from miktoarm polymers, and were also found to decrease with
hydrophobic block size.®* Though conversely, in a study using AB and AB; (A = PEG, B = PCL)
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polymers, it was found that there was a small free energy (AG°®) penalty associated with
sequestering more PCL arms into the hydrophobic polymersome bilayer, and consequently AB:

stars had slightly higher CACs than AB diblock copolymers.

An interesting property of polymersomes is that they are capable of mimicking the architecture of
cellular phospholipid bilayers. Assembly of branched AB> miktoarm polymers as structural
components in polymersomes can better replicate these cellular phospholipid bilayers.*® A study
compared AB> (A = PEG, B = polyhistidine (PHis)) miktoarm stars to liposomes and incorporated
cholesterol into the assembled polymersomes to enhance stability.** A combination of DLS and
SLS studies showed that loading these polymersomes with 1 and 5% wt. cholesterol, increased
their size from 72 to 92 to 129 nm, while maintaining their polydispersity index (PDI) and
morphology. Additionally, polymersome half-life increased considerably to 15 hours from 1 hour
in blood plasma concentrations of bovine serum albumin (BSA). The incorporation of cholesterol
also increased the rigidity of the polymersome interface, slightly delaying the release of 5(6)-

carboxyfluorescein, and these nanoparticles showed better cellular uptake.

1.4. Drug Delivery

Aqueous self-assembly of amphiphilic asymmetric branched architectures has intrigued the
scientific community, due to its potential in tuning core-corona architectures in the resulting
aggregates. It has been demonstrated that, compared to linear diblock copolymers, which have
been extensively employed in drug delivery, the branching architecture of miktoarm star polymers
affords enhanced micellar stabilities, lower CMCs, and could encapsulate hydrophobic drugs with
much higher efficiencies and loading capacities.?!-?3 2% %467 Asymmetric arm build-up of miktoarm
stars has promoted the development of several unique systems which take advantage of having
multiple polymer arms, each with specific effects. For example, using high yield reactions and a
combination of ring-opening and stitching methodologies, a variety of AB2 and ABC (A = PEG,
B = Niacin and C = BODIPY) type miktoarm polymers have been prepared through the design of
cores on which orthogonal reaction sequences could be easily carried out.*! Using imaging studies,
their intracellular localization into lipid droplets was demonstrated, and the niacin conjugated

nanostructures supressed bacterial endotoxin stimulated nitric oxide production in microglia.
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In another study, tetraiodofluorescein (TIF), a fluorescent dye, containing ABC (A = PEG, B =
PCL, C = TIF) miktoarm star was synthesized, by sequential click coupling of mPEG and
propargylated TIF to a central core, and ROP of caprolactone on the third junction.*® The miktoarm
star polymers formed micelles in an aqueous medium with a diameter of about 115 nm and a CMC
of 0.43 mg/L. These micelles showed a cumulative release of 66% over 7 days. When macrophages
were treated with them and imaged using fluorescence microscopy after labelling them with
Hoechst 33342, the nanocarriers were clearly visible upon uptake into the cells (Figure 1.6). The
nanodelivery system was found to decrease LPS-induced nitric oxide release in stressed

macrophages, demonstrating their anti-inflammatory properties.
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Figure 1.6. Fluorescent micrographs of macrophages treated with (A) curcumin-loaded PEG-
PCL-TIF micelles, (B) unloaded PEG-PCL-TIF micelles, and (C) TIF control. Relative
fluorescence intensities of macrophages treated with control media, TIF-loaded PEG-PCL
micelles, curcumin-loaded PEG-PCL-TIF micelles, unloaded PEG-PCL-TIF micelles, free TIF,
and free curcumin as a function of (D) treatment time and (E) dose concentration. Reprinted with
permission from reference 49. Copyright 2014 John Wiley and Sons.

A series of mitochondria-targeting ABC (A = PEG, B = PCL, C = triphenylphosphonium bromide
(TPPBTr)) miktoarm star polymers were developed for coenzyme Q10 (CoQ10) delivery.*? The star
polymers with molar masses ranging from 6,000 to 12,000, formed micelles with a size range of
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26.7-43 nm, and encapsulation efficiencies of 83-85%. Fluorescein isothiocyanate (FITC) labeled
miktoarm stars-based micelles with the TPPBr functionalities at the corona surface showed
significant localization in mitochondria in neurons and glia cells, compared to polymers without
any mitochondria targeting moiety. Furthermore, MTT assays and confocal micrographs showed
that miktoarm stars carrying CoQ10 improved mitochondrial metabolic activity within 24 hours
and reduced mitochondrial damage from reactive oxygen species (ROS) in primary hippocampal

cultures.

Miktoarm polymers could also be designed to lead to more stable self-assembled micelles by
including stereochemically opposing arms as hydrophobic segments.® In this regard, AB; and
ABC-type miktoarm star polymers were synthesized based on cyclic carbonate-functionalized
PEG, on which ring-opening of the carbonate was carried out with an amine-functionalized silyl
protecting groups. The order and extent of ROP could be controlled to yield miktoarm stars with
a combination of poly(D-lactic acid) (PDLA) and PLLA- based hydrophobic segments. The linear
diblock analogs of these which were composed of PEG and either PLLA or PDLA, had CMCs of
24.0 and 25.1 mg/L. The addition of another hydrophobic segment (PLLA or PDLA) in the
branched miktoarm polymers, reduced these CMCs to 19.1 and 20.0 mg/L. The branched
miktoarm architectures with both PLLA and PDLA as hydrophobic arms had opposing
stereochemistry, allowing stabilization through complexation within the core. This had the effect
of further reducing CMCs to 15.1 mg/L. The introduction of these stereochemically opposing arms
also led to the reduction in size from 221.6 nm (for PEG-PDLA-PDLA) to 160.0 nm (for PEG-
PLLA-PDLA). With paclitaxel as a model drug, the miktoarm micelles showed a cumulative
release of 55% over 10 days. Stereocomplexation was also demonstrated to promote a much more

sustained release of about 35% over this time period.

1.4.1 pH-Responsive Drug Delivery

The design of drug delivery nanocarriers often involves careful tailoring of polymer constituents
for enhanced micellar stability, and the introduction of endogenous stimuli-responsive functional
groups. For example, there is a considerable variation of pH in blood, tissue, stomach (1.5-3.5),
the small intestine (5.5-6.8), the colon (6.4-7.0), as well as in the intracellular endosomal (5.5-6.0)
and lysosomal (4.5-5.0) environments. One could use pH stimulus in drug delivery, and the

constituent polymers must be resistant to degradation in these environments, and must have a pKa
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adapted to targeted delivery.®® Polymers used for pH-responsive drug delivery, such as
PDEAEMA or poly(methacrylic acid) (PMAA), are often weakly basic. It should also be noted
that, while not inherent to nanodelivery systems, acidic conditions can also increase drug release

from miktoarm polymers due to drug protonation, resulting in increased aqueous solubility.”

An A3(BC)s (A = PCL, B = PDEAEMA, C = poly(poly(ethylene glycol) methyl ether
methacrylate) (PPEGMA)) miktoarm polymer was synthesized by combining ROP of
caprolactone, and sequential ARGET-ATRP of DEAEMA and PEGMA, using a multifunctional
dipentaerythritol core.>! PCL was the biocompatible hydrophobic block that would form the core
of self-assembled micelles, PDEAEMA was the pH-responsive entity, which at a pH lower than
6.9 became protonated, leading to hydrophilic/hydrophobic switch. The PPEGMA block provided
a hydrophilic shell, which imparted biological stability. At pH > 8, the PDEAEMA chains were
found to be completely deprotonated, and as a result collapsed to form the hydrophobic core with
PCL. A decrease in pH to 4 led to gradual increase in micelle size due to both PDEAEMA chain
expansion upon becoming soluble, and electrostatic repulsion between the now positively charged
chains. At pH of 7.4, 6.5, and 5.0, TEM micrographs showed that micelles had diameters of 100-
180, 250-350, and >500 nm respectively. DOX-loaded A3(BC)s star-based micelles with an
encapsulation efficiency of 42-71%, showed steady drug release curves, culminating in 27-40%
over 96 hours. Decreasing the pH of the release medium to 6.5 and 5.0 increased the cumulative
release to 44-59% and 85-100%, respectively. Generally, micelles with larger PDEAEMA
fractions showed greater response to pH, as one would expect. A2(BC). (A =PCL, B=PDEAEMA,
C = PPEGMA) stars were also synthesized by the same group, and these polymers self-assembled
to slightly smaller (63 nm) micelles.*® Drug release at pH = 7.4, 6.5, and 5.0 showed cumulative
DOX release of 82, 50, and 36% respectively. While the cytotoxicity of unloaded micelles was
negligible, DOX-loaded micelles exhibited similar anti-tumor efficiencies to free DOX in HepG2

cancer cells.

A series of ABC (A =PEG, B =PCL, C = PAA) star polymers that would assemble into micelles
with hydrophobic cores and mixed PEG/PAA hydrophilic coronae with pH sensitivity imparted
by PAA (Figure 1.7), have also been synthesized.*® At low pH, the COOH group on the backbone
of PAA arms became increasingly protonated and resulted in hydrogen-bonding complexation

with PEG arms in micellar coronae, and a decrease in micelle size. In the pH range from 6 to 10,

29



PAA arms became progressively ionized, and formed larger swollen micelles, from the loss of
PEG/PAA corona complexation and repulsive forces between adjacent PAA arms. The average
particle size increased from 51 to 154 nm at pH 2.2 to 10. The ABC miktoarm polymers had 58-
73% encapsulation of naproxen, a model hydrophobic drug, and its cumulative release from the
ABC miktoarm star micelles was 65-89% over 24 hours, at pH 7.4. Adjusting the pH to 2.2, and
therefore compressing the micelles, resulted in greater drug retention, with cumulative naproxen
release coming to roughly 35-50%. This suggests that naproxen would be retained under gastric
conditions and released in the intestine, making the micelles suitable for oral administration.

PCL
Self-Assembly
PEG
PAA

AR e

Figure 1.7. Representation of PEG-PAA-PCL miktoarm polymer self-assembly and pH-

responsive morphological changes.
A miktoarm star with 8 arms, A2Bs (A = PCL, B = PMMA-co-PMAA was prepared using D-(—)-
salicin (a S-glucoside) as a heterofunctional initiator.%® It was functionalized with 6 bromoester
groups and 2 hydroxyl groups, and the miktoarm star was constructed using ROP of caprolactone
and ATRP of tert-butyl methacrylate (tBMA)/MMA, initiated by the hydroxyl and bromoester
groups, respectively. The t-butyl groups were then removed through acidolysis to give
PCL2(PMMA-co-PMAA)e stars. Upon self-assembly, the CMC was reported to be as low as 15
mg/L, yet in some samples an additional higher point was found at 411 mg/L. TEM micrographs
revealed the presence of dandelion-shaped superstructures with coronae surrounding dark spheres
above the CMC. Two anticancer drugs, DOX and camptothecin (CPT), were loaded into the

micellar structures with encapsulation efficiencies of up to 60 and 6% respectively, and the drug
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loaded micelles were found to be larger than 200 nm in diameter. Due to the pH sensitivity of
PMAA, the release rates of both drugs were slower at pH 7.4 than pH 5.0, at which point the chains

became ionized and caused micelle swelling.

Another example of a miktoarm star drug delivery system using PMAA as a pH-responsive unit
had the composition of AB, (A = PEG, B = P(MAA-co-MMA).%2 The polymer was synthesized
by conjugating a bromoisobutyrate ATRP initiator to a dihydroxy benzoic acid core, followed by
mPEG-OH coupling, and ATRP of MMA and tBMA. Acidolysis with TFA afforded the PEG-
P(MAA-co-MMA). miktoarm star polymer. The MAA content of the hydrophobic block was
carefully controlled during copolymerization to tune the pH-sensitivity of miktoarm stars and two
PEG-P(MMAGg-co-MAA3s)2 and PEG-P(MMA24-co-MAA:2s). miktoarm stars were synthesized.
Higher MMA content led to higher (82.3%) encapsulation of methotrexate (MTX), an
antineoplastic agent with significant chemotherapeutic activity, and the micelles exhibited a
greater pH-induced MTX release (98% release after 48 hours at pH 1.2), compared to 33% at pH
7.4.

Taking advantage of poly(2-vinylpyridine) (P2VP), containing basic units with a pKa of roughly
5.9, a variety of pH-sensitive ABC-type (A = PEG, B = PCL, C = P2VP) miktoarm stars were
synthesized.?®* Due to the presence of P2VP, these polymers formed micelles with positive
(+12.5 mV) zeta potentials upon aqueous self-assembly, thus indicating the presence of protonated
P2VP arms in the coronae alongside PEG. Deprotonation through NaOH addition resulted in a
micelle diameter change from 54 to 37 nm, due to the collapse of P2VP branches into micelle
cores. This was attributed to the unique architecture of the star polymers, as well as the loss of
electrostatically repelling chains in the corona (Figure 1.8). A titration indicated that the pKa was
5.0, corresponding closely to that for P2VP, and was neutral at physiological pH.? In a follow-up
study, P2VP blocks were biotinylated so that, upon administration, the labelled ABC micelles
would contain biotin in the core.?® Exposure to low pH in a tumour environment would protonate
P2VP chains and shift conjugated biotin to the micellar corona, where it would aid in tumor
targeting. Interestingly, the passive uptake effect of cationic micelles due to electrostatic
interactions with negatively charged cell surfaces is so effective that the inclusion of biotin was
unnecessary for astrocyte and 9L cell internalization. Loading of micelles with Nile Red as a model

hydrophobe verified their efficacy in drug delivery. While 24% sustained release was seen after 6
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hours at pH 7, an acidic pH 5, mimicking the endosomal environment, caused burst release with a

cumulative release of 64% after 6 hours.
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Figure 1.8. Schematic representation of the effect of (a) physiological pH and (b) acidic pH on

the morphology of self-assembled PEG-PCL-P2VP micelles. Reprinted with permission from

reference 29. Copyright 2012 Elsevier.
Rather than using intrinsically pH-responsive polymers, linear and miktoarm star polymers of AB
and AB> compositions respectively (A = PEG, B = PGA) were prepared with DOX conjugated via
an acid-labile hydrazone linker.%? To achieve this, ROP of benzyl-L-glutamate was carried out on
mPEG with either one or two primary amino groups. This was followed by the ester-amide
exchange aminolysis of the benzyl protecting groups on the PGA blocks and then the linker was
conjugated to neutralized DOX. The micelles were also loaded with DOX, and it was observed
that miktoarm star polymers had nearly twice the drug loading, as compared to their linear
analogues. This may be related to the increased number of sites in the PGA blocks for association.
pH-dependent DOX release was seen in both AB and AB:2 polymer micelles as a result of acid-
catalyzed hydrazone linker cleavage. While all micelles showed a similar 45% cumulative release
within 72 hours at pH 7.4, AB2 micelles showed 15% faster release compared to AB micelles at
pH 5.0, and 25% faster release than micelles at physiological pH. These DOX release rates also

contributed to a larger tumor-suppressive effect when micelles were incubated with HeLa cells.

Another use of the pH-responsive hydrazone functional group was in linking the constituents of
an AB; (A = oleic acid (OA), B = PEG) miktoarm star for antibacterial drug delivery.”” The
hydrazone linker itself was formed from the combination of a hydrazide functionalized G1
oleodendrimer with PEG-CHO, and its efficient hydrolysis was initially confirmed via incubation
of the AB; star in phosphate-buffered saline at pH 6.0. It resulted in fragmentation, observed using
ESI, which showed peaks related to the cleaved oleic acid segment. The miktoarm star polymers

self-assembled into 130 nm micelles with 6 mg/L CMC, and were used to load vancomycin, an
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antibiotic, with an encapsulation efficiency of 39.6%, showing good compatibility with the
micellar core. Drug release experiments showed the benefit of the hydrazone linker, as the
cumulative release of drug-loaded micelles reached 100% at pH 6.0 in 48 hours, due to hydrazone
linker cleavage (and subsequent micellar disassembly), as opposed to 86% release at pH 7.4. It
allowed for antibacterial activity for 52 hours when tested against S. aureus, while unloaded
vancomycin was only effective for 18 hours. The nanocarriers were also shown to be more

effective in depleting bacterial growth in a skin infection model.

AB> (A = PEG, B = PHis) type pH-sensitive miktoarm star polymers for self-assembly into
polymersomes were prepared.*® Using a 150 mM NaCl solution, it was found that the miktoarm
star effectively buffers in a pH range of 5-7, with an effective pKa of 6, which is in the
endolysosomal pH range. Shifting pH from physiological pH at 7.4 down to 6.8, 6.0, and 5.0 was
also associated with morphological transitions to cylindrical micelles, spherical micelles, and
finally, soluble unimers. The polymersomes showed encapsulation of 5(6)-carboxyfluorescein, a
fluorescent hydrophilic dye, similar to that for liposomes, and a drug release profile indicating
about 70% release in 72 hours. Decreasing the pH below 6.8, and thus triggering structural changes,
resulted in complete burst release within a few hours, and it showed good sensitivity to the
endosomal pH range.

1.4.2 Temperature-Responsive Drug Delivery

Higher temperatures at disease sites provide another venue to target and control the release of
encapsulated drugs from nanoparticles. In addition, heat can be applied from external sources in
order to trigger the nanoformulation response. Polymers used in temperature-responsive systems
typically feature a lower critical solution temperature (LCST) near the physiological temperature,
above which a polymer becomes immiscible. The most common temperature-responsive polymer
used with drug delivery systems, and the only one used in miktoarm star-based drug delivery
systems is poly(N-isopropylacrylamide) (PNIPAM), due to its availability, biological
compatibility, and well-studied LCST in the range of 30-35 °C.1%¢

In a very early example, an AB> (A = PNIPAM, B = poly(undecylenic acid) (PUA)) miktoarm star
was synthesized that had an LCST of 31 °C, very close to accepted values for PNIPAM.?” Upon
loading prednisone acetate, a common anti-inflammatory drug, it was reported that at temperatures

below LCST, even after 150 hours, more than 80% of the drug remained intact. However,
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significantly faster release rates were seen above the LCST of PNIPAM. In a later study, similar
AB3 miktoarm star polymers (A = PMMA, B = PNIPAM) were synthesized,! and below the LCST
of PNIPAM, these formed spherical micelles in a size range of 50 nm, and with a CMC of 10
mg/mL. Prednisone acetate was stabilized in the PMMA cores of the micelles, and there was a
total cumulative release of 55% at room temperature, compared to a 90% release above LCST. In
such cases, the conversion of PNIPAM to a hydrophobic polymer above its LCST results in its
collapse from the micellar corona into the core. As a result of the morphological transformation,

an increase in the cumulative release of prednisone takes place.?” 3!

While the previous examples deal with the corona/core switch of PNIPAM, one could also stabilize
its position in micellar coronae via crosslinking. Crosslinking the micellar shells of assembled AB>
(A = PNIPAM, B = poly(L-lysine) (PLL)) miktoarm star polymers would not lead to micellar
collapse following the temperature increase above the LCST of PNIPAM, and the effect on drug
delivery would be more subtle.® In such a system, shell crosslinking of drug loaded micelles was
carried out using glutaraldehyde, and the permeability of the shell could be controlled by the extent
of its reaction. The effect of restricted shell permeability was seen through prednisone acetate
release, where the cumulative release from 50 and 100% crosslinked micelles was 17.1 and 22.8%
after 170 hours. Increasing the temperature to 38 °C, above the LCST of PNIPAM, led to
cumulative releases of 44.7 and 51.2% over the same time period, showing an accelerated yet still

very sustained release.

(BA)(AC)2 (A = PMMA, B = PPEGMA, C = PNIPAM) miktoarm polymers were synthesized
through a combination of CUAAC coupling with ATRP, on a 1-azido-2,3-propanediol core (Figure
1.9).%° These miktoarm stars contained only hydrophobic blocks emanating from the core junction,
with hydrophilic chains being linked to hydrophobic PMMA chain-ends. While it was speculated
that this structure may result in especially low CMCs, it was measured at 2 mg/L, in line with most
other miktoarm star polymers. An interesting aspect of this miktoarm star architecture stemmed
from the inclusion of PNIPAM arms, which, upon micellar self-assembly at room temperature,
were found to be in the coronae of micelles alongside PPEGMA, but collapsed into the PMMA
cores at physiological temperatures. When the temperature was further increased above the LCST
at 42 °C, it resulted in micellar aggregation. Celecoxib, a hydrophobic drug, was loaded into the

micelles with 8.8% encapsulation efficiency, and in 48 hours, 73% of celecoxib was released from
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micelles at 25 °C. However, upon increasing the temperature to 37 °C, the release rate was found
to be faster (89% drug release over 48 hours). This was explained using the general effect of
temperature on release Kkinetics, as well as dissociation of the drug from PMMA, as PNIPAM

began to permeate the core.

Self-assembly
PNIPAMm —»

PPEGMA
PMMA

Figure 1.9. Schematic illustration of the micellar self-assembly of (BA)(AC). miktoarm star

polymers. Reprinted with permission from reference 65. Copyright 2016 John Wiley and Sons.
1.4.3 Redox-Responsive Drug Delivery
Oxidative stress is characteristic of many pathologies such as neurodegenerative disorders, cancer,
and diabetes, which results in heightened concentrations of reactive oxygen species (ROS),
including hydrogen peroxide (H20.), superoxide (O2"), hydroxy radicals (-OH), and singlet oxygen
(202).*" While normally present as regulators in redox-dependent signal transduction,**® elevated
ROS concentrations at diseased sites are a sign of insufficient activity from the endogenous
antioxidant defense mechanisms. One aspect of this system is the antioxidant glutathione (GSH),
which is oxidized to glutathione disulfide (GSSG) upon exposure to ROS.** In cancer, tumour
cells are known to contain elevated GSH levels that are thought to aid in tumour cell
proliferation.”*® Additionally, evidence suggests that GSH protects cancer cells against
chemotherapeutic drugs.**® While a variety of cleavable polymer linkers have been applied to
ROS-responsive drug delivery, including those based on thioketals, diselenides, phenylboronic
acids and esters, and vinyldithioethers,*3’ interestingly, only the B-aminoacrylate was used as a
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specifically 1O,-labile linker in miktoarm polymers.”* Much effort has been devoted in developing
miktoarm stars responsive to GSH that is present at elevated concentrations intracellularly at
disease sites. In preparing GSH-responsive systems, polymers are typically conjugated using
disulfide linkers that can be cleaved through thiol-disulfide exchange. GSH can also participate in
thiol-thioester exchange, facilitating polymer cleavage, and it is reactive to acrylates via Michael

additions, which can be used to prepare GSH conjugates.4! 142

An example of a miktoarm star containing a GSH-responsive linker was prepared using an AB:
(A = PEG, B = PMMA) build-up, based on a dihydroxy-benzoic acid core with cystamine, a
disulfide linker, connecting the core and the hydrophilic PEG arm.>® The dihydroxy functionalities
on the core were coupled to bromoisobutyrate ATRP initiators and used to polymerize PMMA.
Agqueous self-assembly of these polymers led to micelles with a diameter of 130 nm and CMC of
0.91 mg/L. As a substitute for GSH which would be present biologically, 10 mM of dithiothreitol
(DTT) was used (mimicking intracellular GSH concentrations) to reduce the disulfide linker
present in the micelles. This treatment resulted in a micelle size shift to 300 nm after 2 hours,
and >1000 nm after 24h, as a result of aggregation of unlinked polymer chains, while no significant
size change was seen in untreated samples. MTX was encapsulated with 64% efficiency, and the
nanocarriers showed 22% release in 48 hours with no clear burst release. Meanwhile, DTT
treatment, causing complete micellar dissociation, resulted in a much more significant (95%)

release in 48 hours.

A series of miktoarm polymers based on a core with 4 branching PEG arms have been prepared,
by selectively carrying out the ROP of caprolactone on individual PEG ends to yield A(AB)s,
A2(AB), and A3(AB) (A = PEG, B = PCL) stars (Figure 1.10).>” PEG blocks were end-conjugated
to folic acid (FA) while PEG-PCL ones were conjugated to camptothecin (CPT) via
dithiodipropionic acid, a GSH-cleavable disulfide bearing linker. Incubation with GSH not only
led to the cleavage of CPT conjugated directly to miktoarm stars, but also to a several hundred
nanometer increase in micellar diameter, which was associated with core destabilization from the
linker cleavage. Faster CPT release was seen in micelles that had the highest CPT content (more
points of conjugation), with 76%, 69%, and 54% release coming from A(AB)s, A2(AB)., and
Az(AB) micelles respectively. Cellular uptake of CPT was investigated with SKOV-3 cells that

overexpressed FA receptors. Micelles with the highest FA surface density (those with free PEG
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arms conjugated to FA) were expected to enable higher cellular uptake. The A2(AB). micelles
promoted the CPT uptake the most at 25%, and 11 and 15-20% in A(AB)sz and A3(AB) micelles
respectively, suggesting a compromise between FA surface density and CPT-loading. Considering
CPT loading, GSH-sensitivity, and cellular uptake, PEG>-(PEG-PCL)> micelles were the most

optimal as anti-tumor agents.
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Figure 1.10. (A) Scheme of A(AB)3 (P140, P160), A2(AB). (P240), and As(AB) (P340) assembly

into micelles, their response to GSH, (B) their size distributions from DLS, and (C) a

representative TEM micrograph of A2(AB). (P240) micelles. Reprinted with permission from

reference 57. Copyright 2015 Royal Society of Chemistry.
AB: (A = PEG, B = PLL) type miktoarm stars have been prepared using N-carboxyanhydride
(NCA) ROP on a PEG-based macroinitiator, with or without bioreducible disulfide linkages
conjugating the polymeric arms.”® The disulfide linker-containing system employed cystamine,
which was conjugated directly to the PEG macroinitiator, and its NH2 end was employed for ROP.
PLL is cationic at physiological pH, and it can electrostatically bind with negatively charged
biomolecules such as plasmid DNA (pDNA). It was demonstrated that a 5:1 wt. ratio of miktoarm
polymer to pDNA was sufficient for complete binding. Miktoarm star/pDNA polyplexes were
prepared using this ratio, and these formed spherical particles of 57.67 and 142.62 nm diameters,
with or without reducible disulfide linkers, respectively. These sizes were constant when incubated

with fetal bovine serum for 24 hours, indicating good nanoparticle stability and applicability for
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intravenous administration. This was in contrast to complexes of pDNA with just PLL arms, which
grew to about 450 nm after 24 hours. The significance of the effect of the linkers or the reasons
for the disparate sizes is not fully understood. Unlike the non-bioreducible polyplexes, pDNA
bound to miktoarm stars was released in response to DTT, a reducing agent substitute for biological
GSH. The in vitro transfection efficiency of miktoarm polyplexes containing disulfide linkers into
HeLa cells, was observed to be much higher than that of the non-reducible polyplexes due to the

intracellular reduction of these linkers.

A 10,-responsive miktoarm star of AB, (A = PEG, B = PCL) composition has been prepared,
using the ROP of caprolactone from a PEG macroinitiator, containing a [(-aminoacrylate
junction.” The latter was found to be 100% in the E-configuration, and its O, induced cleavage
was confirmed under red light laser irradiation, after exposure to the !O-generating
photosensitizer, chlorin e6 (Ce6) (Scheme 1.6). Ce6 and DOX were loaded into the micelles with
78 and 29% efficiencies respectively. Irradiation of these Ce6/DOX co-loaded samples led to the
disruption of micelles into irregular aggregates, which triggered 68% DOX release after 24 hours,
as opposed to only 26% in the dark. Accordingly, laser irradiation of co-loaded AB> micelles
resulted in large DOX uptake into the cytoplasmic regions of MDA-MB-231 cells, more so than

even free DOX, while micelles kept in the dark maintained good cargo retention.

o]

A

Red Light + Ce6

102

S ¥ S

Scheme 1.6. Structure and 'O-response of PEG-PCL, miktoarm star polymers with [-
aminoacrylate junctions to 660 nm light in the presence of Ce6.
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1.4.4 Light- and Dual-Responsive Drug Delivery

Light is an advantageous non-invasive exogenous stimulus that can be directed to a target site, and
it provides an intriguing platform for drug delivery. However, since UV light is often used to
trigger such systems, safety risks as well as low tissue penetration are matters of concern. The two
main categories of light-responsive polymers that have been explored in drug delivery are those
which undergo photochemical cleavage or photoisomerization.!*3 For such UV-light induced
cleavage, moieties such as pyrenylmethyl esters, coumarinyl esters, and o-nitrobenzyls have been

incorporated into polymeric systems, 43 144

For example, the o-nitrobenzyl group was introduced into an ABC (A = PEG, B = poly(2-
nitrobenzyl methacrylate) (PNBM), C = PNIPAM) miktoarm star, which could change its micellar
morphology, in response to both light and temperature, due to its sensitive PNBM and PNIPAM
arms respectively (Figure 1.11). It is well known that the LCST of PNIPAM is 32 °C, but it was
found to be 42 °C in the miktoarm polymer,** which was attributed to the low MW of the PNIPAM
block as well as its clustering with PEG in the micellar coronae. Heating an aqueous micelle
solution past this temperature increased micelle diameters from 97 to 142 nm, as PNIPAM chains
aggregated with PNBM in the core. UV light irradiation was able to cleave and convert the o-
nitrobenzyl functionalities into o-nitrobenzaldehyde and the carboxylic acid, proceeding through
a Norrish 1l type intramolecular rearrangement. This rearrangement does not require an aqueous
solvation, and as a result can occur in micellar cores.%146:147 |n the case of PNBM, UV-induced
cleavage of o-nitrobenzyl moieties in its side chains converted the polymer to the now hydrophilic
PMAA. DLS studies showed that the nanoparticle diameters increased by about 15 nm and had
much wider dispersities. Using Nile Red as model cargo, below the LCST and without UV
stimulus, its release was found to be negligible, while raising the solution temperature past the
LCST only increased the cumulative release of Nile Red to 4.6% after 30 minutes. In contrast, UV
irradiation of the sample led to 64% release, showing the much stronger effect of converting the

constituent polymer of the hydrophobic core into a hydrophilic chain.
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Figure 1.11. Self-assembly and dual UV/temperature response of PEG-PNBM-PNIPAM
miktoarm star polymers. Reprinted with permission from reference 66. Copyright 2017 Elsevier.
In the photoisomerization category, azobenzenes, which are known for their ability to transition
from trans to cis isomers upon UV irradiation, with an accompanying local polarity increase, are
by far the most commonly employed functionalities.!® 44 This differentiates azobenzene-
containing drug carriers from photocleavable systems as they can transition between their “on”

and “off” states, which can allow more precise tuning of drug release at desired sites.*

A series of azobenzene containing ABs miktoarm star polymers (A = PAzo, B = poly(N,N-
diethylacrylamide) (PDEAA)) have been synthesized.*® Using a trifunctional-azido ATRP initiator,
the polymerization of an azobenzene-containing methacrylate yielded a PAzo-core structure. It
was then coupled with three PDEAA arms using click chemistry to form a miktoarm polymer. The
effect of temperature on the miktoarm polymer assemblies was first assessed with DSC, through
which an LCST of 27 °C was determined. PDEAA became hydrophobic above this temperature
and resulted in a collapse of the micelle. Temperature reversal led to a partial reassembly.
Irradiation of the dual-responsive PAzo-PDEAAz micelles also resulted in reversible
morphological distortion, as well as an 8 nm increase in their Dn. While one might assume that
temperature-associated changes would lead to cargo release, Nile Red was found to be associated
within the collapsed micellar structure. Micelle deformation from UV irradiation successfully

promoted Nile Red release (Figure 1.12).
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Figure 1.12. Representation of (A) temperature and UV-induced morphological response of

PAzo- PDEAA; micelles and (B) the corresponding proposed Nile Red release. Reprinted with

permission from reference 46. Copyright 2013 Royal Society of Chemistry.
Another ABs (A = PAzo, B = PEG) miktoarm polymer with an azobenzene-containing 4-
isobutyloxyazobenzene side chain on the polymethacrylate arm has been synthesized, using a
three-armed PEG macroinitiator for ATRP of the PAzo arm.>® It formed polymersomes with
diameters reported to be approximately 640 nm on average, about double that of the previously
reported values. UV-vis spectra showed two absorption bands: the azobenzene trans z-z*
transition centered at 360 nm, and the cis n-z* transition at 450 nm. Irradiation with a mercury low
pressure UV lamp showed complete trans-cis isomerization within 5 minutes, and at rest, a cis-
trans reversal occurred within 24 hours. Irradiation caused a morphological transition of the
polymersomes to a ‘wrinkled’ state, accompanied by a 170 nm decrease in nanoparticle diameter.
The permeability of the miktoarm star polymersomes after irradiation resulted in the efficient

release of encapsulated hydrophobic Nile Red or hydrophilic Rhodamine B probes.
1.4.5 Polyplex Delivery

Polymeric systems have provided a viable avenue for the delivery of genes and proteins as
polyionic complexes, or polyplexes.** Owing to the negatively charged backbone of nucleic acids
and some peptides, cationic polymer segments are often used as complexing agents for
stabilization and drug delivery. As miktoarm polymers contain multiple branched segments, they
can be tuned such that disparate arms can be used for complexation within the same drug delivery
system. In such an example, self-assembled micelles from ABC (A = PEG, B =PLL, C =PCL)
miktoarm polymers, with PEG and PLL comprising the hydrophilic corona, and PCL forming the
core, were prepared.*® Whereas PEG and PCL were used to maintain the integrity of micelles by
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acting as corona-stabilizing hydrophilic and core-stabilizing hydrophobic segments respectively,
PLL was used for pPDNA complexation. Upon self-assembly, the 31 nm micelles were capable of
loading the hydrophobic paclitaxel, while being complexed with pDNA, enabling their codelivery.
In vitro studies showed a burst release of paclitaxel initially, but reached 65% cumulative release
within 60 hours. Unfortunately, blank micelles led to significant HeLa cell death, in which 61%
of cells survived 6 pg/mL polymer concentrations. Paclitaxel loading led to a further 20%
reduction in cell survival. It was found that PEG-PLL-PCL miktoarm stars formed polyplexes with
pDNA through electrostatic interactions at N/P (polymer amino (N) / nucleic acid phosphate (P))
ratios higher than 2. Binding affinities were found to be similar for paclitaxel loaded and unloaded
micelles. Zeta potentials were measured for N/P ratios 0.5-32, and were found to change to positive
values at N/P = 2. However, these continued to steadily rise afterwards indicating further structural
change/binding. In vitro cell transfection experiments on HelLa cells revealed improved

transfection in paclitaxel loaded micelles, likely due to their anti-mitotic effects.

The first example of the use of core-crosslinked miktoarm stars micelles for drug/nucleic acid
delivery was for micelles that contained PEG and poly(B-hydroxyethylenediamine-L-glutamate)
(PHLG) arms in their coronae.®* Core-crosslinked polymers prepared by radical polymerization
are often symmetrical.**® The inclusion of mixed arms, as in miktoarm stars, can yield more
efficient drug delivery systems, as in this case where PEG confers solubility and PHLG was used
for polyplex formation. The pKj of these miktoarm stars was determined to be 8.6, thus leading to
protonation of PHLG terminal amino groups at physiological pH. Due to its cationic arms, the
miktoarm polymer formed a complex with negatively charged siRNA. Gel electrophoresis showed
that complexes were formed at N/P ratios higher than 16, at which point, bands representing
unbound siRNA were no longer seen. Flow cytometry of Cy3-labeled siRNA and Algs-labeled
miktoarm star cores showed that most sSiRNA was taken up into A549 cancer cells as a complex

with miktoarm stars.

Linear (AB) and AB3 miktoarm stars (A = PEG, B = PGA) were synthesized based on the NCA
ROP of PGA from a PEG macroinitiator, in order to study the effect of polymer topology on
lysosome protein complexing.®” Having an isoelectric point at pH 11.3, lysozyme has a net positive
charge at physiological pH which allows for its complexation with polyanions such as PGA, which

is negatively charged at physiological pH. No protein complexation was seen at pH 2, where PGA
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miktoarm blocks contained completely protonated carboxylic acid groups. Complexation at pH
7.4 depended heavily on polymer topology as well as the polymer/protein ratio. At ratios of >1,
complete complexation was seen for the linear AB polymers, whereas a ratio higher than 2.5 was
needed for ABsz miktoarm stars, with the same hydrophilic/hydrophobic ratio. Interestingly,
lysozyme complexation in ABs miktoarm stars containing B blocks, each being the same MW as
the B block in the linear copolymer, showed only marginal improvement. Based on tryptophan
fluorescence, it was found that no detectable protein unfolding occurred when bound to the
polymers, and so, lysozyme’s structural conformation was conserved. Despite this, lower
enzymatic activity was observed for bound lysozyme, with a more noticeable decrease in lytic
activity at higher polymer/protein ratios. When assessed using Micrococcus lisodeikticus, the
lysozyme showed decreased cleavage of N-acetylmuramic acid and N-acetylglucosamine in cell
walls, due to obstructed access of substrates to its active site.

AB3 (A = PEG, B = PGA) miktoarm polymers have also been prepared for the pulmonary delivery
of complexed lysozyme as a dry powder.®® 76 The miktoarm star/lysozyme nanocomplexes were
synthesized at a molar charge ratio of 2.5, with mannitol, trehalose, and leucine as aerosol
excipients. Fine particle fractions of up to 68% were seen for powders consisting of the polyplexes
with trehalose and leucine. Trehalose was used as a bulk agent in formulating the dry powders,
which aided in stabilizing the 3D protein structure of lysozyme through the formation of hydrogen
bonds. Leucine functioned as a dispersion enhancer, which was essential in forming powders with
spherical morphology and an average diameter of 2.5 um, which is ideal for inhalation. The
complexes were found to be well incorporated into dry powders with encapsulation efficiencies
between 80 and 100%, while retaining enzymatic activity. Additionally, conjugation of vitamin
B12, cobalamin, to PEG termini via CUAAC click coupling, allowed targeting of Bio-receptors in
epithelial cells containing the vitamin B1z-internalization receptor (CD320), in vitro and in vivo.’
This significantly increased the cellular internalization of miktoarm star/lysozyme complexes
compared to those without conjugated B12. Using the Calu-3 epithelial cell model, it was further
established that the topology of miktoarm star polyplexes resulted in greater lysozyme
internalization compared to linear complexes, despite a slightly stronger immunogenic response.
Dry powders that incorporated the polymer/protein polyplexes showed non-homogenous
dispersion in mouse lungs, yet deposition data showed that delivered lysozyme was present in the

lungs 14 hours after administration, in contrast to the Bi2-lacking non-targeting polyplexes.
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Although not a strict example of polyplex-based delivery, a system composed of cationic bis-
hydrophilic ABs miktoarm stars (A = PEG, B = quaternized poly(2-(dimethylamino)ethyl
methacrylate) ((PDMAEMA)) was combined with anionic poly(styrenesulfonate) to form stable
polymersomes with inter-polyelectrolyte complexes.®* Their hydrophilic interiors allowed the
encapsulation of rhodamine B, a cationic dye molecule, and as a result of the polymersomes’
polyelectrolyte complexes, there was no obvious leakage of rhodamine B from their cores, but
when dialyzed against a 2M NaCl solution, complete release was seen in 5 hours. These
polymersomes were used to construct multilayered microcapsules by the sequential adsorption of
tannic acid and polymersome layers, on the surface of bare negatively charged silica nanoparticles,
followed by silica core dissolution. PEG chains were able to strongly interact with tannic acid
layers because of hydrogen bonding. A change of pH from 5 to 9 resulted in a microcapsule size
change from 4.51 to 4.12 um, which resulted in the opening of microcapsule pores (greater
permeability) that could accommodate FITC-dextran in its shell at pH 5 (or below 7). Loading
FITC-dextran in 8-layer microcapsule shells and subsequently switching the pH back to 9 resulted
in the desorption of the dextran from the shell and its loading into the microcapsule cores. This
way, both anionic FITC-dextran and cationic rhodamine B could be loaded in the microcapsule
and polymersome interiors. These microcapsules could then be controlled to release either of their

loaded cargoes through environmental changes in ionic strength or pH (Figure 1.13).
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Figure 1.13. Independent release of anionic FITC-dextran and cationic rhodamine B from PEG-
gPDMAEMA: micelle/tannic acid-derived microcapsule cores and shells. Reprinted with
permission from reference 64. Copyright 2014 American Chemical Society.

1.5. Conclusions and Future Perspective

Miktoarm star polymers are beginning to make a significant contribution to advancing the scope

of drug delivery using polymeric soft nanoparticles, due to their advantageous properties,

compared to the traditionally employed, and most widely studied amphiphilic block copolymers.
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Advances in the synthesis of miktoarm stars using high yield methodologies has facilitated
designing formulations with better therapeutic outcomes. Methods including arm-first and core-
first were initially explored for their syntheses, and were centered around either coupling/grafting
pre-synthesized polymeric segments onto a central core, or direct polymerization from a
heteromultifunctional core, respectively. These methods individually suffer from drawbacks such
as sterically induced incomplete grafting in arm-first methods, and difficulty in core initiator
preparation as well as polymerization control in core-first methods. Generally, it is best suited to
combine these to tailor the overall composition of miktoarm star polymers. One of the most
commonly used hydrophilic components in miktoarm stars is poly(ethylene glycol), which is
commercially available in varied molecular weights, can be easily functionalized at its ends, and
can be covalently linked to core molecules using highly efficient stitching methodologies,
including click chemistry and condensation coupling. In-out synthesis, while a viable approach to
the construction of miktoarm stars, has not been largely explored in delivering active agents, due

to limitations of their self-assembled structures in drug loading in the densely packed cores.

Due in large part to their unique branching architecture, which can accommodate a variety of task-
specific polymer segments, miktoarm star-based self-assemblies are formed at very low CMCs,
and show high loading efficiencies, with a sustained drug release. Polymer arm tunability has
permitted developing micellar formulations which could target specific organelles or cell receptors,
or respond to a variety of autogenous stimuli. The ease with which branching stars can be
synthetically articulated continues to offer a platform for the development of multi-stimuli-
responsive systems that could deliver drugs with biological cues extra- and intracellularly. It is
expected that researchers will continue to design miktoarm constructs possessing polymer
segments, which upon self-assembly i) can switch between micellar cores and coronae, in response
to a stimuli, and without structural collapse; ii) form wrinkled cores, resulting from immiscible
core polymer blocks, and increase the number of binding pockets for drug cargo. Considering that
noticeable progress has been made in the design and synthesis of miktoarm stars, our
understanding of the structure-property relationships of their aqueous self-assembly should
continue to be the next focus. This will certainly enhance our efficacy in pharmaceutical
interventions in high morbidity rate diseases. Another area of growth is in theranostics, where
miktoarm polymers are ideally suited to make a major contribution, due to the ease with which

diverse functions, diagnostics, and delivery can be easily introduced via their structural build-up.
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Chapter 2: Miktoarm star polymers with environment-selective
ROS/GSH responsive locations: From modular synthesis to tuned drug
release through micellar partial corona shedding and/or core disassembly

Abstract

Branched architectures with asymmetric polymeric arms, provide an advantageous platform for
the construction of tailored nanocarriers for therapeutic interventions. We have developed simple
and adaptable synthetic methodologies to amphiphilic miktoarm star polymers in which spatial
location of reactive oxygen species (ROS) and glutathione (GSH) responsive entities, is articulated
to be on the corona shell surface or inside the core. The design of such architectures is facilitated
through versatile building blocks and selected combinations of ring-opening polymerization,
Steglich esterification and alkyne-azide click reactions. Soft nanoparticles from aqueous self-
assembly of these stimuli responsive miktoarm stars, have low critical micelle concentrations and
high drug loading efficiencies. Partial corona shedding upon response to ROS is accompanied by
an increase in drug release, without significant changes to overall micelle morphology. The
location of the GSH responsive unit plays an important role in drug release and micelle
disassembly. Curcumin loaded soft nanoparticles show higher efficiencies in preventing ROS
generation in extracellular and cellular environments and in ROS scavenging in human
glioblastoma cells. The ease in synthetic elaboration and an understanding of structure-property
relationships in stimuli responsive nanoparticles offers a facile venue for well-controlled drug

delivery based on the extra- and intracellular concentrations of ROS and GSH.

2.1 Introduction

Despite achievements in drug design and discovery, progress in the delivery of biologically active
compounds to desired sites has been relatively slow, and this has been attributed to their poor
bioavailability.! Molecular modifications of bioactive agents to improve their solubility in aqueous
media, however, has sometimes resulted in decreased biological activity.? Nanotechnological
approaches have been applied instead to avoid chemical modifications and retain pharmacological
effects of promising pharmaceutics. Different formulations which employ nanometer size vehicles
to encapsulate drugs and retain them for a prolonged time period in blood circulation have been
developed and have reduced cargo concentrations at unwanted locations.™ 3 Macromolecule-

based soft nanostructures have offered great potential and generally employ self-assembled
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amphiphilic block co-polymers or lipids for delivery.® 7 Such soft nanoparticles often have
PEGylated coronas and hydrophobic cores. Considering the sizes of the vasculature and tissue
pores, micelles with diameters of less than 200 nm can markedly improve biological distribution
due to the enhanced permeability and retention effect (EPR).®

Through a detailed evaluation of micelle-based formulations for drug delivery, it has been well
documented that the overall structural composition and architecture of amphiphilic polymers play
an important role in drug loading capacities and critical micelle concentrations (CMC).
Introduction of soft nanoparticles to an aqueous biological environment subjects them to immense
dilution, and the CMC is generally desired to be kept at or below 1 uM concentrations.®
Asymmetric star polymers, frequently referred to as miktoarm star polymers, have provided an
advantageous platform to address these issues.>!* The volume occupied by hydrophilic
poly(ethylene glycol) (PEG) segments in soft nanoparticles from branched miktoarm star polymers
can significantly exceed that of the nearby hydrophobic segment, compared to that in assemblies
from conventional block co-polymers. This architectural disparity leads to smaller diameters, very
low CMCs, and most importantly the ability to encapsulate large amounts of drug molecules.®*?
In light of the significant opportunities provided by these branched architectures in a diverse range
of applications, there has been tremendous effort devoted to developing novel strategies for their
construction, which can lead to better control over their overall composition.*>?° These synthetic
articulations will also continue to strengthen designing miktoarm star-polymer based formulations

with a desired combination of properties for efficient therapeutic interventions. > 2126

Some pathologies are associated with oxidative stress which occurs due to the excess of reactive
oxygen species (ROS), including hydrogen peroxide (H202), superoxide (O2), hydroxy radicals
(-OH), and singlet oxygen (*O,) that is inadequately opposed by endogenous antioxidant defense.
Oxidative stress-induced damage is one of the contributors to the slow biological deterioration in
aging,?’ and a topical area of research in developing ROS-responsive nanocarriers.?®3! The ROS
concentration in the extracellular environment is significantly enhanced at affected diseased sites,
and glutathione (GSH) is generally very highly concentrated intracellularly. We considered these
differences for the development of a redox environment-selective drug delivery system.3>2¢ As
elaborated in Chapter 1, there are currently few examples of GSH-responsive miktoarm polymers,

and no examples of general ROS-responsive miktoarm polymers. In addition, we were intrigued
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to examine if soft nanoparticles in which ROS-sensitive thioketal (TK) moieties are incorporated
into micellar coronas, could accommodate small changes in their morphology through partial
outer corona shedding in response to extracellular concentrations of ROS, while enhancing drug
release rates (Figure 2.1). While, there are reports of stimuli responsive systems in which complete
micellar corona depletion has been used to enhance drug release, there are no such examples for
partial depletion.> 3337 Using this design, our aim was to show that the overall micellar structure
remains intact upon extracellular response to ROS, which will subsequently enter the cells, while
subtly increasing drug release. Micellar-core containing disulfide (DS) linkers will then help
deliver drug cargo at sites with high GSH concentrations, and will also enable micellar disassembly
(Figure 2.1).3438

GSH responsive unit @~
Polycaprolactone
Partial corona
Self- assembly sheddmg
GSH responsive unlt
DTUS Iuadlng ROS response
Polyethylene glycol

ROS responsive un|t Extracellular
AB, Miktoarm Star Polymers OdeathE stress
17
W”MIWW
Intracellular
Increased GSH levels
\/\/\/' ’V\/
GSH response

—_—
Core disassembly ’V\/\/\/\/

Figure 2.1. Tuned environment-selective ROS/GSH response and drug release using assemblies from AB;
miktoarm star polymers.

Considering the role that ROS-induced oxidative damage plays in age-related diseases, senolytic
agents have become an active area of research. We employed curcumin for drug loading and
release studies, as it can be easily acquired and has been shown to extend the lifespan & increase
the health of several model organisms.3® While the exact mechanisms are not well understood, it
is known that curcumin has a broad anti-inflammatory effect that involves down-regulating NF-

kB gene products, thereby suppressing cytokines and TNF-o expression. 4% 41
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We report herein a facile mixed arm- and core-first methodology to a variety of AB, (A =
polycaprolactone (PCL), B = PEG) type amphiphilic miktoarm star polymers with tailored spatial
distribution of ROS and GSH responsive groups for extra- and intracellular response and drug
delivery. Of the constituent polymeric arms for the branched structures, we chose polyethylene
glycol (PEG) as the hydrophilic component since it has been widely used in drug delivery systems
to confer aqueous solubility as well as stealth to the resulting micellar nanostructures.*?
Polycaprolactone (PCL), the hydrophobic polymeric arm, is biocompatible.**** We optimized the
synthesis of AB:> type miktoarm star polymers using a simple and modular synthetic methodology,
which employed the desired building blocks with a combination of “stitching” (via Steglich
esterification and the copper catalyzed alkyne-azide cycloaddition “click” (CuAAC) reaction) and
ring-opening polymerization.*>*° The ROS-responsive TK units were precisely incorporated near
the outer terminal ends of the PEG arms, which will subsequently become micellar corona. GSH-
responsive DS links were added to desirable sites within the polymeric architecture at i) the
terminal end of the hydrophobic PCL chain, and ii) the focal junction where the PCL chain is
covalently linked to the branched structure. A model diblock copolymer was also synthesized for
direct comparison with the miktoarm star polymers. We demonstrate that self-assemblies from the
branched architectures i) have very low CMCs and carry a high load of curcumin cargo; ii) shed
their upper corona partially in response to oxidative stress; and iii) disassemble in response to
GSH. In addition, the spatial location of DS units in the miktoarm star polymer assemblies plays
an important role in drug release: the PCL chain-end located GSH responsive unit does not
influence drug release profile, while the one covalently linking the PCL arm to the focal point of
the polymer architecture, leads to a marked increase in drug release. Such micellar disassembly
not only leads to rapid drug release directly at a targeted site, but additionally accelerates
biodegradation of the separated PCL and PEG segments. Using CellROX® Deep Red, a
fluorogenic probe for oxidative stress, we evaluated and confirmed the ROS scavenging behaviour
of our drug delivery system in human glioblastoma cells.>® Curcumin-loaded micelles containing
only ROS-responsive moieties significantly decreased in vitro ROS production, and were more
effective in scavenging ROS.
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2.2 Materials and Methods

Poly(ethylene glycol) monomethyl ether 2000 was obtained from TCI Chemicals, tetraethylene
glycol monomethyl ether and g-caprolactone monomer from Acros Organics, Dulbecco’s modified
Eagle’s media, penicillin-streptomycin, CellROX® Deep Red, and Hoechst 33342 nuclear dye
from ThermoFisher Scientific, and all were used as received. Fetal bovine serum and U251N
human glioblastoma cells were obtained from Wisent and the American Type Culture Collection
respectively. All other chemicals and reagents used in this study were used as received from
Sigma-Aldrich.

Nuclear magnetic resonance (NMR) spectra were variously acquired on Bruker AVIIIHD 400 and
500 MHz NMR Spectrometers, both equipped with BBFO+ SmartProbes, and a Varian Inova 500
MHz NMR Spectrometer equipped with a HCN probe. Mass spectrum determinations were
conducted and analyzed on a Bruker MALDI Autoflex I1I-TOF and on an Exactive Plus Orbitrap-
API (Thermo Scientific) high-resolution mass spectrometer. Dynamic light scattering (DLS) was
performed on a Brookhaven 90Plus Particle Size Analyser equipped with a 40 mW red diode laser
operating at 658 nm. TEM images were taken on a FEI Tecnai 12 BioTwin 120 kV TEM equipped
with an AMT XR80 CCD Camera System located at the Facility for Electron Microscopy Research
(FEMR) at McGill University. UV-Vis absorption spectra were taken on a Varian Cary 50 UV-
Vis Spectrophotometer. Fluorescence spectra were collected on a Cary Eclipse Fluorescence
Spectrophotometer. Fluorescence imaging of cells was performed on a Leica DMI 4000B
microscope. Gel permeation chromatography (GPC) was performed on a Waters Breeze system
with HPLC grade tetrahydrofuran (THF) as the mobile phase. GPC analyses were performed at

the Department of Chemical Engineering at McGill University.

2.2.1 Synthesis
(3,5-bis(prop-2-yn-1-yloxy)phenyl)methanol (DPBA). This reaction was performed following a

literature procedure.! 3,5-dihydroxybenzyl alcohol (1.0g, 7.14mmol), propargyl bromide (80%
solution in toluene, 1.6mL, 14.28mmol), K2COs (1.28g, 9.28mmol) and [18]-Crown-6 (catalytic)
were dissolved in acetone, and added to a 3-neck flask equipped with a condenser. The reaction
mixture was brought to reflux and stirred for 12 hours under a nitrogen atmosphere. Upon
completion, the solvent was removed under reduced pressure and the remaining mixture was

extracted with DCM from water three times. The combined DCM extracts were dried with MgSQOa4
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and the solution volume was minimized before being passed through a silica gel column with a
1:1 hexanes:ethyl acetate eluent. The pure product was collected and dried in vacuo to yield a
white solid (1.25 g, 81%).

'H NMR (400 MHz, CDCls): 81 (ppm) 1.60 (1H, s, OH), 2.55 (2H, t, “Jun = 2.4 Hz, C=CH), 4.68
(2H, s, CH2-OH), 4.71 (4H, d, *Jun = 2.3 Hz, CH2-C=C), 6.57 (1H, t, “Jun = 2.3 Hz, H-Ar), 6.67
(2H, d, *Jun = 2.5 Hz, H-Ar). BC{*H}-NMR (100 MHz, CDCls): &c (ppm) 55.9, 65.1, 75.7, 78.4,
101.5, 106.2, 143.6, 158.8

3,5-bis(prop-2-yn-1-yloxy)benzyl PCL (DPB-PCL). Compound 3 was prepared by adapting a

ring opening polymerization methodology from the literature.? DPBA (2, 0.2g, 0.925mmol) and
distilled e-caprolactone (2.07 mL, 18.7mmol) were dissolved in dry toluene and added to a warm
3-neck flask equipped with a condenser. While stirring under nitrogen atmosphere, the reaction
mixture was brought to reflux and Tin(ll)2-ethylhexanoate (0.076 mL, 0.187mmol) was added
through a rubber septum. After 12 hours of stirring, the flask was let to cool before toluene was
removed under reduced pressure. The mixture was re-dissolved in minimal amount of DCM and
dropped into ice cold methanol to precipitate the pure product. The product was collected by

filtration and dried in vacuo to obtain an off-white solid (1.43 g, 61%)

'H NMR (400 MHz, CDCls): 8y (ppm) 1.40 (56H, m, (-OOC-C-C-CHa-)2s), 1.66 (112H, m, (-
OOC-C-CHy-C-CH2-)2s), 2.33 (56H, t, 3] = 7.6 Hz, (-OOC-CHa)28), 2.55 (2H, t, “Jun = 2.4 Hz,
C=CH), 3.66 (2H, t, 3Jun = 6.4 Hz, -OOC-CH,-), 4.08 (56H, t, 3Jun = 6.8 Hz, (-CH2-O0C-)2g),
4.69 (4H, d, “Jun = 2.4 Hz, CH,-C=C), 5.07 (2H, s, CH2-OH), 6.59 (1H, t, “Jun = 2.4 Hz, H-Ar),
6.61 (2H, d, “Jun = 2.4 Hz, H-Ar). BC{*H}-NMR (125 MHz, CDCls): 8¢ (ppm) 24.5, 25.5, 28.3,
34.1,55.9, 64.1, 75.7, 107.5, 173.5. MS: MALDI-TOF M, = 2839.05; My = 3321.40; PDI = 1.17;
DP =24.90

PEG-OTs. Monotosylation of PEG was carried out by adaptation and modification of a literature
procedure.® Ag,0 was first freshly prepared by adding a 9mL 85 °C aqueous solution of NaOH
(0.24¢g, 5.89mmol) quickly to a separate 85 °C aqueous solution of AgNO3 (1.0g, 5.89mmol). A
brown solid product immediately formed and was then filtered and washed with hot water and
methanol before drying under reduced pressure. A 3-neck flask containing a solution PEG 2050
(2.95g, 1.44mmol), Ag20 (0.500g, 2.16mmol), and Kl (0.0478g, 0.288mmol) in DCM was
prepared and cooled in an ice bath. Then, p-toluenesulfonyl chloride (0.288g, 1.51mmol) was
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added while stirring under a nitrogen atmosphere. The reaction was continuously stirred over 12
hours to completion. The reaction solution was opened to air and centrifuged at 4500 RPM for 20
min to remove Ag20. The remaining solution was then concentrated in DCM and dropped into a
flask containing ice cold ether to precipitate the purified product. The product was filtered and
dried under reduced pressure to yield a white fluffy powder (2.23 g, 70 % yield).

'H NMR (400 MHz, CDCls): 8n (ppm) 2.44 (3H, s, CH3), 2.75 (1H, brs, OH), 3.63 (182H, m,
PEG), 4.15 (2H, t, J=4 Hz, CH2-OTs), 7.34 (2H, d, 3Jun = 8Hz, H-Ar), 7.79 (2H, d, ®Jun = 8.0 Hz,
H-Ar). BC{*H}-NMR (125 MHz, CDCls): 5¢c (ppm) 21.5, 61.3, 68.4, 69.1, 70.1, 70.3, 70.5, 72.5,
127.8,129.7, 132.9, 144.6.

PEG-Ns. Ts-PEG 2050 (5, 1.8g, 0.823mmol) and NaNs (0.43g, 6.58mmol) were added to a round
bottom flask containing anhydrous ethanol, which was equipped with a condenser. The reaction
mixture was brought to reflux and stirred for 24 hours under a nitrogen atmosphere. The flask was
then opened to air and left to cool. Ethanol was removed from the system under reduced pressure,
and the mixture was extracted 4 times from water with chloroform before drying with MgSQOa. The
product was then concentrated in DCM and precipitated by dropwise addition to ice cold diethyl

ether. After filtration and drying in vacuo, a white solid product was obtained (1.48 g, 87%).

IH NMR (400 MHz, CDCls): 31 (ppm) 2.48 (LH, brs, OH), 3.40 (2H, t, 3Jun = 4.8 Hz, CH2-Na),
3.66 (180, m, PEG), 3.74 (2H, t, 3Jnn = 4.8 Hz, CH,-OH). 3C{'*H}-NMR (125 MHz, CDCls): &c
(ppm) 50.6, 61.6, 69.9, 70.3, 70.52, 70.58, 70.61, 70.65, 72.48.

2.2'-(propane-2,2-diylbis(sulfanediyl))diacetic acid (TKDA). In a three-neck flask under a

nitrogen atmosphere, mercaptoacetic acid (25mL, 0.358mol) was dissolved in acetone (45mL,
0.607mol). While cooling in an ice bath, 40 mL HCI were added dropwise to the solution through
a rubber septum, and the reaction mixture was left to stir for 12 hours. Upon completion, the flask
was cooled once more in an ice bath and the precipitate filtered. The crude product was washed

sequentially with cold water and cold hexanes to obtain a pure white product (33.54g, 83%).

IH NMR (400 MHz, CDCls): 81 (ppm) 1.65 (6H, s, CH3), 3.56 (4H, s, CHz). 3C{*H}-NMR (100
MHz, DMSO-ds): 3¢ (ppm) 30.6, 33.6, 56.7, 171.7.

18,18-dimethyl-15-0x0-2,5,8,11,14-pentaoxa-17,19-dithiahenicosan-21-oic acid (TK-TEG).

Steglich esterification was carried out by an adaptation and modification of a published
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methodology.* TKDA (1.0g, 4.46mmol) and DMAP (0.109g, 0.897mmol) were added to a 3-neck
flask and dissolved with a 1:1 mixture of dry diethyl ether and dry DCM. Upon cooling in an ice
bath, solutions of TEG (0.179mL, 0.97mmol) and DCC (0.231g, 1.13mmol) in dry DCM were
simultaneously added dropwise to the reaction mixture over 1.5 hours while stirring under a
nitrogen atmosphere. Upon completion, the 3-neck flask was cooled in an ice bath and any formed
precipitate was filtered off. The crude product was then extracted from water with DCM 3 times
and dried under MgSOas. The crude was concentrated in DCM and passed through a silica gel
column with a 8:1 DCM:methanol eluent to remove any remaining impurities, and the solvent was

removed under reduced pressure to yield a colourless oil (0.178 g, 48%).

'H NMR (400 MHz, CDCls): 81 (ppm) 1.63 (6H, s), 3.40 (3H, s), 3.44 (2H, s), 3.51 (2H, s), 3.57
(2H, m), 3.68 (10H, m), 3.75 (2H, m), 4.29 (2H, m). *C{*H}-NMR (125 MHz, CDCls): &c (ppm)
24.7, 25.4, 30.1, 32.9, 33.2, 33.5, 57.2, 58.9, 64.4, 68.9, 70.3, 70.4, 70.52, 70.53, 70.57, 71.9,
170.2, 172.3. MS: ESI m/z: (M+Na) Calculated for C16H3008S2Na 437.52 g/mol, Found 437.13
g/mol.

N3-PEG-TK-TEG. The esterification procedure was adapted and modified as required based on
a literature methodology.® N3-PEG (0.76g, 0.362mmol), TK-TEG (0.15g, 3.62mmol), and DPTS
(0.10g, 3.62mmol) were dissolved in dry DCM in a three-neck flask. A solution of DIPC
(0.070mL, 4.52mmol) in dry DCM was added dropwise to the flask over 1.5 hours while

continuously stirring under nitrogen atmosphere. The reaction was then continued to run for 24

hours. After the reaction was complete, the flask was stored in a freezer at 0 °C overnight and the
formed precipitate was discarded. The crude product was passed through a silica gel column with
a 8:1 DCM:methanol eluent to remove any remaining impurities and then dried in vacuo to yield
an off-white solid (0.438 g, 49%).

IH NMR (400 MHz, CDCls): 81 (ppm) 1.63 (6H, s, 2CHs), 3.39 (5H, m, CHo-N3 OCHs), 3.45
(4H, s, S-CH,-C=0), 3.67 (196H, m, PEG and TEG), 4.28 (4H, m, CH,-O-C=0). 3C{H}-NMR
(125 MHz, CDCls): 3¢ (ppm) 30.2, 32.9, 50.7, 57.2, 58.9, 64.7, 68.9, 70.0, 70.5, 71.9, 170.4. MS:
MALDI-TOF M, = 2371.85; My = 2400.18; PDI = 1.01; DP = 53.87

WPEG-TK-TEG),PCL (u1). The copper catalyzed alkyne-azide click reaction was adapted and
modified as required based on a procedure method.® 7 NsPEG-TK-TEG (10) (0.600g, 0.253mmol),
DPB-PCL (3) (0.359g, 0.126mmol), and CuBr (0.041g, 0.286mmol) were dissolved in a round
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bottom flask containing dry THF. While stirring the reaction mixture under nitrogen atmosphere,
PMDETA (0.060mL, 0.286mmol) was added, and the reaction was continuously stirred for 24
hours. The completed reaction mixture was then concentrated under reduced pressure and passed
through a silica gel column with a 8:1 DCM:methanol eluent to remove CuBr and PMDTA.
Remaining unreacted polymers were removed via dialysis through a 3.5 kD membrane in aqueous
medium over 24 hours. The pure product was then removed from the dialysis bag and isolated by

removing water under pressure, to yield a pale brown solid (0.400 g, 42%).

'H NMR (500 MHz, CDCls): 81 (ppm) 1.42 (56H, m), 1.63 (12H, s), 1.67 (112H), 2.32 (56H, t,
3Jun = 7.7 Hz), 3.40 (6H, ), 3.46 (8H, s), 3.66 (392H, ), 3.91 (4H, t, 3Jun = 4.6 Hz), 4.08 (56H, t,
3Jun = 6.6 Hz), 4.29 (4H, t, 3Jun = 5.2 Hz), 4.58 (4H, t, 3Jun = 5.3 Hz), 5.07 (2H, s), 5.20 (4H, 3),
6.62 (2H, s), 6.64 (1H, s) 7.87 (2H, s). *C{*H}-NMR (125 MHz, DMSO-ds): 8¢ (ppm) 24.5, 25.5,
28.3,30.3, 33.0, 34.1, 50.2, 59.2, 61.9, 64.1, 69.2, 70.6, 72.2, 123.9, 143.6, 170.7, 173.5.

3-((3-(hexyloxy)-3-oxopropyldisulfaneyl)propanoic acid (DS-Hex). Steglich esterification was

carried out by an adaptation and modification of a published methodology.* 3,3-dithiodipropionic
acid (1.22g, 5.82mmol) and DMAP (0.119g, 0.970mmol) were dissolved in a 3-neck flask
containing dry DCM and cooled in an ice bath. Solutions of DCC (0.300g, 1.46mmol) and hexanol
(0.122mL, 0.970mmol) in dry DCM were then simultaneously added dropwise to the reaction
mixture over 1.5 hours while stirring under nitrogen atmosphere. The reaction was continuously
stirred over 12 hours as the mixture gradually warmed to room temperature. The solution was
filtered to remove any precipitate formed during the reaction and then the solvent was removed
under reduced pressure to obtain a crude product. The pure product was isolated by washing with
cold hexanes 3 times and removing hexanes from the combined washes under reduced pressure to
give a white solid (0.040g, 14 %).

'H NMR (400 MHz, CDCls): 81 (ppm) 0.92 (3H, t, *Jun = 6.8 Hz, CH3), 1.34 (6H, m, 3CHy), 1.65
(2H, m, CHy), 2.76 (2H, t, 3Jun = 7.32 Hz, CH2COO0-), 2.83 (2H, t, 3Jun = 7.32 Hz, CH2COOH),
2.96 (4H, m, CH2-S-S-CHy), 4.12 (2H, t, 3Jun = 6.84 Hz, COO-CHy). *C{*H}-NMR (100 MHz,
CDCls): 8¢ (ppm) 14.0, 22.5, 25.5, 28.5, 30.9, 31.4, 32.7, 33.2, 33.6, 34.1, 65.0, 171.9, 176.2. MS:
ESI m/z: (M - H) Calculated for C12H2104S2 293.42 g/mol, Found 293.09 g/mol.

W(PEG-TK-TEG)2PCL-DS _(u2). wW(PEG-TK-TEG).PCL (0.25g, 0.0330mmol), DS-Hex
(0.023g, 0.0781mmol), and DPTS (0.022g, 0.0788mmol) were dissolved in a 3-neck flask
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containing dry DCM. While stirring under nitrogen atmosphere, a solution containing DIPC
(0.015mL, 0.0969mmol) in dry DCM was added dropwise over 1.5 hours. After 24 hours of
continuous stirring, the solution was concentrated and left in a freezer at 0 °C. The precipitate was
filtered, and the crude product was extracted from water with DCM three times. The combined
organic extracts were washed with a 5% NaHCOz solution. The DCM in the recovered extract was
removed in vacuo, and the remaining mixture was dialyzed in aqueous medium against a 3.5 kD
membrane. The product was removed from inside the membrane and isolated after removal of
water under reduced pressure. The remaining product was washed with ice cold water, and then
centrifuged at 4000 RPM for 15 minutes at 4 °C. The supernatant was discarded, and this process

was repeated 2 more times to give the pure product as a light brown solid (0.162g, 62%).

'H NMR (500 MHz, CDCl3): 81 (ppm) 0.87 (3H, t, 3Jun = 7.0 Hz), 1.39 (60H, m), 1.61 (12H, s),
1.65 (114H, m), 2.30 (56H, t, 3Jun = 7.5 Hz), 2.74 (4H, m), 2.93 (4H, m), 3.37 (6H, s), 3.43 (8H,
s), 3.63 (392H, m), 3.87 (4H, t, 3Jun = 4.5 Hz), 4.05 (58H, t, 3Jun = 6.5 Hz), 4.08 (4H, t, 3Jun =7
Hz), 4.26 (4H, t, 3Jun = 4.5 Hz), 4.99 (2H, s), 5.18 (4H, s), 6.43-6.61 (3H, m, H-Ar), 7.84 (2H, s).
BBC{*H}-NMR (125 MHz, CDCls): 8¢ (ppm) 13.9, 22.5, 24.5, 24.6, 25.5, 28.3, 30.30, 33.0, 33.9,
34.1,34.2,41.2,57.3,59.0, 60.2, 60.3, 64.1, 64.5, 68.9, 70.5, 72.0, 170.5, 173.5.

PCL-Hx. Compound 16 was prepared by adapting a ring opening polymerization methodology
from the literature.? Hexanol (0.2mL, 1.61mmol) and distilled e-caprolactone (3.56mL, 32.1mmol)
were dissolved in dry toluene and added to a warm 3-neck flask equipped with a condenser. While
stirring under nitrogen atmosphere, the reaction mixture was brought to reflux and Tin(ll)2-
ethylhexanoate (0.13mL, 0.401mmol) was added through a rubber septum. After 12 hours of
stirring, the flask was allowed to cool before the toluene was removed under reduced pressure. The
mixture was redissolved in minimal DCM and dropped into ice cold methanol to precipitate the
pure product. The product was collected by filtration and dried in vacuo to give an off-white solid
(3.112 g, 81%).

'H NMR (400 MHz, CDCls): 81 (ppm) 0.89 (5H, m, CH3-CHy), 1.32 (6H, m, CH2-CH-CHy), 1.39
(56H, m, (-OOC-C-C-CH>-)n), 1.65 (114H, m, (-OOC-C-CH2-C-CH2-)p), 2.32 (56H, t, 3Jur = 7.64
Hz, (-OOC-CH2)n), 3.66 (2H, t, 3Jun = 6.52 Hz, -OOC-CH,-), 4.07 (56H, t, 3Jun = 6.64 Hz, (-CH.-
0O0C-)n). BC{*H}-NMR (125 MHz, CDCls): 5¢ (ppm) 11.8, 13.91, 13.96, 22.49, 22.58, 24.5, 25.6,
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25.2, 25.4, 25.50, 25.55, 28.32, 28.38, 28.4, 28.5, 29.6, 31.3, 31.7, 32.3, 34.0, 34.1, 34.2, 47.3,
62.5,63.7,64.1,64.7,64.4,173.4,173.52, 173.55, 173.6, 173.4.

DS-PCL-Hx. Steglich esterification was carried out by an adaptation and modification of a
published methodology.* 3,3’-Dithiodipropionic acid (0.6g, 2.85mmol) and DMAP (0.061g,
0.500mmol) were dissolved in a 3-neck flask containing dry DCM and dry THF. The solution was
cooled in an ice bath while under a nitrogen atmosphere. While stirring, DCC (0.106g, 0.500mmol)
and Hex-PCL (1.02g, 0.500mmol) were separately yet simultaneously added dropwise over 1.5
hours. The reaction mixture was left to react overnight. Upon completion, the mixture was filtered
to remove any formed precipitate. The solvent was removed under reduced pressure, and the crude
product was washed with DCM. The DCM solution was recovered via filtration, and the solvent

was removed in vacuo to recover the pure product as an off-white solid (0.9707¢g, 94%).

IH NMR (400 MHz, CDCls): 1 (ppm) 0.91 (5H, m, CHs-CHy), 1.33 (6H, m, 3CH2), 1.41 (56H,
m, (-OOC-C-C-CHz-)r), 1.67 (112H, m, (-OOC-C-CH2-C-CHy-)n), 2.33 (56H, t, 3Jum = 7.60 Hz,
(-OOC-CHa)n), 2.74-2.82 (4H, m, CH2COO0-), 2.97 (4H, m, CH2-S-S-CHs), 4.08 (56H, t, 3Ju =
6.40 Hz, (-CH2-00C-)n), 4.13 (2H, t, ®Jun = 6.40 Hz, COO-CHy). BC{*H}-NMR (125 MHz,
CDCls): 5c (ppm) 14.0, 22.5, 24.5, 25.53, 25.58, 28.3, 28.6, 31.4, 33.1, 33.3, 34.12, 34.18, 47.3,
63.8, 64.1, 64.5, 171.7, 173.5.MS: MALDI-TOF M, = 2058.17; M, = 2379.46; PDI = 1.16; DP =
18.05

DPB-DS-PCL-HXx. Steglich esterification was carried out by an adaptation and modification of a
published methodology.* DS-PCL-Hx (0.5g, 0.243mmol), DPBA (0.158g, 0.729mmol), and
DMAP (0.090g, 0.729mmol) were dissolved in a 3-neck flask containing dry DCM. The solution

was cooled in an ice bath while under a nitrogen atmosphere. While stirring, DCC (0.150g,

0.729mmol) was added dropwise over 1.5 hours. The reaction mixture was left to react for 24
hours. Upon completion, the mixture was filtered to remove any formed precipitate. The mixture
was concentrated, left in the freezer overnight, and any formed crystals were removed. The solvent
was removed under reduced pressure, and the crude product was washed with methanol 3 times.
The pure product was left to dry in a vacuum desiccator overnight to yield the pure the pure product
as an off-white solid (0.430g, 72%).

IH NMR (400 MHz, CDCls): 81 (ppm) 0.90 (5H, m, CHs-CHy), 1.33 (6H, m, 3CH2), 1.40 (56H,
m, (-OOC-C-C-CHz-)r), 1.67 (112H, m, (-OOC-C-CH2-C-CHa-)n), 2.33 (56H, t, 3Jum = 7.64 Hz,
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(-O0C-CHa)n), 2.57 (2H, t, “Jun = 2.50 Hz, C=CH), 2.72-2.84 (4H, m, CH,COO0-), 2.92-2.99 (4H,
m, CH2-S-S-CHy), 4.08 (56H, t, 3Ju = 6.50 Hz, (-CH2-00C-)n), 4.12 (2H, t, 3J = 7.00 Hz, COO-
CHy), 4.70 (4H, d, “Jun = 2.50 Hz, CHo-C=C), 5.11 (2H, s, Ar-CH,-O0C), 6.60 (1H, t, H-Ar),
6.63 (2H, d, H-Ar). 2C{*H}-NMR (125 MHz, CDCls): c (ppm) 14.0, 22.5, 24.5, 25.5, 28.3, 28.6,
31.4, 33.0, 34.13, 34.19, 55.9, 64.1, 64.5, 75.8, 107.5, 158.8, 173.5, 173.6. MS: MALDI-TOF M,
= 2464.48; My = 2671.70; PDI = 1.08; DP = 21.62

n(PEG-TK-TEG)2DS-PCL (u3). The copper catalyzed alkyne-azide click reaction was adapted
and modified as required based on a literature procedure.® 7 N3-PEG-TK-TEG (0.560g,
0.236mmol), DPB-DS-PCL-Hx (0.250g, 0.101mmol), were dissolved in a three-neck flask
containing dry THF. Separately, CuBr (0.0408g, 0.284mmol) and PMDETA (0.060mL,
0.284mmol) were dissolved in dry THF and then added to the flask containing the polymeric

starting materials. The reaction mixture was stirred under N2 for 24 hours at 35 °C. Upon
completion, THF was removed under reduced pressure, the product was placed in water, and added
to a 3.5 kD dialysis membrane. The product was dialyzed against 100 mL of water containing 300
mg of EDTA overnight. The remaining product was collected from the membrane, washed with
ice cold water, and then centrifuged at 4000 RPM for 15 minutes at 4 °C. The supernatant was
discarded, and the washing/centrifugation process was repeated 2 more times to give the pure
product as a light brown solid (0.980g, 84%).

'H NMR (500 MHz, CDCls): 81 (ppm) 0.87 (5H, m), 1.39 (60H, m), 1.62 (12H, s), 1.66 (114H,
m), 2.31 (56H, t, 3Jun = 7.50 Hz), 2.74 (4H, m), 2.92 (4H, m), 3.39 (6H, s), 3.45 (8H, s), 3.66
(486H, m), 3.79 (4H, t, 3Jun = 5.00 Hz), 4.07 (62H, t, 3Jun = 6.50 Hz), 4.27 (4H, t, 3Jun = 4.50 Hz),
5.31 (4H, s), 6.44-6.56 (3H, m, H-Ar), 7.73 (2H, s). *C{*H}-NMR (125 MHz, CDCl3): &c (ppm)
14.0, 22.5, 24.5, 25.54, 25.59, 28.3, 28.6, 30.3, 31.4, 33.0, 31.4, 33.0, 34.12, 34.18, 50.6, 59.0,
61.7, 64.1, 64.51, 64.56, 68.9, 70.5, 173.5.

MPEG-OTs. PEG2o00 methyl ether (1.5g, 0.750mmol) was added to a 3-neck flask and dissolved
in THF. The flask was placed under nitrogen atmosphere, and a concentrated aqueous solution
containing NaOH (0.09g, 2.25mmol) was added. Subsequently, a solution of p-toluenesulfonyl
chloride (0.43g, 2.25mmol) in THF was added dropwise to the reaction mixture over 1 hour. After
letting it stir overnight, the solvent was removed from the flask under reduced pressure, and the

product was extracted with DCM from water 3 times. The combined organic extracts were dried
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under MgSQO4. The solution was filtered to remove the drying agent, concentrated, and then
dropped into ice cold diethyl ether under vigorous stirring. The pure precipitated product was
obtained by filtration as a white solid (1.30g, 81%).

IH NMR (500 MHz, CDCls): 81 (ppm) 2.46 (3H, s, CHs), 3.39 (3H, s, OCHs), 3.63 (182H, m,
PEG), 4.17 (2H, t, J=4.50 Hz, CH,-OTs), 7.36 (2H, d, 3Jun = 8.00 Hz, H-Ar), 7.81 (2H, d, 3Jun =
8.00 Hz, H-A).

MPEG-N3. Ts-PEG2000 (1.30g, 0.603mmol) and NaNs (0.12g, 1.85mmol) were added to a 3-neck
flask containing anhydrous ethanol which was equipped with a condenser. The reaction mixture
was brought to reflux and stirred for 24 hours under nitrogen atmosphere. The flask was then
opened to air and let cool. Ethanol was removed from the system under reduced pressure, and the
mixture was extracted 4 times from ice cold water with chloroform before drying with MgSOa.
The product was then concentrated in DCM and precipitated by dropwise addition to ice cold
diethyl ether. After filtration and drying in vacuo, a white solid product was obtained (0.62 g,
52%).

IH NMR (500 MHz, CDCls): 81 (ppm) 3.38 (3H, s, OCHs), 3.39 (2H, t, 3Jnn = 5.00 Hz, CH2-N3),
3.66 (180, m, PEG), 3.78 (2H, t, 3Jun = 4.50 Hz, CH2-0), 4.06 (2H, t, 3Jun = 6.50 Hz, CH2-0).
1C{H}-NMR (125 MHz, CDCls): 3¢ (ppm) 50.6, 59.0, 70.0, 70.5, 70.65, 70.68, 70.7, 71.9.

w(PEG)2DS-PCL _(u4). The copper catalyzed alkyne-azide click reaction was adapted and

modified as required based on a literature procedure.® " mPEGz000-N3 (0.030g, 0.0146mmol) and
DPB-DS-PCL-Hx (0.018g, 0.00731mmol) were dissolved in a round bottom flask containing dry
THF. Separately, CuBr (0.0025g, 0.0174mmol) and PMDETA (0.0030g, 0.0174mmol) were
dissolved in dry THF and then added to the flask containing the polymer starting materials. The
reaction mixture was stirred under N2 for 24 hours at 35 °C. Upon completion, THF was removed
under reduced pressure, the product was placed in water, and then placed in a 3.5 kD dialysis
membrane. The product was dialyzed against 100 mL of water containing 50 mg of EDTA
overnight. The remaining product was collected from inside the membrane, washed with ice cold
water, and then centrifuged at 4000 RPM for 15 minutes at 4 °C. The supernatant was discarded,
and this process was repeated 2 more times to give the pure product as a pale brown solid (0.039g,
82%).

68



IH NMR (500 MHz, CDCls): 81 (ppm) 0.91 (5H, m), 1.40 (60H, m), 1.66 (114H, m), 2.33 (56H,
t, 3Jun = 7.50 Hz), 2.75 (4H, m), 2.95 (4H, m), 3.40 (6H, s), 3.68 (260H, m), 3.80 (4H, t, 3Jnn =
4.50 Hz), 4.08 (58H, t, 3Jun = 7.00 Hz), 5.32 (6H, s), 6.53 (1H, s, H-Ar), 6.58 (2H, s, H-Ar), 7.75
(2H, s). BC{*H}-NMR (125 MHz, CDCls): c (ppm) 15.2, 24.5, 25.5, 28.3, 29.7, 34.1, 50.9, 53.4,
59.0, 64.1, 65.8, 70.5, 173.5.

(4-(prop-2-yn-1-yloxy)phenyl)methanol (4PBA). This reaction was adapted and modified from

a literature procedure.! 4-hydroxybenzyl alcohol (1.1g, 8.86mmol), Propargyl Bromide (0.987mL,
8.86mmol) (80% solution in toluene), KoCOs (1.225g. 8.86mmol), and [18]-Crown-6 (catalytic)
were dissolved in acetone and added to a 3-neck flask equipped with a condenser. The reaction
mixture was brought to reflux and stirred for 12 hours under a nitrogen atmosphere. Upon
completion, the reaction solvent was removed under reduced pressure and the remaining mixture
was extracted with DCM from water three times. The combined DCM extracts were dried with
MgSO;4 and the solution volume was minimized before being passed through a silica gel column
with a 1:1 hexanes:ethyl acetate eluent. The pure product was collected and dried in vacuo to yield
an off-white solid (1.137 g, 79%).

IH NMR (400 MHz, CDCls): 81 (ppm) 1.64 (1H, s, OH), 2.54 (2H, t, “Jun = 2.40 Hz, C=CH), 4.65
(2H, s, CHo-OH), 4.72 (2H, d, “Jun = 2.40 Hz, CHo-C=C), 6.99 (2H, d, 3Jun = 8.80 Hz, H-Ar),
7.33 (2H, d, 3Jun = 8.80 Hz, H-Ar).

4-(prop-2-yn-1-yloxy)benzyl PCL (4PB-PCL). Compound 26 was prepared by adapting a ring

opening polymerization methodology from the literature.2 4PBA (0.2g, 1.23mmol) and distilled -
caprolactone (2.76mL, 24.9mmol) were dissolved in dry toluene and added to a warm 3-neck flask
equipped with a condenser. While stirring under nitrogen atmosphere, the reaction mixture was
brought to reflux and Tin(I1)2-ethylhexanoate (0.080mL, 0.249mmol) were added through a
rubber septum. After 12 hours of stirring, the flask was allowed to cool before the toluene was
removed under reduced pressure. The mixture was redissolved in minimal DCM and dropped into
ice cold methanol to precipitate the pure product. The product was collected by filtration and dried

in vacuo to give an off-white solid (1.46g, 48%).

IH NMR (400 MHz, CDCls): 81 (ppm) 1.40 (34H, m, (-OOC-C-C-CHa-)s), 1.66 (68H, m, (-OOC-
C-CH2-C-CHz-)n), 2.32 (34H, m, OOCCHa-)) 2.55 (1H, t, “Jun = 2.40 Hz, C=CH), 3.67 (2H, t,
3Jun = 6.40 Hz, CH20H), 4.08 (32H, t, 3Ji = 6.80 Hz, (-CH2-00C-)y), 4.71 (2H, d, “Jun = 2.40
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Hz, CH2-C=C), 5.07 (2H, s, Ar-CH-0), 6.98 (2H, d, 3Jun = 8.40 Hz, H-Ar), 7.32 (2H, d, 3Jun =
8.40 Hz, H-Ar). BC{*H}-NMR (125 MHz, CDCls): &c (ppm) 24.5, 25.4, 28.3, 34.1, 55.8, 64.1,
65.8, 75.6, 114.9, 129.1, 129.9, 173.5. MS: MALDI-TOF M, = 2036.85; My = 2126.42; PDI =
1.04; DP = 17.87

(PEG-TK-TEG)-block-PCL (b1). The copper catalyzed alkyne-azide click reaction was adapted
and modified as required based on a literature procedure.® ” N3-PEG-TK-TEG (0.116g,
0.0491mmol), (0.100g, 0.0491mmol) 4PB-PCL, and CuBr (0.0106g, 0.0737mmol) were dissolved

in a round bottom flask containing dry THF. While stirring the reaction mixture under nitrogen

atmosphere, PMDETA (0.015mL, 0.0737mmol) was added, and the reaction was continuously
stirred at 35 °C for 24 hours. The completed reaction mixture was then concentrated under reduced
pressure. The crude product was purified by dialysis through a 3.5 kD membrane against a solution
of 250 mg of EDTA for 24 h and then precipitated in ice-cold ethyl ether. The final product was
collected by vacuum filtration and left to dry under reduced pressure, to give an off white solid
(0.199g, 92%).

IH NMR (500 MHz, CDCls): 81 (ppm) 1.40 (H, m), 1.63 (12H, s), 1.67 (100H, m), 2.32 (50H, t,
3Jun = 7.50 Hz), 3.40 (4H, s), 3.46 (3H, 5), 3.66 (414H, 5), 4.08 (50H, t, 3Jn = 6.50 Hz), 4.29 (4H,
m), 5.01 (2H, s), 5.32 (2H, 5), 6.72 (2H, d, 3Jnn = 8.50 Hz), 7.20 (2H, d, 3Jnn = 8.50 Hz), 7.87 (2H,
s). BC{*H}-NMR (125 MHz, CDCls): 3¢ (ppm) 24.5, 25.5, 28.3, 30.3, 32.3, 34.1, 59.0, 64.1, 64.5,
68.9, 70.5, 129.9, 173.5.

2.2.2 GPC Analyses
Miktoarm and diblock polymers were prepared for GPC by dissolution in HPLC grade THF. A

mobile phase flow rate of 0.3 mL/min was used for a GPC equipped with 3 Waters Styragel HR
columns (HR1 with a molar mass measurement range of 1 x 102 - 5 x 10% g/mol, HR2 with a molar
mass measurement range of 5 x 102 - 2 x 10* g/mol and HR4 with a molar mass measurement
range of 5x10° - 6x10° g/mol) and a guard column was used. The columns were heated to 40 °C
during the analysis. The molar masses were determined by calibration with linear narrow molar
mass distribution PMMA standards (PSS Polymer Standards Service GmbH, molar masses
ranging from 682 g/mol to 1,520,000 g/mol) and the GPC was equipped with a differential
refractive index (R1 2414) detector.
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2.2.3 Preparation of Blank Micelles
Blank micelles were prepared by the co-solvent evaporation method.>! In a typical preparation, 2

mg of the polymer was dissolved in 1 mL of THF, and then injected together into 2 mL of DI water
at a rate of 1 drop/s. The mixture was left to stir vigorously overnight while the organic phase
evaporated, leaving behind the self-assembled micelles in water. The micellar solution was filtered
through a 0.22 um PVDF syringe filter. Aliquots of the micelle solutions were tested using DLS
to determine the hydrodynamic diameter and polydispersity index of the micelles. All
measurements were performed in triplicate at room temperature. Size distributions were obtained

as a lognormal distribution.

2.2.4 CMC Determination
Pyrene loaded micelles were similarly prepared by the co-solvent evaporation method. A series of

polymer concentrations were prepared in 6 uM solutions of pyrene in THF. These solutions were
injected into DI water at a rate of 1 drop/s and left to stir vigorously overnight to evaporate the
organic phase and trigger self-assembly. Aliquots were taken and measured directly by
fluorescence spectroscopy with an emission wavelength of 390 nm. The peak intensity ratios at
333 and 338 nm for each sample were plotted as a function of polymer concentration to determine
the CMC as the point at which an increasing polymer concentration resulted in an increase of the

intensity ratio and the slope.

2.2.5 Drug Loading
The procedure for drug loading was similar to the preparation of blank micelles except for the

addition of 1 mg of curcumin dissolved in THF. Unencapsulated drug was removed first by
centrifuging the micellar solution at 1000 RPM for 5 minutes followed by filtering the supernatant
through a 0.22 pm PVDF syringe filter. Aliquots of the drug loaded micellar solutions were tested
using DLS to determine their hydrodynamic diameters and dispersities. The concentration and
mass of encapsulated drug was determined by acquiring the intensity of the peak at 424 nm using
UV-visible spectroscopy and relating values to a drug concentration standard curve (Figure A.1).
Encapsulation efficiencies and loading capacities were calculated according to Equations 1 and 2

respectively.

o, _ Loaded Drug (mg)
EE % = Total Drug (mg) (1)
LC % = Loaded Drug (mg) (2)

Total Drug (mg) + Polymer (mg)
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2.2.6 Drug Release
Drug loaded micellar solutions were pipetted into 3.5 kD MWCO dialysis tubing and dialyzed

against 140 mL of pH 7.4 phosphate-buffered saline (PBS) containing 1% v/v Tween 80. 20 pL
aliquots were taken from the dialysis tubing at certain time points to measure the concentration of
unreleased drug by UV-visible spectroscopy. These aliquots were diluted with methanol to break
apart the micelles and decrease the resultant absorbance signal in order to better measure the drug
of interest. A 1 mg/mL drug solution in a 45/40/15 ratio of water/dimethylacetamide/PEG7s0 was

used as the control. Released drug, in percent, was plotted as a function of dialysis time.

2.2.7 Transmission Electron Microscopy
In a typical experiment, a 10 pL drop of the 2 mg/mL polymeric micelle solution was dropped

onto a carbon-coated copper grid. After 2 minutes, excess solution was removed by absorbing it
with a Whatman filter paper carefully placed at the rim of the grid. Afterwards, 10 pL of 2% uranyl
acetate was similarly dropped onto the grid, left for 2 minutes, and had its excess absorbed by a

Whatman filter paper. The grid was left to dry for an additional 20 minutes before imaging.

2.2.8 Cell Culture
U251N human glioblastoma were cultured in Dulbecco’s modified Eagle’s media (DMEM, Gibco)

supplemented with fetal bovine serum (5% v/v, FBS) and penicillin-streptomycin (1% v/v) at 370C
with 5% CO2 and 95% relative humidity. Cells were seeded 100,000 cells per well (for
spectrofluorometric measurements) or 5,000 cells per glass coverslip (for microscopy) and were
left to adhere overnight. U251N cells were pre-treated with a ROS inducer, 50 uM menadione
(MenD) for 1 hour, or glutathione inhibitor, L-buthionine-sulfoximine (BSO, 100 uM) for 24 hours
in serum-deprived media. Following pre-treatment, cells were treated with 15 uM of free curcumin
or curcumin-loaded pl (ul: 2.44 uM; curcumin: 15 uM) for 6 hours in serum-deprived media.
2.2.9 Measurement of Intracellular and Extracellular ROS with CellROX® Deep Red

Cells were treated as indicated at 37 °C. Cells were incubated with CellROX® Deep Red
(excitation/emission wavelengths: 640/665 nm) at a final concentration of 5 uM during the last 30
minutes of the treatment period. At the end of the treatment, media was collected. Cells were lysed
with DMSO and collected. Fluorescence intensities of media and cell lysate samples were
measured by Cary Eclipse fluorescence spectrometer at an emission wavelength at 665 nm

(excitation: 640 nm, range: 650 — 700 nm). For fluorescence imaging, cells were fixed, labeled
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with Hoechst 33342 nuclear dye (10 uM, 10 min), and imaged with a Leica DMI 4000B

microscope at 20x objective. Micrographs were analysed with ImageJ software.

2.3 Results and Discussion

Miktoarm star polymers were designed to be related by PEG and PCL segments as the hydrophilic
and hydrophobic components respectively, but they differ through the varied stimuli responsive
units introduced into their structures. The synthesis of these branched architectures was initiated
by designing building blocks that could help facilitate their spatial location. 2,2’-(propane-2,2-
diylbis(sulfanediyl))diacetic acid (thioketal diacid), was synthesized from thioglycolic acid and
acetone, and contains a ROS responsive TK moiety with COOH terminal units to link it with the
polymeric arms. Miktoarm star polymers (11, p2, u3), and a linear diblock copolymer (b1) contain
this ROS-responsive TK moiety incorporated into their PEG chains, whereas the branched
architecture (u4) without it served as a control (Scheme S.2). Likewise, a 3,3-dithiodipropionic
acid (disulfide-diacid) moiety was used to introduce GSH responsive units into the miktoarm star
polymers based on their desired responsive properties. With p2, disulfide (DS) addition consisted
of only coupling the finished pl to the DS component, whereas in u3 and p4, DS was carefully
introduced to the terminus of a hexanol initiated PCL before subsequent coupling to the core. This
ensured that in u3 and p4, the GSH-responsive unit was adjacent to the focal point of the molecule,
and in p2, the DS moiety was located near the terminal end of PCL. Such adjustable placement of
responsive moieties necessitates a strict order of segment coupling and synthesis in order to
facilitate stimulus responsive cleavage at desired polymeric positions. A summary of the syntheses
of these amphiphilic macromolecules is provided below, while full synthetic schemes can be found
in Appendix A (Schemes A.1-A.5).

2.3.1 Building Block Synthesis
Miktoarm star polymers pl1-u4 and diblock copolymer bl were constructed in a modular fashion

that involved the synthesis of 5 different “building blocks™ (4, 8, 11, 13, and 15) with varying
ROS/GSH responsiveness. The building blocks were then combined to give the desired miktoarm
star polymeric structure using CUAAC or esterification-based coupling chemistry (Schemes 2.1-
2.2).

PCL -dialkyne core (4). Building block 4, which is utilized for the construction of miktoarm star

polymers pl and p2, was prepared from 3,5-dihydroxy benzyl alcohol (1) and propargyl bromide
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(2). The propargylation at 3 and 5 hydroxy positions was monitored by the appearance of a CH,-
C=C peak at 4.68 and a C=CH peak at 2.55 ppm in its *H NMR. It was then used as an initiator in
the ROP of e-caprolactone (3) ([Mo]/[1] = 20), to yield the hydrophobic component of the miktoarm
star polymer (4). Following ROP, the PCL peaks in 4 were clearly visible at 1.39, 1.65, 2.32, and
4.07 ppm. In addition to preserving the alkyne peaks, the new CH20O ester was seen at 5.07 ppm.
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Scheme 2.1. Syntheses of building blocks. For full details, see Schemes A.1-A.5.

HO

ROS-responsive asymmetric thioketal unit (8). The ROS-responsive polymeric arm (8, Scheme

2.1) of ul, pu2, and p3 was prepared by the introduction of a thioketal group to one terminal end
of PEG. It was achieved by first preparing thioketal diacid (5) from thioglycolic acid, and then
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functionalizing it at only one acid end with tetraethylene glycol (TEG) (6). Thioketal diacid 5 was
characterized by its two singlet peaks at 1.65 and 3.56 ppm corresponding to CHs and CH_ protons
respectively. Its monoTEGylation was achieved through the slow addition of excess TEG to a
solution containing the diacid and the esterification catalysts DMAP/DCC. lIsolation of the
monofunctionalized TEG-thioketal compound was done through successive filtration, liquid
extractions, and column chromatography. Introduction of TEG to one end of 5 was confirmed by
the even splitting of 5’s CH2 peak to two singlets seen at 3.44 and 3.51 ppm due to the molecule’s
asymmetric nature. Additionally, the CH.O esterification-derived triplet was visible at 4.29 ppm.

Dihydroxy terminated-PEGa20s0 Was selectively monotosylated using Ag-0 as a catalyst, and the
tosyl group was then substituted with an azide to yield 7.2 It led to appearance of peaks at 2.44
and 7.34-7.79 ppm corresponding to the CHzand Ar-H of the tosyl group, and a triplet for the CH.-
OTs protons at 4.15 ppm. Replacement of the tosyl group with an azide (N3) on PEGas0 was
confirmed by the disappearance of the relevant tosyl peaks and appearance of the CH2-Ns triplet

at 3.40 ppm.

MonoTEGylated TK was stitched at its free acid end with 7 via Steglich esterification to yield the
hydrophilic arm 8. It led to the merging of the peaks from the asymmetric thioketal-flanking CH:
protons, originally seen in the TEG-thioketal intermediate, to give one singlet at 3.45 ppm for 8.
Additionally, the stepwise evolution of the PEG-based hydrophilic arm 8 was validated by its
individual GPC traces (Figure A.2-A.3).

GSH-responsive asymmetric disulfide (11). The dual stimuli responsive pu2 was prepared by first

synthesizing 11, a short hydrophobic chain bearing a GSH-responsive disulfide unit terminated
with a free acid end. Hexanol (10) was introduced to a large excess of 3,3’-dithiodipropionic acid,
9, and esterified using DMAP/DCC. Monitoring the reaction using 'H NMR showed the
appearance of a triplet at 4.12 ppm corresponding to the newly formed ester group. Additionally,
the CH protons adjacent to the acid and ester groups from the original compound 9 became
asymmetrical in the monofunctional 11 (Scheme 2.1). These protons have equal, yet distinct

signals present at 2.76 and 2.83 ppm as triplets.

PCL-disulfide-dialkyne (13). Synthesis of the GSH-responsive block 13 to be incorporated into

(3 and p4 required the use of hexanol (10) as an initiator for the ROP of e-caprolactone (3). The
'H NMR spectrum of the resulting PCL based product depicted characteristic PCL peaks at 1.39,
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1.65, 2.32 and 4.07 ppm. Similar to the earlier disulfide group introduction in 11, the resulting
product from above was functionalized with 9 to obtain a PCL chain conjugated to a disulfide
containing linker and a free acid end. The latter was coupled to the dipropargylated 12, to yield
the disulfide-linked PCL-building block 13. The latter was confirmed by the appearance of two
equal triplets at 2.76 and 2.80 ppm which correspond to the now asymmetrical CH2-S-S-CH>
protons. The subsequent conjugation of this product with 12 showed all the 12-derived peaks
including a doublet at 4.70 and a H-Ar triplet and doublet at 6.60 and 6.63 ppm, as well as the new
shifted singlet at 5.11 ppm.

PCL-monoalkyne core (15). For comparison purposes, and to establish any difference in the

properties of the soft nanoparticles, we synthesized building block 15 which was incorporated into
the model diblock copolymer b1, analogous to the miktoarm star polymer pl constructed from 4.
Synthetically, the main difference between 15 and 4 lies in the starting molecule, 14, a
monohydroxy version of 1, that was prepared using propargyl bromide (2) to give 4-propargyl
benzyl alcohol (Scheme 2.1). It was monitored by the appearance of a doublet at 4.72 and a triplet
at 2.54 ppm corresponding to the alkyne proton. ROP of caprolactone (3) was conducted through
the hydroxy group as an initiator to yield building block 15. Its *H NMR showed characteristic
PCL peaks at 1.40, 1.66, 2.32, and 4.08 ppm, as well as the downfield shift of the CH,-OH singlet
from 4.65 in 4-propargyl benzyl alcohol to 5.07 ppm in 15.

2.3.2 Miktoarm star polymers syntheses
Using the above building blocks, we constructed the desired amphiphilic polymers through varied
conjugations using either copper catalysed alkyne-azide coupling (CUAAC) or esterification

reactions (Scheme 2.2).

Miktoarm star polymer pl. The ROS responsive pl was synthesized through the CuAAC

coupling of building blocks 4 and 8 (for details see Scheme A.1). The structure of pl was
confirmed through *H NMR by its triazole H peak at 7.87 ppm, as well as by the triazole ring-
flanking CH> protons at 4.58 and 5.20 ppm.

Miktoarm star polymer p2. Dual stimuli responsive pu2 was prepared by conjugating the GSH

responsive disulfide block 11 to the PCL-OH terminal end of pl using Steglich esterification
(Scheme A.2). It led to the appearance of the two CH>-CH>-S-S triplets seen in building block 11
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Scheme 2.2. Syntheses of miktoarm star polymers 1l - u4 and the diblock co-polymer b1, and their
corresponding *H NMR spectra in CDCls. For full details, see Schemes A.1-A.5.

clustered around 2.8 ppm. Furthermore, the hexyl group protons were around 0.9 ppm, roughly

overlapping with one of the PCL-derived multiplets at 1.39 ppm.

Miktoarm star polymer u3. The dual stimuli responsive u3 was synthesized by the CUAAC

coupling reaction between the ROS-responsive PEG block 8 and the GSH-responsive PCL block
13 (Scheme A.3). Its *H NMR showed all of the expected PEG and PCL peaks at roughly the same
positions, as well as the appearance of a singlet at 7.73 ppm corresponding to the triazole group
formed from the coupling of the azide group in 8 and the terminal alkynes in 13.

Miktoarm star polymer _p4. The GSH-responsive pu4 was constructed using the sequential

reaction methodology as described briefly here: PEG2o0 methyl ether was first
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monofunctionalized with tosyl chloride under basic conditions. The monotosylated-PEG was then
refluxed with sodium azide to yield the desired azide-PEG hydrophilic arm, 16. Monotosylation
of PEG was confirmed by the appearance of peaks at 2.46 ppm and 7.36-7.81 ppm for the CHz and
Ar-H protons of the tosyl group. A triplet corresponding to CH>-OTs was also visible at 4.17 ppm.
The substitution of O-Ts with N3 led to the disappearance of the aforementioned tosyl peaks and
appearance of the CH2-Ns triplet at 3.39 ppm. The building block 13 was then coupled with N3-
PEG arm 16 using the CUAAC reaction (Scheme A.4). It preserved the signals derived from both
the PEG and PCL-based arms, and the appearance of a new triazole peak at 7.75 ppm.

Diblock polymer bl was synthesized through the CUAAC coupling of building blocks 8 and 15

(Scheme A.5), and it was verified by the presence of all the relevant peaks from each constituent

polymer, as well as the triazole proton at 7.87 ppm.

Miktoarm star polymers p1-4 and the diblock co-polymer bl were characterized using NMR and
GPC (Figure A.7-A.11).

2.3.3 Self-Assembly
Miktoarm star polymers were soluble in water and organic solvents including acetone, acetonitrile,

chloroform, methylene chloride, and tetrahydrofuran. Their aqueous self-assembly was performed
using the co-solvent evaporation method (THF/water). The critical micelle concentrations (CMCs)
for all the polymers were determined by pyrene fluorescence intensity ratios of 338/333 nm as a
function of polymer concentration (Figure 2.2 and Figure A.12-A.16). CMCs were found to be
very low (0.21 — 1.2 yuM), given the favourable PEG/PCL ratios found in all the polymers (Table
2.1). While CMCs for diblock copolymers have a range from 10 - 10" M, we have found in this
study and earlier ones that miktoarm star polymers give consistent values in the range of 107 - 10°
8 M.42: 5357 The disparity among various miktoarm star polymeric architectures (p1 vs. p2; and pl,
M2 vs. U3, p4: Table 2.1) may relate to the presence of a disulfide group that can lower the cohesion
of micellar cores by decreasing PCL interactions, thus increasing CMC and size.*®®* The diblock
copolymer bl showed a CMC nearly 6x higher (Figure 2.2, Table 2.1) than that of its analogous
miktoarm star polymer, which is in line with those from other block-copolymers, and may be due
to the lack of an additional PEG segment, as in a miktoarm star polymer, leading to stabilization

of its supramolecular structure (Figure 2.2).% 1
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Figure 2.2. CMCs of (A) diblock copolymer b1 and (B) its miktoarm star polymer analogue p1.

Table 2.1. Critical micelle concentrations and sizes of self-assemblies from miktoarm star polymers (u1-
p4) and linear diblock copolymer (b1).

Blank Micelles Curcumin Loaded
Molar Mass! CMC (uUM) Diameter b Diameter b
(nm) (nm)

pl 7581 0.21 61.5 0.304 125.9 0.173
p2 7875 0.44 105.2 0.206 112.3 0.233
p3 7206 0.90 84.5 0.148 115.7 0.151
pa 6730 0.77 84.4 0.121 114.7 0.198
bl 4408 1.2 106.4 0.154 129.6 0.159

Molar masses were calculated by summing the mass spectrometry-determined molar masses of constituent
building blocks (Table A.1).

Aqueous self-assembly of polymers led to the formation of spherical micelles, as confirmed by
TEM (Figure 2.3A-E). Micelle sizes and their distributions were examined with DLS, and all the
assembled structures (Table 2.1) were well below 200 nm, a reasonable upper limit used to discern
good biological distribution of soft nanoparticles.® Curcumin loading consistently increased
micelle diameters (Figure A.17-A.21). One would reasonably expect that additional PEG branches
in a polymer architecture would decrease the size of derived micelles due to the increase of free
space occupied by hydrophilic segments. Following this rationale, diblock copolymer micelles
would be expected to be larger than their miktoarm star polymer analogues. Comparison of
micellar structures from ROS responsive linear (b1) and miktoarm (ul) polymeric structures

showed that the diblock equivalent of the branched polymer was larger in comparison.

Micelle assemblies were further evaluated using TEM, and images from different miktoarm star

polymer assemblies were enumerated and individually measured by relating their diameters to the
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Figure 2.3. (A-E) TEM miktoarm star polymers 1-4, the diblock copolymer b1, and their respective (F-
J) TEM size distributions and (K-O) DLS size distributions.

scale bar. The sizes of spherical micelles derived from p1-p4 and bl roughly corresponded to those
obtained from DLS measurements, showing good consistency between these two different
techniques (Figure 2.3F-J). The slightly larger sizes seen by TEM may have been the result of
sphere flattening upon exposure to the TEM vacuum.®? In addition, the size distributions seen by
TEM paralleled those by DLS, with the TEM-derived ones having a lower normality as a result of

the smaller sample size (Figure 2.3K-0).

2.3.4 Drug Loading
Curcumin was chosen as a model drug that is representative of senolytic agents, and it has been

shown to have a broad anti-inflammatory response.®® #° Considering the purpose of our polymers
in specifically targeting sites of oxidative stress, curcumin is additionally appropriate given its role
as an antioxidant. With the miktoarm star polymeric architectures reported here, we were able to
achieve curcumin encapsulation efficiencies (EEs) of >90%, which are amongst the highest
reported values, especially considering the associated loading capacities (LCs) (Table 2.2).538
Encapsulation efficiencies were found to be fairly consistent amongst the miktoarm star polymers.
A comparison of the miktoarm star polymer ul and the diblock bl (Table 2.2) fully demonstrates
the degree to which a denser corona in micelles from branched architectures can indirectly promote
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drug encapsulation. With the additional arm the coronal assemblies are denser, thus stabilizing
hydrophobic interactions within micellar cores.® 12 Aside from specific polymer-drug structural
compatibility, general drug hydrophobicity is the best metric by which one can assess and justify
micellar drug loading.®®"? Thus, curcumin’s relatively high hydrophobicity (as seen by its high log
P) promotes such interactions.” "

Table 2.2. Encapsulation efficiencies and loading capacities of curcumin in micelles from their
corresponding miktoarm star polymers (ul1-u4) and linear diblock co-polymer (b1).

Encapsulation Efficiency (%) Loading Capacity (%)
pl 91.8+1.0 31.5+0.23
p2 92.2+39 31.5+0.16
u3 72.2+8.9 24.1+£3.0
pa 80.4£13 26.5+3.8
bl 42.1 +0.59 14.0£0.20

2.3.5 Stimulus Response
The spatial location of the stimulus-responsive units within polymeric architectures, and the degree

to which these could influence drug release in the presence of ROS or GSH were subsequently
assessed. We were especially intrigued to know if the presence of TK at the end of the hydrophilic
PEG segments would change drug release rates in an environment containing elevated ROS levels.
After their self-assembly, the ROS response behavior of the pl and bl micelles containing
thioketal linkages in their PEG arms was examined using H20,. A 24 hour *H NMR study in which
the blank pl micelles were incubated at 37 °C with H202 in D20 showed the clear depression of
TK-derived CHz and CH> singlets over time with the simultaneous appearance and increase of free
thiol SH and acetone CHs singlets (Figure 2.4A). Due to the assembly of the polymers as micelles
in water, the peaks derived from PCL (2.21 ppm, 1.53 ppm, 1.29 ppm) in the hydrophaobic interior
take on a broader, less resolved, form. The thioketal CHs is seen as a sharp singlet at 1.55 ppm,
overlapping with the broad PCL peak at 1.53. Unlike the *H NMR of the unassembled p1 polymer
in CDCl3, where the thioketal CH> appears as one singlet, its assembly into micelles splits this
signal into two for the variously hydrated halves of the thioketal diacid linker in the micellar corona
(3.31 ppm and 3.49 ppm). Following the oxidative cleavage of the thioketal linker in H20- via

successive *H NMR spectra over time reveals the disappearance of the thioketal CHs at 1.55 ppm
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as well as the CH, at 3.49 ppm. Interestingly, thioketal cleavage causes similar hydration of
resulting CH2-SH protons which causes them to all merge at the 3.31 ppm position. This is seen
by comparing the integration ratio of the 3.31 ppm CH> peak to the constant 3.27 ppm TEG-OCH3
peak. The integration ratio of the two peaks goes from 4.06:6.00 (3.31:3.27 ppm) to 7.48:6.00 over
24 hours of H20> incubation (Figure A.22). The slightly broader peak at 3.31 ppm makes the
immediate comparison by peak height not viable. Since an integration ratio of 8:6 would indicate
complete reaction, it suggests that nearly all the ROS-responsive thioketal moieties were cleaved
over this time period. Complementing thioketal CHs and CH. peak disappearance is the
appearance of peaks related to the products acetone (CHs) and the free thiol (SH) at 2.15 and 1.60
ppm respectively. Due to their adjacency to the much more populous PCL peaks, insets are
provided on the right in Figure 2.4A for better elucidation. The changes in peaks for the miktoarm
star polymer pl assembly upon interaction with H.O> can be directly related to the oxidative
cleavage of the thioketal diacid molecule similarly incubated in 200 mM H2Oz. Due to its free
nature, complete reaction took place in just over 4 hours (Figure A.23). The diblock co-polymer

b1 incubated in H20, showed a similar reaction behavior by *H NMR (Figure A.24).
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Figure 2.4. (A) Time resolved *H NMR study of ROS response in p1 with corresponding insets from boxed
areas focused on thioketal peaks; GPC-monitored molecular weight change upon (B) ROS-cleavage in pi1,
and (C) GSH-cleavage in p4.



We subsequently examined the changes in polymeric structure using GPC. Micelles prepared from
the aqueous self-assembly of the miktoarm star polymer pl were incubated with 200 mM H20;
for a period of 24 hours. Solvent was then removed from the micellar solutions, dissolved (and
therefore disassembled) in THF, and then passed through a 0.22 uM syringe filter for analysis. The
GPC analysis showed that upon H20 incubation, polymer molar mass distributions shifted to
slightly higher retention times and were followed by newly emerged smaller low molar mass peaks
(Figure 2.4B). The block co-polymer b1, which also contains the ROS-sensitive moiety, showed a
similar retention time shift corresponding to a slight decrease in molar mass (Figure A.25). These
results coupled with the NMR study show that ROS-induced TK degradation leads to the
detachment of low molar mass TEG segments from the miktoarm or diblock polymeric units

(“partial corona shedding”) in self-assembled micelles.

Monitoring DS linker cleavage upon exposure to GSH via NMR is complicated by the appearance
of interfering GSH signals as well as poor resolution of CH2-S-S from CH2-SH protons in large
miktoarm assemblies. We therefore employed GPC analyses as evidence of DS degradation.
Miktoarm star polymer p4 was self-assembled into micelles in an aqueous medium and then
incubated with 10 mM GSH for 24 hours. Micellar solutions were then dried, re-dissolved in THF,
and passed through a syringe filter. GPC analysis showed that products from the treatment of
micelles of p4 with GSH, had a higher retention time than untreated p4. The molar mass shift
clearly suggested that small polymeric arm structures are formed from the dissociation of core-
PEG and PCL segments through disassembly (Figure 2.4C).

To examine if the ROS-responsive micelles would retain their overall structure upon partial corona
shedding under oxidative stress, miktoarm star polymer pul was self-assembled into micelles, and
the micellar diameters were measured by DLS during incubation with 200 mM H20; over a period
of 72 hours. The latter mirrored the exposure of micelles to H,O> during in vitro drug release study.
Incubated micelles were filtered through a 0.22 pum syringe filter every 24h before measuring their
sizes. The diameters of the micellar structures remained relatively consistent (Figure 2.5),

demonstrating that the upper corona-shedding does not disrupt the morphology of these micelles.
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Figure 2.5. Sizes of pul micelles measured using DLS over 72 hours of incubation with 200 mM H0..
2.3.6 Drug Release

Following the experiments confirming structural changes in miktoarm and diblock polymers in
response to ROS and GSH, drug loaded polymeric micelles were evaluated for their release
kinetics. We were intrigued to examine the role played by the ROS (TK) and GSH (DS) induced
bond cleavage and corresponding changes in the micellar corona and core on the release of

encapsulated curcumin.

To ascertain that micellar encapsulation of curcumin limited its diffusion out of the structures, a
drug release study was also conducted with free curcumin without encapsulation, in which drug
solubility was provided by PEG7so and dimethylacetamide (Figure A.26). Compared to the free
drug (where ~90% of curcumin escaped in about 24h), curcumin release from the micelles without
any stimulus was considerably sustained. Roughly 30% of the drug still remained over all the
samples after dialysis for 72 hours (Figure 2.6). This result combined with unusually high
encapsulation efficiencies suggests good compatibility between curcumin and miktoarm star

polymer assemblies.

In polymers containing a TK linker within their PEG arms (u1, pu2, u3, and bl), incubation with
200 mM H202 showed a clear increase in drug release kinetics, suggesting that partial corona
shedding leads to the loosening of micellar coronae via TK oxidative cleavage. It facilitates the
diffusion of drug molecules from within the soft nanoparticles’ cores (Figure 2.6A-C, E). In drug
loaded micelles, as recent studies have demonstrated, a proportion of the drug molecules is also
associated with PEG corona.>® ’*# Thus, “partial corona shedding” would affect drug release both
indirectly by aiding in core-to-environment diffusion and directly by freeing drug-associated PEG

chains. An interesting distinction can be made between the drug release profiles for miktoarm star

84



polymer-based and the diblock copolymer micelles. Given its extended and steadier release rate,
curcumin diffusion kinetics are heavily influenced by the ROS environment. For example, u1, u2,
and p3 miktoarm star polymer-based micelles showed an 10-13% increase in drug release over a
dialysis period of 72 hours (Figure 2.6A-C). Notably, b1 micelles showed a smaller 6% increase
over this same time period, suggesting that the more loosely packed b1 corona contributes less to
limiting the diffusion of encapsulated drug (Figure 2.6E). Provided that drug encapsulation also
includes PEG association within the corona, cleavage of a less dense corona would consequently

promote drug release to a lesser extent.
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As ROS-induced partial corona shedding enhanced drug release rates, we continued our
investigation by testing a similar core shedding mechanism. Miktoarm star polymer p2 has a DS
group linking a short hydrophobic hexyl unit to the PCL chain end. GSH would cleave the DS,
releasing this tail end, and possibly disrupt drug association with micellar cores. Subsequent drug
release studies with micelles assembled from p2 showed that GSH treatment of these micelles
showed no significant improvement to release rates, suggesting that while a partial corona
shedding mechanism can improve drug release characteristics, a similar partial core-shedding
mechanism apparently does not (Figure 2.6B).

In contrast, insertion of a DS unit adjacent to the polymer focal point demonstrated significant
influence on drug release upon interaction with GSH. Incubation of micelles of p3 and p4 with
GSH led to increase in release rates of curcumin by over 20% (Figure 2.6C-D). This result when
coupled with the drug release profile for u2 confirms that spatial location of the GSH responsive

unit in miktoarm star polymers plays a crucial role in drug release.

2.3.7 Effectiveness of curcumin-incorporated micelles to scavenge ROS in glioblastoma cells
To assess the ROS scavenging efficiency of the oxidative stress-responsive nanoparticles, U251N
human glioblastoma cells were treated with curcumin incorporated or not into u1 micelles. ROS
concentrations were measured using CellROX® Deep Red (Aem, 665 nm). Cell imaging using
fluorescence microscopy (Figure 2.7A-B) was complemented with spectrofluorometric
measurements of ROS (Figure 2.7C- D). Fluorescence intensities of CelROX® Deep Red were
determined in cell lysates and in the cell culture supernatants. Control experiments in cell free
media were performed to rule out possible interference with the measurements due to interactions
between CellROX® Deep Red and the drug or micelles. There was no significant interference with
CellROX® Deep Red fluorescence signals, micelles or drug molecules incorporated into the
micelles. (Figure A.27). We treated U251N cells with menadione (MenD) as our positive control
for ROS measurements with CellROX® Deep Red.8: 8 Increased ROS concentrations by
menadione showed significant CellROX® fluorescence intensity compared to untreated controls
(Figure 2.7A-B). Curcumin, with or without micelle loading, maintained baseline levels of reactive
oxygen species comparable to cell control conditions without any drug treatment. Curcumin
incorporated into p1 micelles prevented ROS generation more effectively than free curcumin both
within the cells and in the extracellular medium (Figure 2.7C-D). Finally, the effectiveness of
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curcumin incorporated in the micelles was determined when cells were deprived from glutathione
(by BSO treatment). The ROS-scavenging ability of curcumin was compromised in glutathione-
deprived cells. In contrast, curcumin-loaded micelles restored baseline ROS levels (Figure 2.7E-
F). These results suggest that curcumin incorporated into micelles may be spared from degradation.
However, free curcumin is more susceptible to oxidation in GSH-deprived cells and was less
efficient in reducing ROS accumulation due to BSO treatment.® These findings suggest that ROS
responsive micelles containing curcumin and other drug candidates are suitable stimulus-

responsive nanocarriers for ROS scavenging.
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Figure 2.7. U251N glioblastoma cells were pre-treated with ROS inducer, menadione (MenD, 50 uM) for
1 hour, or glutathione inhibitor, L-buthionine-sulfoximine (BSO, 100 uM) for 24 hours. Following pre-
treatment, cells were treated with free curcumin (Cur, 15 pM) or curcumin-loaded pl (ul: 2.44 uM; Cur:
15 puM) for 6 hours. CellROX Deep Red (Ex/Em. = 640/665 nm) was added to a final concentration of 5
uM, 30 minutes before the end of the treatment. (B) Cells were fixed and labeled with Hoechst 33342
nuclear dye prior to being imaged with Leica DMI14000B microscope at 20x objective. Intracellular ROS
content was assessed by measuring fluorescence intensity of cells. Shown is the average fluorescence
intensity per cell relative to untreated control (RFI). 207 to 364 cells were analysed per condition from two
independent experiments. Scale bar represents 40 um. (C-F). The relative fluorescence intensity from (C),
(E) cell lysate and (D), (F) cell culture media, was quantified using a spectrofluorometer. Shown are RFI
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(relative to control) of U25IN cell lysate and DMEM media. Student’s t-test, condition vs. control:
*p<0.05; **p<0.01, ***p<0.001

2.4 Conclusions

We have developed a simple and highly versatile methodology to construct environment-selective
miktoarm star polymers with tunable placements of stimuli responsive units. Using a mixed arm-
and core-first methodology, we demonstrated that our modular miktoarm polymer constructs
facilitate the design of smart polymeric architectures for a desired stimulus response, based on the
concentrations of active species in extra- and intracellular spaces. We have demonstrated that such
soft nanoparticle assemblies respond to reactive oxygen species, shed their upper corona layer
partially, and accelerate drug release while keeping their overall architectural integrity intact. The
denser coronae, lower CMCs, and higher encapsulation efficiencies offered by miktoarm
polymers, compared to diblock copolymers, provide a better platform for delivering drugs
extracellularly using the novel partial corona shedding route. The curcumin-loaded oxidative
stress-responsive micelles from pl showed higher efficiencies in preventing ROS-formation and
ROS-scavenging in U251 human glioblastoma cells than the free drug, demonstrating the efficacy
of our delivery system. The spatial location of the GSH responsive unit has a direct influence on
the drug release characteristics of the soft nanoparticles. A small perturbance by partial inner core
shedding at the hydrophobic end, in response to GSH, did not have a similar subtle effect in
enhancing drug release. However, DS incorporation near the core of a polymer leads to micelles
that degrade and liberate encapsulated drug in response to GSH. This also expedites PEG and PCL
biodegradation. The particular combination of ROS- and GSH-responsive mechanisms, as
implemented in p3, represents a new mode of drug delivery by which release can be promoted in
a stepwise fashion, as nanoparticles accumulate at diseased sites and are then taken up by cells.
Such synthetic articulation of miktoarm star polymers, their self-assembly into nanoparticles with
very low CMCs that carry sufficient amount of active pharmaceutical agents, and their response
to stimuli in the external and internal cellular environment, is expected to improve interventions

in pathologies associated with disturbed redox states in affected cells and their microenvironments.
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Chapter 3: Evaluation of resveratrol loading and release from ROS- and
GSH-responsive AB; miktoarm star polymer micelles

Abstract
Asymmetrically branching star polymers have shown great promise in drug delivery in general,

and better control over cargo loading and release in particular, compared to traditional block
copolymer-based nanocarriers. Using our recently developed methodology to stimuli-responsive
miktoarm stars, we synthesized ROS- and GSH-responsive AB> (A = PCL, B = PEG) miktoarm
polymers for examining loading and release characteristics of resveratrol, a common model anti-
inflammatory drug. ROS is abundant extracellularly around disease sites, and while responsible
for biological oxidative stress, it is commonly targeted to increase the efficacy of targeted drug
delivery systems. GSH, on the other hand, is overproduced intracellularly, allowing the use of
redox-responsive drug delivery systems with vastly different response mechanisms. Incorporation
of a thioketal linker at the terminus of hydrophilic PEG segments in miktoarm stars subtly
promoted resveratrol release when self-assembled micelles were treated with H.O due to the
partial corona “shedding” of loaded micelles. Miktoarm star polymers with disulfide linkers
adjacent to their core junctions responded to GSH through disulfide reduction, and subsequent
disassembly, and PEG and PCL separation. GSH treatment of self-assembled micelles with loaded

resveratrol resulted in its significant burst release.

3.1 Introduction

Despite the incredible advancements in drug design and discovery, most drugs either fail or
perform inadequately at clinical trials due to their poor bioavailability that is typically attributed
to hydrophobicity and early biodegradation.™ 2 To combat this, nano-delivery systems have been
developed that are capable of encapsulating drugs and effectively delivering them to diseased
sites.> 4 Such systems are often micellar, and they are usually composed of amphiphilic block
copolymers where the hydrophobic segment constitutes the core of the micelles and helps to
encapsulate drug cargo. The outer corona of micelles is composed of the hydrophilic polymer
segment and solubilizes the micelle in aqueous media enabling its biological distribution and drug

delivery.> ©
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Miktoarm stars integrate at least 3 polymeric chains emanating from a single junction, of which at
least 2 are different. These asymmetric star polymers can generally be classified as being of AnBm
compositions, where A and B represent different polymer chains of varied numbers (n, m).
Amphiphilic miktoarm polymers present several key advantages over the more commonly used
diblock copolymers in nanomedicine: most notably their low critical micelle concentrations
(CMC), smaller diameters and high loading capacities.”° Micelles assembled from ABn miktoarm
polymers where B is the hydrophilic segment have been shown to possess denser coronae than
those formed from diblock copolymers.t! Thus, it follows that incorporating stimulus responsive
units into the structure of hydrophilic polymers would enable them to more densely populate the
corona of miktoarm polymer micelles. Due to its ubiquity, aqueous solubility, biological
compatibility, stealth, and ease of synthetic manipulation, we have used poly(ethylene glycol)
(PEG) as the hydrophilic segment of our miktoarm polymers.t? 13 Hydrophobic polycaprolactone
(PCL) provides biocompatibility, biodegradability, and can be synthesized through simple
polymerization with a range of miktoarm polymer compatible initiators.'4*® It was demonstrated
in Chapter 2 that such AB> type miktoarm polymers (A = PCL, B = PEG) which contain a ROS-
responsive thioketal (TK) at the terminal PEG ends, which constitutes upper micellar corona,
respond more efficiently to ROS in the aqueous medium than their diblock copolymer
counterparts. Incorporation of ROS-responsive units into micellar coronae offers another unique
advantage, as diseased sites predominantly contain ROS in their extracellular sites. As described
in chapter 2, following the self-assembly and drug loading of ROS-responsive miktoarm polymer
(ul) into micelles, and upon delivery to diseased sites where, in response to high ROS
concentrations, the incorporated TK unit gets oxidatively cleaved, enabling upper corona
“shedding” (Figure 3.1A). Such partial corona shedding can promote encapsulated drug release
while keeping the overall micellar morphology intact, thus permitting a slow and sustained drug

release in the extracellular environment.

Compared to ROS, glutathione (GSH) concentrations are low extracellularly and much higher
intracellularly. Accordingly, a GSH-responsive miktoarm polymer (u4) was synthesized in chapter
2, which contained a GSH-responsive disulfide group linking its PCL arm to its central junction.
Upon self-assembly, it became a part of the micellar core, yet near the core/corona interface.
Administration of the drug loaded p4 micelles to diseased sites and uptake into cells would result

in the reduction of the GSH-responsive disulfide linker present near the miktoarm polymer
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junction and cause a burst-release of drug directly at the targeted site (Figure 3.1B). Such miktoarm
polymers were highly effective in encapsulating curcumin and its autogenous environment
selective release. Using a similar methodology, we prepared AB: type miktoarm polymer-based
soft nanoparticles, which were loaded with resveratrol. Considering the role that ROS-induced
oxidative damage plays in age-related diseases, senolytic agents such as resveratrol have become
an active area of research and have been shown to extend the lifespan and increase the health of
several model organisms.” 18 While these exact mechanisms are not well understood, it is known
that resveratrol has a broad anti-inflammatory effect that involves down-regulating NF-xB gene
products, thereby suppressing cytokines and TNF-a expression. Importantly, resveratrol also has
a well-studied pharmacological profile and exhibits therapeutic effects that aid in chemoprevention
and chemotherapy in addition to the elimination of senescent cells that trigger inflammation. % 2
Our ROS- and GSH-responsive miktoarm star polymers, developed in chapter 2, provided a
platform to carry out a detailed evaluation of the efficacy of resveratrol-loaded formulations in
biology. These studies are currently being carried out in collaboration with the group of Professor
Dusica Maysinger in the Department of Pharmacology and Therapeutics at McGill University.
Due to COVID-19 pandemic which led to slow research ramping in Pharmacology, it was not

possible to include these biological evaluations here as these studies are currently underway.
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Figure 3.1. (A) Structure and schematic of ul summarizing its extracellular ROS response. The oxidative
cleavage of thioketal linkers located in the upper coronae of pn1 enables an increase in drug release kinetics
upon exposure to ROS, while preserving overall micellar morphology. (B) Structure and cartoon schematic
of p4 summarizing its intracellular GSH response. The reduction of the disulfide linker at the polymer arm
junction in p4 causes a burst release of encapsulated drugs.
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3.2 Materials and Methods

AB: miktoarm polymers were prepared exactly as described in Chapter 2. The synthesis is
summarized below in Chapter 3.2.1. All other chemicals were acquired and used as received from
Sigma Aldrich. UV-visible spectroscopy was performed on a Varian Cary 50 UV-Vis
Spectrophotometer. Fluoroscence spectrometry was performed on a Cary Eclipse Fluorescence
Spectrophotometer. Dynamic light scattering was performed on a Brookhaven 90Plus Particle Size
Analyser equipped with a 40 mW red diode laser operating at 658 nm. TEM micrographs were
acquired on a FEI Tecnai 12 BioTwin 120 kV TEM equipped with an AMT XR80 CCD Camera
System located at the Facility for Electron Microscopy Research (FEMR) at McGill University.

3.2.1. Miktoarm Polymer Synthesis
AB: miktoarm polymers were synthesized as described in in Chapter 2.2.1. Miktoarm polymer p1

synthesis is shown in Scheme 3.1 and explained briefly hereafter. To obtain the PCL arm, 1, 3,5-
dihydroxybenzyl alcohol was propargylated with propargyl bromide, in the presence of K>COg,
and a catalytic [18]-Crown-6 in acetone. The propargylated core was then isolated with 3 DCM
extractions from water and passed through a silica gel column using 1:1 ethyl acetate:hexanes as
the eluent. Ring opening polymerization (ROP) was performed on the now single free OH group
with g-caprolactone, using tin(I1)2-ethylhexanoate as a catalyst. The PCL-core structure, 1, was
obtained via precipitation in methanol. The TK-containing PEG arms, 2, were synthesized by
asymmetrically conjugating tetraethylene glycol and N3-PEG to either carboxylic acid group in
2,2'-(propane-2,2-diylbis(sulfanediyl))diacetic acid (thioketal diacid, TKDA) usinga DMAP/DCC
catalyst system. The product was isolated after each conjugation step through successive filtration
and silica gel column chromatography using an eluent of 8:1 DCM:methanol. Finally, ul was
obtained by through a copper-catalyzed alkyne-azide cycloaddition (CuAAC) “click” reaction
between 1 and 2, using CuBr as a catalyst and PMDETA as its ligand. The product was once again
passed through a silica gel column 8:1 DCM:methanol and then dialyzed against water using a 3.5

kD membrane to remove all catalysts and unreacted polymers.
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Scheme 3.1. Synthesis of pl. Full synthetic and characterization details available in Chapter 2.2.1.

The miktoarm polymer p4 was synthesized according to the procedure in Chapter 2.2.1, and its
synthesis is summarized in Scheme 3.2. Briefly, The PCL-core structure, 3, bearing the GSH-
responsive disulfide was synthesized by first carrying out successive ROP of e-caprolactone
initiated by hexanol. Pure PCL obtained via precipitation in methanol. Then 3,3’-dithiodipropionic
acid and (3,5-bis(prop-2-yn-1-yloxy)phenyl)methanol were successively conjugated at the
hydroxyl end of PCL using DMAP/DCC-catalyzed esterifications and purified by concentrating
the product in DCM, filtering off catalysts and excess reactants, and precipitating in methanol. p4
was assembled using the CuAAC “click” reaction between 3 and Nz-PEG using CuBr and
PMDETA as a catalyst and ligand. The product was purified by first dialyzing it againstand EDTA

solution and then washing it with minimal ice-cold water.
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Scheme 3.2. Synthesis of p4. Full synthetic and characterization details available in Chapter 2.2.1.

3.2.2 Blank Micelle Preparation
In a typical preparation, 0.25 mL of a 4 mg/mL stock solution of the miktoarm polymer in acetone

was injected into 1 mL of Milli-Q water at a rate of 1 drop/s. The mixture was left to stir overnight
while acetone evaporated. The mixture was filtered through a 0.22 um PVDF syringe filter and

diluted back to 1 mL with water.

3.2.3 Resveratrol-loaded Micelle Preparation
The preparation of resveratrol-loaded micelles was similar to the preparation of blank micelles:

0.25 mL of a 4 mg/mL stock solution of the miktoarm polymer in acetone was mixed with 0.25
mL of a 2 mg/mL stock solution of resveratrol in acetone. The polymer/drug solution was injected
into 1 mL of Milli-Q water at a rate of 1 drop/s. The mixture was stirred vigorously overnight
while the organic phase evaporated. The mixture was centrifuged for 5 minutes at 1000 RPM and
the supernatant was filtered through a 0.22 um PVDF syringe filter and diluted back to 1 mL with

water.

3.2.4 Calculation of Encapsulation Efficiency and Loading Capacity
A 20 pL aliquot of the resveratrol-loaded micelles was diluted to 2 mL with methanol to break up

the micelles and solubilize the drug. The solution was measured with UV-vis spectroscopy and the

signal at 324 nm was taken to calculate resveratrol concentration. The mass of encapsulated drug
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was determined by relating the absorbance signal to a drug concentration standard curve (Figure
B.1). Encapsulation efficiencies and loading capacities were calculated according to Equations 1

and 2 respectively.

Loaded Drug (mg)

EE % = (1)

Total Drug (mg)

Loaded Drug (mg)

LC % =

)

Total Drug (mg) + Polymer (mg)

3.2.5 CMC Determination
Miktoarm polymer solutions in a range of concentrations from 0.0001 — 1 mg/mL were prepared

in THF, and pyrene was added to each solution to a concentration of 6 pM. The miktoarm
polymer/pyrene mixtures were injected into equal volumes of DI water at a rate of 1 drop/s and
stirred vigorously overnight to evaporate the THF and trigger self-assembly. Fluorescence
excitation spectra were acquired at Aem = 390 nm, and the peak ratios of Aex = 338 nm to Aex = 333
nm were plotted against miktoarm polymer concentration for each sample. The CMC was taken

as the concentration at which the 338/333 nm excitation peak ratio begins to increase.

3.2.6 Resveratrol Release Profiles
A solution of resveratrol-loaded micelles was transferred into 3.5 kD MWCO dialysis tubing and

dialyzed against 140 mL of pH 7.4 phosphate-buffered saline (PBS) containing 1% v/v Tween 80
to act as a sink. 40 pL aliquots, diluted to 1 mL with methanol, were taken from the tubing at
predetermined intervals in order to measure remaining drug concentrations via UV-visible
spectroscopy. The cumulative released resveratrol percentage was plotted against dialysis time. A
1 mg/mL solution of free resveratrol in a 45/40/15 ratio of water/dimethylacetamide/PEG7so was

dialyzed in the same manner to act as a control (Figure B.2).

3.2.7 Transmission Electron Microscopy
An 8 L drop of a 2 mg/mL micelle solution was dropped onto a carbon-coated copper grid. After

2 minutes, excess solution was removed by absorbing it with a Whatman filter paper carefully
placed at at 90° angle at the edge of the grid. 8 UL of 2% uranyl acetate was then similarly dropped
onto the grid, and its excess was then absorbed using filter paper after 2 minutes of drying. The

grid was used for imaging after another 30 minutes.
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3.3 Results & Discussion

One of the main factors governing micelle stability is the hydrophilic/hydrophobic ratio of its
constituent polymers. For amphiphilic polymers, a fraction of approximately >45% hydrophilic
polymer is necessary for stable micelle formation.?! Bearing in mind that synthetically linking
different arms of miktoarm polymers together becomes increasingly more difficult with larger
molar masses, we first synthesized PCL segments with molar masses of roughly 2800 and 2500
(for ul and p4 respectively), and matched them with hydrophilic arms based on PEG 2000. This
resulted in p1 and p4 of very similar hydrophilic content with slightly more separated molar masses
(Table 3.1).

While the overall architecture and composition of both miktoarm polymers remains the same, we
expected that the difference in their cores (from the DS unit in u4) and molecular weights would
cause a slight variance in their CMCs (Table 3.1). Regardless, the obtained CMCs were still
excellent, and well below the point at which micelle disassembly would result from biological
administration and dilution, especially when compared to those generally seen in diblock
copolymers.? 2224 Micelle diameters were similar for both miktoarm polymers and were lower
than 200 nm, a rough limit below which micelles can be distributed biologically and penetrate
porous vasculature without issue. 2

Table 3.1. Physical characteristics of pl, p4, and derived micelles. Molecular weights were estimated as
the sum of M, values of PEG and PCL-core components of the miktoarm polymers as determined by
MALDI-TOF. Hydrophobic content was calculated as the MW fraction of the PCL-core component in each

polymer. CMCs were determined using encapsulated pyrene fluorescence ratios. Diameters and
polydispersities of micelles were determined via dynamic light scattering (DLS).

Polymer Blank Micelles
Molecular  Hydrophobic CMC CMC Diameter PDI
Weight Content (%) (LM) (ng/mL) (nm)
pl | 7581 62.6 0.21 1.6 61.5 0.304
pd | 6730 63.4 0.77 5.2 84.4 0.121

Loading of u1 and p4-derived micelles with resveratrol significantly increased micellar diameters
from their blank formulations. DLS results yielded values of 145 and 122 nm for resveratrol loaded
ul and p4 respectively, while TEM results showed lower values of 118.6 and 121.9 nm for loaded
ul and p4 respectively (Table 3.2). TEM generally leads to slightly smaller diameters than those
measured by DLS, due to their dehydration under vacuum during sample preparation. While this
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was clearly apparent for ul, the TEM micrograph for u4 showed micellar diameters similar to
those seen by DLS (Figure 3.2). Interestingly, loaded resveratrol is seen to crystallize within the
cores of micelles, as evidenced by the darker contrast in their more electron-dense centers,? 2" yet
it is apparent that micelles are not loaded consistently (Figure 3.2A, B, D, E).

Encapsulation efficiencies of resveratrol vary widely for PEG-based micelles, ranging from 1.7-
97%. As such, we compared our drug loading characteristics to the loading capacities to those
reported in the literature, which were: 0.24%, 3.95%, 5.4%, 7.93%, and 20% for a series of graft
and diblock copolymers composed of PEG and either PCL, PLGA, PLA, or polypyrroles.
Resveratrol loading capacities for pl and p4 were thus in agreement with previous results,
suggesting good compatibility between the drug and miktoarm polymers (Table 3.2).28-32

Table 3.2. Physical characteristics of resveratrol loaded pu1 and p4 micelles. Diameters and polydispersities

of micelles were determined via dynamic light scattering (DLS). Encapsulation efficiencies and loading
capacities of resveratrol were calculated according to Equations 1 and 2.

Diameter Diameter PDI? Encapsulation  Loading

(nm)?2 (nm)P Efficiency (%)  Capacity (%)
pl | 1451 118.6 0.274 31.7+1.2 10.6 £ 0.40
pd | 1225 121.9 0.149 353194 11.8+3.1

a\/alues determined by DLS
bValues determined by TEM
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Figure 3.2. TEM micrographs of resveratrol loaded pl at (A) low and (B) high magnifications. TEM
micrographs of resveratrol loaded u4 at (D) low and (E) high magnifications. The size distributions of ul
micelles (C) and p4 micelles (F) were determined by relating the size of each imaged micelle to the scale
bar in Figures 3.2B and 3.2E.

Upon confirming that p1- and p4-derived micelles had suitable morphologies and good resveratrol
loading capacities, we subsequently studied the effect that ROS and GSH will have on their release
characteristics from micelles. To establish that resveratrol encapsulation by pul and u4 micelles
restricted their diffusion, free resveratrol was first solubilized in a 45/40/15 ratio of
water/dimethylacetamide/PEG7s0 and then dialyzed against pH 7.4 PBS buffer where nearly
complete (98%) release was confirmed by UV/visible spectroscopy within 12 hours (Figure 3.3).
Furthermore, an absence of micellar retention led to a significant dose dumping effect where 60%
of free resveratrol was released within the first hour of dialysis. On the other hand, only 85% and
83% release were seen in ul and p4 micelles respectively over the full 12 hour period, confirming

the retention of cargo by micelles.

Treatment of pul micelles with 200 mM H20», a model for general ROS, increased drug release
rates by up to 10% compared to untreated micelles (Figure 3.3A). Notably, H>O treatment led to
an overall subtle increase in drug release as one would expect from TK cleavage-induced micellar

corona shedding while also contributing to a dose dumping effect within the first 6 hours. Further
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treatment saw the release profiles of treated and untreated samples converge as they both
approached complete release over 48 hours (Figure B.2A). Treatment of resveratrol loaded u4
micelles with 10 mM GSH showed a substantially enhanced resveratrol release profile compared
to untreated micelles (Figure 3.3B). The reduction of the disulfide group linking PCL to the
miktoarm polymer junction by GSH separates the hydrophilic and hydrophobic components of the
polymer and causes micellar disassembly. This results in a release rate that is enhanced by up to
20% compared to the untreated sample and is comparable to free resveratrol release. This suggests
that a similar burst release would arise in the GSH-rich intracellular environment. Continued
exposure to GSH over 48 hours exhibited a slow convergence of the treated and untreated

resveratrol release profiles as they approached completion (Figure B.2B).
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Figure 3.3. Release profiles of resveratrol loaded (A) ul and (B) u4 over 12 hours of dialysis against pH
7.4 PBS. The buffer and dialyzed solutions contained 200 mM H,0- or 10 mM GSH in stimulus responsive
studies.

3.4 Conclusions and Future Work

Miktoarm star polymers with AB> (A = PCL, B = PEG) architectures were developed as a
promising alternative to diblock copolymers due to their superior drug delivery properties. These
star polymers self-assemble to form spherical micelles, and were successfully used to load
resveratrol, with good encapsulation efficiencies and loading capacities. Resveratrol is a senolytic
agent with broad anti-inflammatory effects, and its loading was accompanied by slight (~25 nm)
or negligible increases in micelle diameter, and the loaded drug was distributed unevenly between

micelles and crystallized within their cores. In order to assess resveratrol release from the
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miktoarm polymer-based formulations, prepared using a similar methodology as described in
Chapter 2, several drug release studies were conducted. Although it is a hydrophobic drug,
resveratrol exhibited a rapid release profile, with >50% release being seen within 4 hours of
incubation. It was demonstrated that resveratrol release can be further accelerated in response to
opposing redox conditions for ul and p4. ul micelles contain ROS-cleavable thioketal linkers near
the terminal ends of their PEG arms, and they responded to H2O> by partially shedding their outer
coronae to subtly increase the rate of resveratrol release. On the other hand, incubation of p4
micelles with GSH caused the cleavage of their sensitive disulfide linkers which join the polymers’
PEG and PCL segments, causing micellar collapse and an ensuing significant increase in
resveratrol release. The pul and p4 micelles respond differently to oxidative stress and therefore
have differing efficacies in the disease site extracellular environment where ROS are abundant,
and in the intracellular environment where GSH is overproduced. The encouraging drug release
studies based on stimulus response prompted our ongoing in vitro biological testing, which
includes cell viability studies, evaluations of biomarkers for drug-induced cell senescence, as well
as ROS/GSH quantification in treated cells. These results could not be included here due to delays

related to the COVID-19 pandemic and slower research ramping that followed lab closures.
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Chapter 4: Autogenous ROS-induced miktoarm star polymer micelle
coupling for enhanced retention and drug delivery

Abstract

Miktoarm stars, or branched stars containing mixed polymeric arms, have been shown to
prominently exhibit many properties that have contributed to the development of drug delivery
systems with superior therapeutic efficiency, including good polymer arm tunability, low critical
micelle concentrations, and high drug loading and sustained release properties amongst others.
Through the combination of facile synthetic methods, including ring opening polymerization,
Steglich esterifications, and CuAAC “click” coupling, we have developed an AB> miktoarm star
polymer with hydrophobic A = PCL and hydrophilic B = PEG segments, for the micellar
encapsulation and delivery of curcumin to ROS-afflicted disease sites. PEG arms were put together
such that ROS-cleavable thioketal linkers were spatially located near their terminal ends,
corresponding to the coronal surface of micelles. Incubation of these ROS-responsive miktoarm
star polymer micelles with H>O», exposes thiol corona surface groups through thioketal oxidative
cleavage, which can further couple with each other to form networked micelle clusters. Such
network formation at disease sites is expected to promote the retention of drug delivery systems

within them and consequently improve the viability of encapsulated drugs.

4.1 Introduction

The low bioavailability of many pharmaceutical agents is commonly ascribed to their poor aqueous
solubility and instability in biological environments.> 2 Improvements in nanotechnology and
nanomedicine have led to the development of a variety of amphiphilic polymers that can assemble
into micelles with distinct hydrophobic/hydrophilic domains. More specifically, lipophilic drugs
can be solubilized and stabilized in micellar cores, while being shielded by outer hydrophilic
coronae, which also lend biological stealth and aqueous solubility to such nanocarriers.®>
Conventionally, micellar drug delivery systems have been assembled from amphiphilic diblock
copolymers that consist of linked hydrophilic and hydrophobic polymer segments on a single
backbone (linear block-copolymers).® 7 With development of facile synthetic methodologies,?**
miktoarm star polymers, or branched stars that have mixed polymeric arms, have increasingly been

used as drug nanocarriers due to their superior properties including lower CMCs, drug loading
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contents, more sustained drug release profiles, and an overall higher segment tunability that

enables their more varied use as drug delivery systems, 419

Reactive oxygen species (ROS) including hydrogen peroxide, singlet oxygen, hydroxy radicals,
and superoxides are overabundant extracellularly in pathologies including cancer, chronic
inflammation, and are contributors to the biological decline seen in aging.??® Consequently,
numerous polymeric drug delivery systems have been developed with ROS-sensitive linkers
including thioketals, thioethers, diselenides, phenylboronic esters etc., that respond to autogenous

ROS to promote drug release at affected sites.?*?’

The enhanced permeability and retention (EPR) effect describes a mechanism by which micelles
are retained at disease sites. Due to the critical nutritional requirements of growing tumours, blood
vessel growth is stimulated and develops from abnormally aligned endothelial cells.?® 2° The leaky
structure of tumorous vasculature promotes the accumulation of nanoparticles, and stemming from
the defective lymphatic drainage associated with tumour sites, the nanoparticles are retained.?-32
In light of much research, the EPR effect has proven to be quite controversial, since the delivery
of nanoparticle formulations from an injection site far away to a tumour site, and in spite of the
high tumor interstitial fluid pressure and poor blood flow, is unlikely. Increased drug delivery from
nanocarriers has also not been seen in clinical trials, and the animal models (including mice) used

to study the effect have shown a more pronounced effect than human models.*

To enhance the efficacy of soft nanoparticles in drug delivery, we designed an AB; (A = PCL, B
= PEG) miktoarm star polymer from a dipropargylated benzyl alcohol core through a combination
of ring opening polymerization, Steglich esterifications and copper-catalyzed alkyne-azide
cycloaddition (CuAAC) “click” reactions. Through tandem conjugation chemistry, we were able
to place a ROS-responsive thioketal linker near the terminal end of the PEG arms, so that upon
self-assembly, the miktoarm star-based micelles would have these thioketals near their surfaces.
These linkers are expected to become oxidatively cleaved in response to the extracellular ROS
present at tumour sites which would-expose free thiol ends that can couple with each other by
forming disulfide bridges, in response to the ROS environment. In generating these disulfide links,
we aim to evoke an effect whereby micelles that are delivered to tumour sites through the
surrounding leaky vasculature couple together to form large networks that are too large to be

eliminated back through the same blood vessels (Figure 4.1). To our knowledge, such a mechanism
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has not yet been reported in the literature, and we expect that this will amplify the EPR effect and

address some of the issues that are currently raised in retaining micelles at such disease sites.

Partial Corona
Self-Assembly “Shedding”
_— —_—
Extracellular ROS

AB, Miktoarm Polymer

Micellar Coupling
—_—
Extracellular ROS
N~ PEG

A e

®  Thioketal
¢ Thiol
Disulfide

Figure 4.1. Cartoon schematic of self-assembled miktoarm star micelles undergoing ROS-induced free
thiol group exposure and disulfide coupling.

4.2 Materials and Methods

(3,5-bis(prop-2-yn-1-yloxy)phenyl)methanol (dipropargyl benzyl alcohol, DPBA), 2,2'-(propane-
2,2-diylbis(sulfanediyl))diacetic acid (thioketal diacid, TKDA), and azido-PEG (N3-PEG) were
prepared as described in Section 2.2.1. e-caprolactone monomer was acquired and used as received
from Acros Organics. All other chemicals were purchased and used as received from Sigma
Aldrich. Nuclear magnetic resonance (NMR) spectra were acquired on a Bruker AVIIIHD 400 and
500 MHz NMR Spectrometers, both equipped with BBFO+ SmartProbes. Mass spectra were
acquired on a Bruker MALDI Autoflex 111-TOF, a Bruker Maxis Impact Q-TOF, and a Thermo
Scientific ExactivePlus Orbitrap-API mass spectrometer. Dynamic light scattering (DLS) was
performed using a Brookhaven 90Plus Particle Size Analyser equipped with a 40 mW red diode
laser operating at 658 nm. TEM images were taken on a FEI Tecnai 12 BioTwin 120 kV TEM
equipped with an AMT XR80 CCD Camera System located at the Facility for Electron Microscopy
Research (FEMR) at McGill University. UV-Vis absorption spectra were taken on a Varian Cary
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50 UV-Vis Spectrophotometer. Fluorescence spectra were collected on a Cary Eclipse
Fluorescence Spectrophotometer. Gel permeation chromatography (GPC) was performed on a
Waters Breeze system with HPLC grade tetrahydrofuran (THF) as the mobile phase at the
Department of Chemical Engineering at McGill University.

4.2.1 Synthesis

3,5-bis(prop-2-yn-1-yloxy)benzyl PCL (DPB-PCL.”), 2. Compound 2 was prepared by adapting

a ring opening polymerization methodology from the literature.®* 3,5-bis(prop-2-yn-1-
yloxy)phenyl)methanol (dipropargyl benzyl alcohol, DPBA (0.2g, 0.925mmol) and distilled e-
caprolactone (1.85 mL, 16.65mmol) were dissolved in dry toluene and added to a warm 3-neck
flask equipped with a condenser. While stirring under nitrogen atmosphere, the reaction mixture
was brought to reflux and Tin(I1)2-ethylhexanoate (0.076 mL, 0.187mmol) was added through a
rubber septum. After stirring overnight, the flask was cooled, and toluene was concentrated under
reduced pressure. The mixture was then precipitated in ice cold methanol to obtain the product.
The pure product was collected by filtration and dried in vacuo to obtain an off-white solid (1.21
g, 57%)

'H NMR (400 MHz, CDCls): 81 (ppm) 1.40 (36H, m, (-OOC-C-C-CH>-)1s), 1.66 (72H, m, (-OOC-
C-CH2-C-CH2-)18), 2.32 (36H, t, 3Jun = 7.5 Hz, (-OOC-CH2)1s), 2.56 (2H, t, *Jun = 2.4 Hz, C=CH),
3.66 (2H, t, 3Jun = 6.5 Hz, -OOC-CH>-), 4.08 (36H, t, 3Jun = 6.7 Hz, (-CH2-O0C-)13). 4.69 (4H,
d, 4Jun = 2.4 Hz, CH,-C=C), 5.07 (2H, s, CH,-OH), 6.59 (1H, t, *Jun = 2.2 Hz, H-Ar), 6.61 (2H,
d, “Jun = 2.2 Hz, H-AXr).

3C{H}-NMR (125 MHz, CDCls): 8¢ (ppm) 24.6, 25.5, 28.4, 34.1, 56.0, 64.2, 107.5, 158.8, 173.5.
MALDI-TOF M, = 1994.45; My, = 2193.25; PDI = 1.10; DP = 17.50

15,15-dimethyl-12-0x0-2,5,8,11-tetraoxa-14,16-dithiaoctadecan-18-oic acid (TK-TrEG), 4.

Steglich esterification was carried out by the adaptation and modification of a published
methodology.®* TKDA (4.0g, 17.9mmol) and DMAP (0.4g, 3.27mmol) were added to a 3-neck
flask and dissolved with a 1:1 mixture of dry diethyl ether and dry DCM. Upon cooling in an ice
bath, solutions of TrEG (0.476mL, 2.98mmol) and DCC (0.860g, 4.17mmol) in dry DCM were
simultaneously, but separately, added dropwise to the reaction mixture over 1.5 hours while

stirring under a nitrogen atmosphere. After an overnight reaction the 3-neck flask was cooled in
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an ice bath and any formed precipitate was filtered off. The crude product was then extracted from
water with DCM 3 times, concentrated, then extracted again from new distilled water with DCM
3 times, and dried under MgSQOas. The solvent was then removed under reduced pressure to yield a
colourless oil (0.618 g, 56%).

'H NMR (400 MHz, CDCls): 8 (ppm) 1.64 (6H, s), 3.41 (3H, s), 3.45 (2H, s), 3.53 (2H, s), 3.59
(2H, m), 3.68 (6H, m), 3.77 (2H, m), 4.31 (2H, m).

BC{*H}-NMR (125 MHz, CDCls): &c (ppm) 30.2, 32.9, 33.2, 57.3, 59.0, 64.5, 69.0, 70.4, 70.4,
70.5,71.9, 170.2, 173.2.

MS: ESI m/z: (M-H) Calculated for C14H2507S2 369.47 g/mol, Found 369.10 g/mol.

N3-PEG-TK-TrEG, 5. The esterification procedure was adapted and modified as required based
on a literature methodology.*® N3-PEG (4.13g, 1.99mmol), TK-TrEG (0.737g, 1.99mmol), and
DPTS (0.612g, 2.19mmol) were dissolved in dry DCM in a three-neck flask and cooled in an ice
bath. A solution of DIPC (0.462mL, 2.99mmol) in dry DCM was then added dropwise to the flask

over 1.5 hours while continuously stirring under nitrogen atmosphere. The reaction continued to

run for 24 hours. After the reaction was complete, the flask was stored in a freezer at 0 °C overnight
and the formed precipitate was discarded. The crude product was passed through a silica gel
column with a 8:1 DCM:methanol eluent to remove any remaining impurities and then dried in

vacuo to yield an off-white solid (2.13 g, 44%).

IH NMR (400 MHz, CDCls): 81 (ppm) 1.63 (6H, s, CHs), 3.40 (5H, m, CHz-N3, OCHs), 3.46 (4H,
s, S-CH,-C=0), 3.65 (192H, m, PEG and TrEG), 4.28 (4H, m, CH2-0-C=0).

BC{H}-NMR (125 MHz, CDCls): 3¢ (ppm) 30.3, 33.0, 50.7, 57.3, 59.0, 61.7, 64.5, 68.9, 70.0,
70.6, 71.9, 170.5.

MALDI-TOF My = 2397.41; My = 2465.26; PDI = 1.03; DP = 54.42

WPEG-TK-TrEG),PCL (u1B), 6. The copper catalyzed alkyne-azide click reaction was adapted
and modified as required based on a procedure method.®” %8 N3PEG-TK-TrEG (5) (0.741g,
0.301mmol), DPB-PCL (2) (0.300g, 0.150mmol), and CuBr (0.0540g, 0.376mmol) were dissolved

in a round bottom flask containing dry THF. While stirring the reaction mixture under nitrogen

atmosphere, PMDTA (0.079mL, 0.376mmol) was added, and the reaction was continuously stirred

114



for 24 hours. The completed reaction mixture was then concentrated under reduced pressure and
dialyzed through a 3.5 kD membrane against 150 mL of DI water with 200mg of EDTA to remove
the catalysts over 24 hours. The pure product was then removed from the dialysis bag and isolated
by removing water under pressure, to yield a pale brown solid (0.932 g, 90%).

IH NMR (500 MHz, CDCls): 81 (ppm) 1.40 (56H, m), 1.63 (12H, s), 1.66 (112H), 2.32 (56H, t,
3Jun = 7.7 Hz), 3.40 (6H, s), 3.46 (8H, ), 3.66 (392H, ), 3.81 (4H, t, 3Jun = 4.6 Hz), 4.08 (56H, t,
3Jun = 6.6 Hz), 4.29 (4H, t, 3Jnn = 5.2 Hz), 4.99 (2H, s), 5.21 (4H, s), 6.55 (2H, s), 6.58 (1H, 5)
7.75 (2H, 5).

3C{'H}-NMR (125 MHz, CDCls): 3¢ (ppm) 24.6, 25.5, 28.4, 33.0, 34.1, 64.2, 69.2, 70.6, 72.2,
123.9, 173.6.

4.2.2 GPC Analyses
All polymers were dissolved in HPLC grade THF prior to GPC analysis. A mobile phase flow rate

of 0.3 mL/min was used while columns were heated to 40 °C. The GPC was equipped with 3
Waters Styragel HR columns (HR1 with a molar mass measurement range of 1 x 102 - 5 x 103
g/mol, HR2 with a molar mass measurement range of 5 x 10% - 2 x 10* g/mol and HR4 with a molar
mass measurement range of 5x10° - 6x10° g/mol) as well as a guard column. PMMA Standards
with narrow dispersities (PSS Polymer Standards Service GmbH, molar masses ranging from 682
g/mol to 1,520,000 g/mol) were used to calibrate the GPC, and a differential refractive index (RI
2414) detector was used.

4.2.3 Preparation of Blank Micelles
Blank micelles were prepared using the co-solvent evaporation method.>® 1 mg of polymer was

dissolved in 0.5 mL of acetone and slowly injected into 2 mL of DI water at a rate of 1 drop/s. The
resulting solution was left to stir overnight while the organic phase evaporated, triggering the self-
assembly of micelles in water. The solutions were then filtered through 0.22 um PVDF syringe
filters. Samples were analyzed using DLS to determine micelle diameters (obtained as lognormal
size distributions) and polydispersities.

4.2.4 CMC Determination

Pyrene loaded micelles were prepared by the co-solvent evaporation method. A series of miktoarm
star polymer n1B samples with different concentrations were prepared and mixed with pyrene (6

MM) in THF. The polymer/pyrene solutions were injected into vials containing 2 mL of DI water
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at a rate of 1 drop/s and left to stir overnight while the organic phase evaporated. Afterwards, the
samples with varying polymer concentrations were measured using fluorescence spectroscopy.
Excitation spectra were acquired by setting the emission wavelength to 390. The peak intensity
ratio of 338 nm /333 nm was taken for each sample and plotted as a function of polymer
concentration. In the resulting plot, the point at which the horizontal slope noticeably increased

from further polymer addition was taken as the critical micelle concentration (CMC).

4.2.5 Drug Loading
The drug loading procedure was similar to the procedure for preparing blank micelles. 1 mg

samples of polymer and 0.5 mg samples of curcumin were mixed in 1 mL of acetone, and the
resulting solution was slowly pipetted into a vial containing 2 mL of DI water at a rate of 1 drop/s.
The organic phase was then left to evaporate overnight to allow self-assembly of micelles
alongside the encapsulation of curcumin. Unencapsulated drug was removed by first centrifuging
the samples at 2500 RPM for 5 and then filtering them through 0.22 um PVDF syringe filters. The
encapsulation efficiencies and loading capacities were measured according to equations 1 and 2
repectively, where the total drug and polymer masses were the initial weighed amounts, and the
loaded drug was determined by the UV-Vis absorption spectrum of curcumin. The peak intensity

at 424 nm was related to curcumin concentration using a standard curve (Figure A.1).

0 — Loaded Drug (mg)
EE % Total Drug (mg) (1)
LC % = Loaded Drug (mg) (2)

Total Drug (mg) + Polymer (mg)
4.2.6 Drug Release
Drug loaded micelle solutions were pipetted into 3.5 kD MWCO dialysis membranes, clipped at
either side, and dialyzed against 150 mL of pH 7.4 phosphate-buffered saline (PBS) containing
1% v/v Tween 80 to act as a sink. 20 pL aliquots were taken at regular time intervals, diluted to 1
mL with methanol to disassemble micelles, and their curcumin concentrations were measured
using UV-Vis spectroscopy by relating the peak intensity at 424 nm to a standard curve (Figure
A.1). The released curcumin was plotted as a percent against dialysis time.

4.2.7 Transmission Electron Microscopy
2 mg/mL polymeric micelle solutions were drop-mounted onto glow discharged carbon-coated

copper grids and left to dry for 5 minutes. Afterwards, the excess solution was carefully absorbed
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using a Whatman filter paper placed at the edge of the grid. Negative staining was carried out using
2% urany| acetate solution. The grid was again left to dry and excess solution was removed using

a Whatman filter paper.

4.3 Results and Discussion

4.3.1 Synthesis of miktoarm star polymer n1B

Miktoarm star polymer 1B was designed as an AB; (A = PCL, B = PEG) star with thioketal
units linking on the PEG chains near their terminal ends. The synthesis followed the
methodology used to synthesize miktoarm star polymer pl, in general, as described in Chapter 2.
The notable differences include the independent synthesis of a smaller sized PCL segment, and
the use of a smaller triethylene glycol (TrEG) end group as opposed to tetraethylene glycol
(TEG) (Scheme 4.1). The ROP of caprolactone, while efficient, is not consistent enough to
closely reproduce PCL chains of similar degrees of polymerization. In addition, the inclusion of
hydrophobic chains with lower molecular weight compositions generally results in a smaller
micellar diameter, a parameter of significance in developing nanoformulations. Triethylene
glycol was used as a cheaper and smaller alternative, and combined with the smaller PCL chain
length, the nanoformulations from these AB> polymers responded to ROS more quickly than the
similar formulations reported in chapter 2.
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Scheme 4.1. Synthesis of miktoarm star polymer p1B (6).
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DPB-PCL’ (2). The ring opening polymerization of e-caprolactone was initiated by the hydroxyl
group in DPBA (1) with [Mo]/[1] = 18 and resulted in the synthesis of hydrophobic PCL. The NMR
peaks corresponding to the PCL repeating unit were confirmed at 1.40, 1.66, 2.32, and 4.08 ppm.
Protons from the propargyl group from DPBA were preserved in 2 with visible peaks appearing at
2.56 and 4.69 ppm. The CH2O ester linking the benzyl core to the PCL arm was confirmed with a
singlet at 5.07 ppm. A DP of 23 was calculated for 2 by comparing the integrated peak area under
the triplet at 4.08 ppm to singlet at 5.07 ppm, while MALDI-TOF gave a DP of 17.5 and a molar
mass of 1994 g/mol (Table C.1).

TK-TrEG (4). The ROS-responsive thioketal containing end-group was synthesized by

conjugating TrEG to TKDA. Monofunctionalization was achieved by the slow, and independent,
addition of DCC and TrEG in a 3-neck flask containing a solution of excess TKDA and DMAP.
After successive filtrations and liquid extractions, the pure product was isolated and confirmed by
the appearance of split singlets at 3.45 and 3.53 ppm relating to the now asymmetrical CHz protons
on either side of the thioketal functional group. In addition, the new ester CH2O peak from the
conjugation was confirmed at 4.31 ppm.

N3-PEG-TK-TrEG (5). The ROS-responsive PEG arm was synthesized through an esterification
of the thioketal containing TK-TrEG (4) with N3-PEG, which was synthesized as described in

Section 2.2.1. These two segments were coupled using a DIPC/DPTS catalyst system, and the pure
product was obtained through successive filtration and silica gel column chromatography. Peaks
representing groups present earlier in each unit (4 and 5) were once again seen. Notably, the
asymmetric CH. protons at 3.45 and 3.53 ppm from TK-TrEG (4) merged to form one singlet
visible at 3.46 ppm, denoting that the thioketal functional group was now equally flanked by
similar ester groups. A DP of 54 was calculated for 5 by comparing the integrated peak area under
its ester CH>O triplet at 4.28 ppm to the PEG multiplet at 3.66 ppm, while MALDI-TOF gave a
DP of 54.4 and a molar mass of 2397 g/mol (Table C.1).

WPEG-TK-TrEG),PCL (u1B) (6). The hydrophobic core-PCL arm (2) was stitched to two
thioketal-containing PEG arms (5) by using CuBr and PMDETA as the catalyst and ligand used in

CuAAC “click” coupling. After the catalyst system was removed by dialysis against EDTA, the

pure miktoarm star polymer plB was isolated as a pale brown solid. The conjugation was
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confirmed via the appearance of a triazole proton at 7.75 ppm alongside the disappearance of

alkyne proton signals from the core-PCL unit (2).

Polymer segments 2 and 5 as well as the miktoarm star polymer 6 were characterized using GPC

and gave single elution peaks with good dispersities (Figure C.1-C.3).

4.3.2 Self-Assembly

The amphiphilic miktoarm star polymer p1B, containing hydrophobic PCL and hydrophobic PEG
arms, was soluble in water and organic solvents, facilitating its self-assembly into micelles. Self-
assembly of pul1B was performed using the co-solvent evaporation method, and it led to the
formation of spherical micelles, as confirmed by TEM (Figure 4.2A-B). The sizes of these micelles
were determined to be 54.0 nm, on average, by DLS, and 31.2 nm by TEM (Figure C.4, Figure
4.2C). The smaller size of micelles in TEM micrographs can be attributed to drying in the vacuum
environment. Interestingly, micelles formed from p1B are significantly smaller than the 64.1 nm
micelles formed by pl (Table 2.1) as a result of their smaller hydrophobic segment size and an
equivalent hydrophilic arm size.**4? These micelles were well below 200 nm, a general size limit

above which nanoparticles suffer from poor biodistribution.

5 15 25 35 45 55 65
Diameter. nm

50 nm =100 nm
Figure 4.2. TEM micrographs of u1B micelles with (A) 50 nm, and (B) 100 nm scale bars. (C) Size
distribution of micelles in Figure 4A.

The critical micelle concentration for 11B micelles was determined using the pyrene fluorescence
method, where polymer at varying concentrations was used to encapsulate pyrene, a hydrophobic
fluorophore. The polymer concentration at which micelles could form and enable the partitioning
of pyrene to their relatively less polar cores, resulting in an increase in the excitation wavelength
ratio of lss/lsss, was denoted as the CMC.*3® For 1B, the CMC was determined to be 3.1 pg/mL,
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and it was found to be (Figure C.5) higher than the value of 1.6 pg/mL for pl (Figure 2.2). This
can be attributed to the lower aggregation stability conferred to u1B by its shorter hydrophobic

PCL arm,* yet this CMC was found to be similar to other miktoarm star polymers in general.> 4%
47-50

4.3.3 ROS Response

The viability of thioketal-based ROS-responsive linkers has become well established in developing
polymeric micelles for targeted drug delivery.?*?" 5! Due to its ease of synthesis and
straightforward reaction, we opted to use thioketal diacid as a linker to conjugate PEG and TrEG
segments in our drug delivery systems. Incubating TKDA with H20., a model substitute for more
general ROS, leads to its oxidative cleavage, forming acetone and 2 equivalents of thiols.
However, continued reaction with H2O> can lead to the formation of disulfide bridges from free
thiol ends (Scheme 4.2).1%% By positioning thioketal groups near the terminal ends of the PEG
chains into which they were incorporated, we were able to develop a system in which H20 could
cleave off small TrEG units, keeping micelles intact, and further react to form disulfide bridges
with the now exposed free thiol ends. Through this reaction, disulfide bridges could be generated
between different micelles in solution, thus forming a network of a large enough size that could
not pass through the porous vasculature present at tumour sites. Micelles would be small enough
to penetrate tumorous tissue, but when exposed to the extracellular ROS present at those sites,
could not escape, thus inducing micelle coupling. It should be noted that due to the distribution of
free thiol ends present on micelles and cleaved TrEG units, we expect that that thiol coupling
would also take place within partially cleaved micelles, between free TrEG units, and between
TrEG units and micelles, but only one point of reaction between micelles would be necessary for
network formation. In a preliminary experiment, micelles were self-assembled from a 2 mg/mL
concentration of 1B polymers in aqueous media and were incubated at 37 °C in either 200 mM
of H202 or 200 mM H20: and 3.2 uM CuCly, since CuCl> can catalyze the decomposition of H20-
into other forms of ROS. Interestingly, both samples became clearly turbid over the period of a

week, which we suspected was from significant micellar coupling (Figure 4.3).
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Scheme 4.2. The successive oxidative cleavage and disulfide bridge formation of a thioketal functional
group exposed to H,0,.

Figure 4.3. The results of treating 2 mg/mL micellar solutions of u1B with (blue) H.O, and (orange) H.O;
and CuCl, after a week of reaction time.

Micelles were self-assembled in D2O and their treatment with H>O. was followed via NMR in
order to elucidate the degree of reaction over time. As a comparison, TKDA itself was also
followed under these conditions, and the cleavage of its thioketal group was seen through the
decline of its thioketal methyl CHs singlet at 1.54 ppm over a period of about 5 hours.
Simultaneously, the cleavage resulted in the formation of acetone, denoted by the singlet at 2.12
ppm, and the shift of TKDA’s CH: protons from 3.45 to 3.57 ppm (Figure 4.4A). In the reaction
of H202 with p1B, a similar trend can be seen, yet it occurs more slowly likely due to the less
accessible thioketal groups within the micellar coronae (Figure 4.4B). More specifically, the
oxidative cleavage of the thioketal group reduces its CHs peak at 1.55 ppm over approximately 12
hours, and this is accompanied by the simultaneous decrease in the nearby CH> peak at 3.49 ppm.
Comparison to the corresponding CH2 peak in Figure 4.4A suggests that this peak in facts shifts
downfield and overlaps with the immense PEG peak seen at 3.63 ppm. The continued increase in
the acetone singlet seen at 2.15 ppm over 24-48 hours suggests that the thioketal group continues
to be cleaved past the 12 hour time point, and its CHz singlet is obscured by the overlapping PCL
peak (broadened due to the polymer’s micellization in water). The formation of free thiol ends on
the micellar surface is characterized by the appearance of a thiol SH singlet at 1.61 ppm within 1
hour of reaction. Most interestingly, this peak persists over 12 hours and then disappears by the 24
hour time point, suggesting its further oxidation to S-S bonds. A similar disappearance of SH
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protons was also seen in mercaptoacetic acid, the precursor to TKDA, during H20> incubation
(Figure C.6).

Phosphate-buffered saline (PBS) provides an environment that is isotonic with the human body,
and it is ubiquitous in biological research. In order to more closely assess the reaction of ulB
micelles in a biological environment, they were once again assembled in D20, and then treated
with 200 MM H20O: in pH 7.4 D>0O-based PBS. A control experiment showed that the cleavage of
TKDA was much faster in PBS, with the complete reaction occurring within 3 hours, as opposed
to 5 in just DO (Figure 4.5A). Unlike TKDA, the behaviour of u1B micelles when treated with
200 mM was not significantly affected by their incubation in PBS (Figure 4.5B).
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Figure 4.4. NMR spectra of the reaction of (A) TKDA and (B) n1B micelles with 200 mM H2O; in D,O
over 48 hours.
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Figure 4.5. NMR spectra of the reaction of (A) TKDA and (B) n1B micelles with 200 mM H,O; in D,O-
based pH 7.4 PBS over 48 hours.
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Given that that the thioketal group in plB is largely cleaved by 200 mM of H2O, within 12-24
hours, TEM micrographs were acquired for these micelles at 24 hours, 12 hours, and 0 hours after
H20, treatment (Figure 4.6, Figure C.7). It can be seen that within 12 hours, the nanoparticles
transition from disperse spherical micelles to interconnected clusters (Figure 4.6A-B). An
additional time point at 24 hours revealed that these networks do not visually progress much more
significantly (Figure 4.6C). Micellar network formation is a highly random and disordered process
and has shown to form different types of superstructures as seen via TEM apart from the cluster
mentioned previously. Incubation of u1B with 200 mM of H20: for 24 hours at 37 °C had also led
to micelles interconnecting in a linear and globular manner, with larger clusters appearing to be

“porous” as a result of space not occupied by micelles (Figure 4.7).

=200a8 Oh ' 12h =200 nm  24h

Figure 4.6. TEM micrographs of u1B micelles after (A) 0, (B) 12, and (C) 24 hours of 200 mM H-0;
treatment.

=200 nm | =200 nm

Figure 4.7. Miktoarm polymer p1B micelles coupling to form (A) linear and (B) globular superstructures.
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4.3.4 Drug Loading and Release
Miktoarm micelles with partially cleavable coronae were shown previously to subtly increase drug

release rates when exposed to H20 (Chapter 2.3.6, Chapter 3.3.2) despite their propensity to form
network structures under such conditions. While p1B has slightly shorter TrEG units than the TEG
units seen for pl, we were interested to see the degree to which this can affect drug loading and
release. Using co-solvent evaporation from acetone into water, u1B micelles were loaded with
curcumin, a senolytic agent that has been shown to strengthen the well-being of several model
organisms,> with an encapsulation efficiency of 55.7% + 16.9 and a loading capacity of 18.6% *
5.6. While still considerably high, these values are diminished from those seen for pl as a result
of the lower hydrophobic segment size in p1B.* % % Curcumin loaded micelles were dialyzed
against pH 7.4 PBS with 1% v/v Tween 80 to acquire their drug release profiles. Aliquots were
taken at pre-determined time intervals and curcumin concentrations were quantified using UV-vis
spectroscopy. H>O> treatment led to an approximately 5%, modest, increase in drug release over
72 hours of dialysis time, with a difference in release profiles being seen after 24 hours (Figure
4.8). Notably, this roughly corresponds with the time point at which the thioketal CH3 group is no
longer visible via NMR (Figure 4.4B).
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Figure 4.8. Release profile of curcumin from p1B micelles in pH 7.4 PBS with (black circles) and without
(blue triangles) 200 mM H,O, treatment.
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4.4 Conclusions

Synthetic tools developed in Chapter 2 were utilised to synthesize an AB> (A = PCL, B = PEG)
miktoarm star polymer, using simple stitching methodologies including Steglich esterifications
and CuAAC “click” coupling. Due in part to its branching architecture, the developed miktoarm
star polymer p1B exhibited a good CMC, curcumin loading content, and a sustained curcumin
release profile. Self-assembly resulted in spherical micelles with small sizes suitable for biological
administration. We demonstrated that in response to H.O>, one of many reactive oxygen species
present at disease sites, thioketal linkers located near the terminal ends of 1B PEG arms were
oxidatively cleaved in approximately 24 hours. This stimulus response subtly increased the
cumulative release percentage of curcumin, but more interestingly, caused the coupling of micelles
through the free thiols present at their surfaces. The formation of micellar networks through such
oxidative thiol coupling led to clusters exceedingly larger than single micelles. This study was
limited due to restrictions imposed by COVID-19 pandemic, however, it gives a proof-of-concept
that miktoarm star polymer based aqueous assemblies that can generate free thiols in biological
medium, can be used to promote the accumulation of drug carriers at disease sites where reactive
oxygen species are overproduced through the formation of disulfide bonds. The evocation of this
novel pathway through an “artificially enhanced” EPR effect in this manner, can improve the

localization of drug delivery nanoparticles administered therapeutically.
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Chapter 5: Conclusions and Future Perspectives

5.1 Conclusions and Contributions to Original Knowledge

Miktoarm star polymers are an emerging class of branched architectures in which mixed polymeric
segments emanate from a central core. Advances in arm-first and core-first synthetic
methodologies have encouraged the increased development of miktoarm star polymers for a
variety of applications, most notably in drug delivery. The inclusion of branched polymeric
architecture lends an advantageous platform in drug delivery, as it provides vast tunability of the
resulting self-assemblies. Through variations in polymeric segments, a multitude of their
properties including core/corona structure, hydrophobic cores, and various biological stimulus-
response mechanisms, could be tailored. In addition, miktoarm star polymers based micelles have
also been shown to be physically superior to conventional block copolymer-based formulations,
in terms of i) lower CMCs, resulting in more stable structures that can resist large dilution upon
biological administration; ii) higher drug encapsulation efficiencies; and iii) prolonged drug

release profiles that aid in drug bioavailability and activity.

In this thesis, a mixed arm-first and core-first methodology was applied to synthesize a series of
AB: (A = PCL, B = PEG) stimuli-responsive miktoarm star polymers in a modular fashion. This
strategy first consisted of designing several PEG- or PCL-based “building blocks” through highly
efficient ring opening polymerizations and Steglich esterifications, which incorporated ROS-
responsive thioketal groups (at the terminal ends of PEG arms), and GSH-responsive disulfide
groups (adjacent to the core molecules at the PCL junction). The synthetic methodology then
employed highly efficient copper-catalyzed alkyne-azide cycloaddition “click” coupling between
different blocks, leading to a series of miktoarm star polymers with or without stimuli-responsive
entities. These were subsequently self-assembled into spherical micelles with diameters well
below 200 nm, an upper limit under which polymeric nanoparticles distribute well through the
vasculature. Micelles had very low CMCs, and were able to load senolytic agents, including
curcumin and resveratrol, with excellent encapsulation efficiencies. Importantly, the incubation of
micelles containing ROS-responsive thioketal moieties on their surfaces with H2O», led to
oxidative cleavage of thioketal linkers, and subsequent partial “shedding” of micellar coronae.
This subtly increased the rate of drug release while micelles remained largely intact. As elevated
levels of ROS are present extracellularly, this effect can pair well with the action of GSH-
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responsive disulfide moieties located at the core junction of miktoarm star polymers. Exposure of
disulfide containing micelles to GSH, which is overproduced within oxidatively stressed cells,
enabled the reductive cleavage of disulfide linkers, thus separating PCL from PEG segments,
causing micellar disassembly, and significantly accelerating drug release. While ROS- and GSH-
induced effects were shown for both curcumin- and resveratrol-loaded micelles, drug release
acceleration was more apparent for curcumin as a result of its more prolonged release profile,
which stems from its higher hydrophobicity. Curcumin was additionally shown to efficiently
suppress ROS generation in U251 human glioblastoma cells when loaded into ROS-responsive
micelles. An added consequence of micellar corona shedding is the exposure of free thiol groups
which result directly from thioketal cleavage. Micelles which remain exposed to ROS can link and
form networks via oxidative thiol coupling. Such network formation occurs within 24 hours of
ROS exposure and, following micellar delivery through the leaky vasculature of disease sites, can
promote their retention. Following this two-part mechanism of partial corona shedding and
network formation, ROS-responsive micelles are expected to promote the targeted delivery of

senolytic agents with limited side-effects.

5.2 Future Perspectives

The ROS-responsive miktoarm star polymers investigated in this thesis were produced via the
incorporation of stimulus-responsive thioketal groups at a spatially distant end of their PEG
segments. ROS exposure led to the partial corona shedding of their self-assembled micelles, thus
slightly increasing the release rate of loaded drugs. In a similar manner, a series of ROS-responsive
miktoarm star polymers can be synthesized in which thioketal linkers are incorporated at varied
positions in their PEG backbones. In this study, N3-PEG2000 Was coupled to a unit consisting of
thioketal diacid conjugated to TEG or TrEG. The process could be reversed, and instead, N3-PEGs
of lower molecular weight could be coupled to thioketal-oligo-ethylene glycols of increasing
length, resulting in miktoarm stars with thioketal groups at varying points in their PEG arms. The
rate at which the thioketal groups in these miktoarm stars react would be expected to decrease as
thioketal placement nears the miktoarm core junction. More interestingly, however, would be the
effect of corona shedding in micelles assembled from this series of polymers. In particular, drug
release acceleration triggered by thioketal oxidative cleavage could be directly related to thioketal
spatial location. While thioketal groups are certainly attractive due to their efficient reaction with

extracellular ROS, GSH-responsive disulfide groups could also be incorporated into PEG and
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studied in a similar manner. Due to their reductive effect, micellar corona shedding would not be

followed by micellar coupling, and corona shedding could be studied in isolation.

Considering the fact that ROS- and GSH-responsive miktoarm star polymers were developed for
drug delivery applications, a complete biological evaluation would extend the work described in
this thesis and provide further justification for the use of miktoarm star polymers based
nanocarriers in drug delivery. The cytotoxicity of empty and drug-loaded micelles could be tested
through MTT assays, and the extent of micelle stability could be evaluated in fetal bovine serum
or in similar media that can provide a model for intravenous conditions. Quantification of cellular
ROS and GSH levels can also be analyzed using the fluorescent probes CellROX Deep Red and
monochlorobimane, respectively, and would establish the degree to which loaded miktoarm star

polymers contribute to senescent cell elimination.

We have shown, in a preliminary investigation, that the thiol groups exposed on the surface of
micelles, when placed in an oxidative ROS environment, can induce coupling of micelles. Such
coupling was characterized in miktoarm polymers using NMR spectra. In micelles, we observed
an increase in solution turbidity, and it was further investigated using TEM, and it showed the
formation of linked micelles. These are very promising preliminary results, which need to be
further confirmed by a detailed evaluation, using a combination of techniques. It is possible to
image micellar formulations using SEM, which may help visualize the linking of micelles in a
more direct manner. This can be combined with Cryo-TEM studies on these micelles. In addition,
the number of species in solution is expected to decrease as micelles form larger structures. Their
enumeration through particle counting instrumentation, such as SLS or a Coulter counter, can
provide another avenue for collecting network formation evidence. Finally, the functional group

transition from thioketal to thiol to disulfide can be followed precisely using FT-IR.

Thiol-ene and thiol-yne coupling reactions are well understood “click” chemistry reactions that
provide stereoselectivity and give excellent yields. This has led to their common employment in
polymer segment conjugation in complex branched or grafted systems. Proof-of-concept
experiments in chapter 4 have shown that coupling of micelle surface thiol groups can lead to their
linking and the subsequent formation of micelle networks. Given the thermodynamic driving force
behind thiol-ene and thiol-yne “click” reactions, they can be applied to micellar network formation

in order to improve the efficiency of their coupling. The proof-of-concept of these reactions in
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biological medium has already been established in our laboratory. AB2 (A = PCL, B = PEG)
miktoarm star polymers can be developed that, instead of thioketal moieties, contain terminal
alkenyl or alkynyl groups. Such polymers would be afforded through the direct conjugation of
alkenoic or alkynoic acids to PEG-OH terminal groups via Steglich esterification. Micelles could
then be co-assembled from polymers containing thioketal ends and those containing alkenyl or
alkynyl groups, and the aqueous radical-catalyzed thiol-ene/yne reaction would then be carried out
to induce network formation. Alternatively, micelles can be self-assembled separately such that
individual micelles would contain only one type of end group. In addition to NMR-based kinetic
studies and TEM, which were used to study thiol-thiol oxidative coupling, methods such as SEM
and Coulter counter-based nanoparticle sizing and quantification can provide further avenues to
characterize the micelle-to-network transition based on thiol-thiol, thiol-ene, and thiol-yne
coupling.
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Appendix A

A.1l. Synthetic Schemes
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A.2. Supplementary Tables & Figures

Table A.1. Characterization of miktoarm star polymer building blocks

Building Molar Molar DP DP (MS) b (MS) b (GPC)
Block Mass Mass (NMR)?
(MS)! (NMR)?
DPB-PCL, 3 2839 3306 29 25 1.17 1.75
N3-PEG-TK- 2371 2684 61 54 1.01 1.09
TEG, 10
DS-Hex, 14 294 N/A N/A N/A N/A N/A
DPB-DS- 2464 3648 32 22 1.08 1.39
PCL-Hx, 18
MPEG-NG, 2133 2112 48 48 1.01 1.06
22
4PB-PCL, 26 2037 1938 17 18 1.04 1.55

Polymer building blocks analyzed using MALDI-TOF, DS-Hex analyzed using ESI.

2Molar masses calculated based on repeating unit molar mass and DP (NMR).

3Number of PEG repeating unit protons compared to overlapping CH2-N3 and OCHs protons at 3.38 ppm.
Number of PCL repeating unit protons for (-CH>-OOC-), measured against Ar-CH,-O protons at 5.07
ppm in DPB-PCL and 4PB-PCL and against CH»-CH,-S-S protons in DPB-DS-PCL-HXx at 2.72-2.99

ppm.
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Figure A.1. Standard curve for curcumin concentration at A = 424 nm.
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Figure A.2. GPC trace of PEG-N3 (6). Retention time = 27.725 min, B = 1.06.
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Figure A.3. GPC trace of N3-PEG-TK-TEG (10). Retention time = 27.266 min, = 1.00.
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Figure A.4. GPC trace DPB-PCL (3). Retention time = 25.317 min, b = 1.75.
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Figure A.5. GPC trace DPB-DS-PCL-Hx (18). Retention time = 25.667 min, = 1.39.
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Figure A.6. GPC trace 4PB-PCL (26). Retention time = 26.283 min, b = 1.55.

1.2
1
0.8
< 0.6
0.4
0.2
0

18 20 22 24 26 28 30 32

Retention Time

Figure A.7. GPC trace of ul (11). Retention time = 23.950 min, b = 1.34.
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Figure A.8. GPC trace of p2 (15). Retention time = 24.250 min, B = 1.36.
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Figure A.9. GPC trace of u3 (19). Retention time = 23.950 min, = 1.39.
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Figure A.10. GPC trace of p4 (23). Retention time = 24.300 min, b = 1.36.
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Figure A.11. GPC trace of bl (27). Retention time = 24.583 min, = 1.36.
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Figure A.12. Critical micelle concentration (CMC) determination of AB2 miktoarm micelle p1.
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Figure A.13. Critical micelle concentration (CMC) determination of AB> miktoarm micelle p2.
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Figure A.14. Critical micelle concentration (CMC) determination of AB2 miktoarm micelle u3.
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Figure A.15. Critical micelle concentration (CMC) determination of AB> miktoarm micelle p4.
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Figure A.16. Critical micelle concentration (CMC) determination of diblock co-polymer micelle
bl.
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Figure A.17. DLS spectra of blank and drug loaded miktoarm pl micelles.
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Figure A.18. DLS spectra of blank and drug loaded miktoarm pu2 micelles.
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Figure A.19. DLS spectra of blank and drug loaded miktoarm u3 micelles.
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Figure A.20. DLS spectra of blank and drug loaded miktoarm p4 micelles.
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Figure A.21. DLS spectra of blank and drug loaded diblock copolymer b1 micelles.
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Figure A.22. Integrations of pl thioketal CH> (3.31 ppm) and PEG-OCH3 (3.27 ppm) peaks in

D0 after incubation with H2O; over time.
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Figure A.23. Reaction of thioketal diacid (TKDA) with H202 in DO monitored by *H NMR

over 24 hours.
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Figure A.24. Reaction of diblock copolymer b1 with H20- in D,O monitored by *H NMR over
24 hours.
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Figure A.25. GPC traces of bl and b1 treated with 200 mM H>O> over 24 hours.

150



-
-
-
- -

[e)] 0]
o o

Drug Release, %
N
o

N
o

5 10 15 20 25 30
Time, h

Figure A.26. Free drug release profiles of curcumin. 1 mg/mL drug solution in a 45/40/15 ratio
of water/dimethylacetamide/PEG7s0 was dialyzed against pH 7.4 PBS buffer at 37 °C over 24
hours.
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Figure A.27. The cell-free media were treated with 5 uM CellROX Deep Red reagent (C10422,
ThermoFisher, EX/Em. = 640/665 nm) for 30 minutes. The ROS-responsive micelles (u1, 1.78
pMM) were loaded with 7.82 uM of curcumin. The relative fluorescence intensity to the control
(distilled H20) was quantified using a spectrofluoremeter at an emission wavelength of 665 nm.
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A.3. NMR and Mass Spectra

(3,5-bis(prop-2-yn-1-yloxy)phenyl)methanol (DPBA), 2

H-NMR (CDCl3)
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3,5-bis(prop-2-yn-1-yloxy)benzyl PCL (DPB-PCL), 3

H-NMR (CDCls)
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MALDI-TOF

* 1000
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1000 2000 3000

H T
4000 5000 6000

n ser. rep.unit resid. end1 end2 cation Mn Mw pd DP %I cnt

1 1 114.000 8.76012 71.0000 209.000
2 2 114.000 0.41415 71.0000 209.000
3 3 114.000 50.3318 71.0000 209.000

PEG-OTs, 5

IH-NMR (CDCls)

Na 2839.05 3321.40 1.16990 24.9040 64.1 51
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13C{IH}-NMR (CDCls)
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13C{IH}-NMR (CDCls)

Kakkar
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2,2'-(propane-2,2-diylbis(sulfanediyl))diacetic acid (TKDA), 8

H-NMR (CDCls)
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13C{H}-NMR (DMSO-d6)
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18,18-dimethyl-15-0x0-2,5,8,11,14-pentaoxa-17,19-dithiahenicosan-21-oic acid (TK-TEG), 9

H-NMR (CDCls)
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13C{IH}-NMR (CDCls)
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N3-PEG-TK-TEG, 10

H-NMR (CDCla)
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MALDI-TOF
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2 2 PEG 4.47109 CH3 70.0000 H 2364.21 237543 1.00474 53.7002 136 14
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13C{IH}-NMR (CDCls)

Kakkar 73
Tl _C13 COCIT EN kakk-vl 19 Lg
I ST \ \ !
15Lo 11;0 5‘0 ‘ [PPmli
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13C{IH}-NMR (CDCls)
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PCL-HXx, 16

H-NMR (CDCls)

WG

fd_PROTON CDCI3 TN kakk-h

68807 —_
SLOY —=
cze0r~

J

[ppm]

13C{IH}-NMR (CDCls)

(L]

Kalkar

y 9

1d_C13CDCI3 EN kakk-h;

£8.9°eL

em_:‘.nt_z
mmNm.nts_
wnmm.nt_z
vs_
Hr

W

[ppm]

T
100

T
150

164
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MALDI-TOF

* 1000

25

204
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n ser. rep.unit resid.

ol il l A IlhlJLh.Jl
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H-NMR (CDCls)
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13C{IH}-NMR (CDCls)
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n ser. rep.unit resid. end1 end2 cation Mn Mw pd DP %1 cnt
1 1 114.000 56.1079 85.0000 407.000 Na 2464.48 2671.70 1.08408 21.6183 524 29
2 2 114.000 69.9427 85.0000 407.000 Na 2133.46 219040 1.02669 18.7146 6.4 11
3 3 114.000 83.3103 85.0000 407.000 Na 1899.53 2126.34 1.11941 16.6625 324 23
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mMPEG-OTs, 21
H-NMR (CDCls)
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13C{IH}-NMR (CDCls)
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13C{IH}-NMR (CDCls)

[rel]

20

15

10

[ren]

20

15

10

Kakkar
id C13CDCI3 El kakk-an 5
g B 8 B - 88 3 £85Ik 3
4 EE B 8% & 393 ¢ BEg3y g
& ERE 2 88 & g8 3 gras 9
b S N IRTRY \
. L
T T T T T T T T T T T T T T T
150 100 50 [epm]
(4-(prop-2-yn-1-yloxy)phenyl)methanol (4PBA), 25
H-NMR (CDCls)
Bohia
Te_PROTON CDCIZ T kakk-vl 200
8y 3B g3z s 5
a8 8a B8 B D g
EE EE EEE EEE =
VoW N/ N
T T T T T T T T T
8 6 4 2 [ppm]

171




[(Eh] 0z s1 oL g [} [124] [
L L I L L L L L L L n T T

4-(prop-2-yn-1-yloxy)benzyl PCL (4PB-PCL), 26

H-NMR (CDCls)

E
-
&
21293~ _
. \BLG'Z
SreEd 9B PG =
a0 epoegz
Sreg'sz
oceesz -
08Lirez
1¥8e L 05£9'62
Loee'L u/n 956L°1€
seop'L — zgecze
czzyl L 66LLvE
sL2vL ZeeTHE
0625'L
sgeg’L
25b9'L
Iys9'L
2999'L oBLE Ly —
1e19°L L e
26891
2£69'L
16062
et 900866 —
ZLEE'T
SSPET
sTheT 562979~
PEPS T 02085 —
Prag" erbLe
s0v8'se —
8659'5L ~_
198U9L
86e0°LL
\rEz LL
ovae'e
G056
Lgve—f~
siese
05907 —_ =
81807 —=
sae0r— )
8Ll —
sizrr—"
e826' Pl —
seL06— B
0071671 ——
S9.6°62L —
o
—~
™
) ~
3 5969~ ne
= 28669 — =
2 S| o=
= £
seLeL—_ =
g 2gecL— N_ =
~— L
3 o LEeel o
= I 5 owsElL—=
5 5 elelell
I — &
nDun el )
@ I
= M, I oo O = M_
@ = o 2=

[ppm]

172

100

150




MALDI-TOF
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(PEG-TK-TEG)-block-PCL (b1), 27
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13C{IH}-NMR (CDCls)
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Appendix B

Drug Release, %
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Figure B.1 Standard curve for resveratrol concentration at A = 324 nm
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Figure B.2 Release profiles of resveratrol loaded (A) RMP and (B) GMP over 48 hours of
dialysis against pH 7.4 PBS. The buffer and dialyzed solutions contained 200 mM H20- or 10
mM GSH in stimulus responsive studies.
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Appendix C
C.1. Supplementary Tables & Figures

Table C.1. Characterization of miktoarm star polymer building blocks

Polymer Molar Molar DP DP b b (GPC)
Segment Mass Mass (NMR) (MALDI- (MALDI-
(MALDI- (NMR)? TOF) TOF)
TOF)!
DPB-PCL’, 2 1994 2841 23 17.50 1.10 1.21
N3-PEG-TK- 2397 2684 54 54.42 1.03 1.05
TrEG, 5

N3-PEG-TK-TrEG and DPB-PCL’ analyzed using M, given by MALDI-TOF.
2Molar masses calculated based on repeating unit molar mass and DP (NMR).

1.2

0.8

0.6

RI

0.4

0.2

20 22 24 26 28 30 32
Retention Time, min

Figure C.1. GPC trace of N3-PEG-TK-TrEG. Retention time = 27.325 min, b = 1.05.

176



1.2

20 22 24 26 28 30 32
Retention Time, min

Figure C.2. GPC trace of DPB-PCL’. Retention time = 27.253 min, b = 1.21.
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Figure C.3. GPC trace of n1B. Retention time = 23.983 min, B = 1.39.
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Figure C.4. Size distribution of self-assembled p11B micelles measured by DLS.
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Figure C.5. Critical micelle concentration (CMC) determination of AB2 miktoarm micelle u1B.
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Figure C.6. NMR spectra of mercaptoacetic acid reacting with H.O> in DO over time.
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Figure C.7. TEM micrographs of 1B micelles after (A) 0, (B) 12, and (C) 24 hours of 200 mM
H202 treatment.
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C.2 NMR and Mass Spectra

3,5-bis(prop-2-yn-1-yloxy)benzyl PCL (DPB-PCL’), 2

H-NMR (CDCls)
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13C{IH}-NMR (CDCls)
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Easily assembled and biocompatible chitosan/hyaluronic acid nanoparticles with multiple stimuli-
responsive ability are ideally suited for efficient delivery of therapeutic agents under specific endogenous
triggers. We report a simple and versatile strategy to formulate oxidative stress and pH-responsive
chitosan/hyaluronic acid nanocarriers with high encapsulation efficiencies of small drug molecules and
nerve growth factor protein. This is achieved through invoking the dual role of a thioketal-based weak
organic acid to disperse and functionalize low molecular weight chitosan in one-pot. Thioketal
embedded chitosan/hyaluronic acid nanostructures respond to oxidative stress and show controlled
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release of quercetin, curcumin and NGF. Lowering the pH in the buffer solution led to higher quercetin
release from NPs than at physiological pH, and mimicked the nanoparticle behavior in the environment
of early to late endosomes. Curcumin and quercetin loaded NPs killed glioblastoma cells with high
efficiency, and NGF-loaded nanoparticles retained biological activity of the protein and increased
peripheral nerve outgrowth in explanted mouse dorsal root ganglia.
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Introduction

Elevated oxidative stress and a decrease in intra- and extra-
cellular pH have been commonly associated with neurological
disorders and cancer."” Environment sensing nano-delivery
systems which could efficiently encapsulate a variety of cargo
and release therapeutic agents in response to endogenous
stimuli (reactive oxygen species (ROS) or low pH) constitute a
topical area of research in targeted drug delivery.>” Several ROS
and pH-responsive entities have been developed and incorpo-
rated into polymeric nanoparticles (NPs) including abundant,
biocompatible and biodegradable chitosan-based systems.®™®
For example, (i) phenyl-boronic acid pinacol ester has been
used to prepare ROS-responsive polymeric NPs;’ and (ii) lactose-
modified chitosan/hyaluronic acid (HA) colloids scavenged H,O,
generated by human neutrophils at pH 6, which mimics an
inflamed microenvironment.'® Despite such efforts,"’™** signifi-
cant challenges in developing NPs-based carriers using natural
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biopolymers embedded with ROS-responsive entities still remain.
These issues can be addressed by developing simple synthetic
routes to the functionalization of chitosan-based nanocarriers
with efficient stimuli-responsive entities, enhancing encapsula-
tion diversity of cargo, and determining their efficacy in controlled
therapeutic delivery.

Chitosan, a polysaccharide with easily accessible reactive
surface groups, has been widely utilized in varied applications
including the pharmaceutical industry.">'® Its response to
changes in pH, which mimic endogenous environmental
variations, has been employed in developing stimuli-responsive
drug delivery platforms."”'® One of the limitations in developing
functionalized chitosan (FCS) based drug-delivery systems is the
insolubility of low molecular weight chitosan (CS) in aqueous
media at neutral pH. This is generally overcome by dispersing
chitosan in an aqueous solution with hydrochloric acid (HCI)
or acetic acid, followed by the introduction of specific chemical
entities through chitosan’s surface OH or NH, groups.'®
We sought to mitigate this issue by using biocompatible
2,2'-(propane-2,2-diylbis(sulfanediyl))diacetic acid (thioketal
diacid, abbreviated TKDA, Scheme 1) that could assume the
dual role of dispersing CS in an aqueous medium, as well as
functionalize it with ROS-responsive thioketal entities via a
facile synthetic methodology. TKDA as a weak organic acid
can help reduce solution pH, solubilize CS, and thus eliminate
the need to add HCI or acetic acid externally first. Free amine
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Scheme 1 Functionalization of CS with TKDA.

groups on the backbone of CS could then be used to conjugate
TKDA through an amidation reaction.”*>* The thioketal
group of TKDA responds to and breaks down in the presence
of ROS commonly found at diseased or injured sites.>*™’
Unfunctionalized chitosan chains also swell upon protonation
in the acidic environment of endosomes (pH 3 to 6).>57°
We report herein a simple and versatile strategy to develop
oxidative stress- and pH-responsive NPs through the functio-
nalization of CS with TKDA, a solubilizing and ROS-responsive
molecule, and subsequent complexion of FCS with hyaluronic
acid (HA). Hyaluronic acid, also known as hyaluronan,
is a naturally occurring polysaccharide, which contains
N-acetyl-p-glucosamine and p-glucoronic acid as the repeat
units.*' Due to the unique and interesting physicochemical
properties of this polyanionic macromolecule, including
biocompatibility and biodegradability, it has been extensively
utilized for a variety of applications in biology.*>*? It is also
commonly employed to prepare stable nanoparticles by iono-
tropic polyelectrolyte complexation with positively charged
chitosan for encapsulation of a variety of active therapeutics in
drug delivery applications.>*’

Curcumin and quercetin are pluripotent lipophilic com-
pounds that have shown promise in the treatment of multiple
types of cancer, but are limited by their low bioavailability and
instability in biological media.*®*™** We assessed the effective-
ness of FCS/HA NPs to load and deliver these chemotherapeu-
tics in a cell model of glioblastoma (GBM) multiform. To test
the versatility of the FCS/HA NPs, we also investigated
the delivery of the neurotrophic protein nerve growth factor
(NGF) that can promote neuronal regeneration.***> Due to
the instability of NGF in biological media, its incorpora-
tion into NPs can help prevent hydrolytic and enzymatic
degradation.?®™*® ROS-responsive chitosan-based NPs were
loaded with curcumin, quercetin and NGF, and tested in both
2D and 3D cultures of GBM and dorsal root ganglia (DRG)
cells. We demonstrate that FCS/HA NPs were effective in
responding to oxidative stress and pH with enhanced release
rates and can deliver a diverse range of cargo of varying size
and solubility. Curcumin and quercetin loaded NPs killed
GBM cells with high efficiency, and NGF-incorporated nano-
carriers markedly increased peripheral nerve outgrowth in
explanted mouse DRG.
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Experimental

Materials

The following were purchased from (i) CarboSynth: HA (40-50 kDa,
CAS: 9012764); and (ii) Sigma Aldrich: CS (50-190 kDa, CAS:
9012764); mercaptoacetic acid (92 g mol '), 3-dimethyl amino-
propyl-N-ethyl  carbodiimide hydrochloride (EDC-HCI),
N-hydroxy succinimide (NHS), fluorescein isothiocyanate (FITC),
quercetin (CAS: 117-39-5), metformin (D5035, 165.63 g mol '),
curcumin (08511) and NGF (2.5S, N6009), and used as received.
Alexa Fluor™ 488 anti-rabbit secondary antibody was purchased
from Thermo-Fisher. Rabbit anti-transcription factor EB (TFEB)
was purchased from Bethyl Laboratories. Type-II collagenase
was purchased from Worthington Biochemical Corporation.
B-Tubulin III was purchased from Millipore. U251 cells were
obtained from the American Type Culture Collection. Reagents
including sodium hydroxide (NaOH), HCl, acetic acid; solvents
such as hexanes, dimethyl formamide (DMF), dimethyl sulf-
oxide (DMSO), acetone, methanol, and deuterated solvents
(D,0, CD;0D, CDCl,) for proton (*H) and carbon (**C) nuclear
magnetic resonance (NMR), were used as received from Sigma
Aldrich.

Instrumentation

NMR spectra were recorded on a Bruker AVIIIHD 400 instru-
ment at 400 MHz. It was equipped with a 5 mm BBFO" Smart
Probe that autotunes to "H on one channel. All spectra were
collected and analyzed with TopSpin software. Fourier-transform
infrared spectroscopy (FTIR) spectra were acquired on a Spectrum
Two FT-IR spectrometer equipped with a single bounce diamond
Attenuated Total Reflectance (ATR) for solids. The spectra were
measured as an average of 32 scans with 4 cm™* resolution with a
range of 400 to 4000 cm . Size distributions of empty and loaded
NPs were determined with a Brookhaven 90 Plus Particle Size
Analyzer. All measurements were taken in triplicate at a 90°
scattering angle at 25 °C. To analyze the surface charge of NPs
for cell affinity, zeta potentials were obtained from aqueous
suspensions of NPs using a Zetasizer Nano ZS by Malvern.
All the measurements were performed 5 times for each sample
at room temperature and an electrical field of 4.9 + 0.1 V was
applied. UV-visible spectra were recorded on a Varian Cary 50
UV-Vis spectrophotometer equipped with nanodrop accessory.

This journal is © The Royal Society of Chemistry 2020
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Transmission electron microscopy (TEM) micrographs were
recorded using a FEI Tecnai 12 BioTwin 120 kV TEM equipped
with an AMT XR80 CCD Camera System located at the Facility
for Electron Microscopy Research (FEMR) at McGill University.
Fluorescence microscopy was performed on a Leica DMI6000B
microscope.

Synthesis of TKDA

TKDA was synthesized from mercaptoacetic acid by an adapta-
tion and modification of a literature procedure.*® Mercapto-
acetic acid (2.00 mL, 28.7 mmol) was dissolved in acetone
(4.25 mL, 57.3 mmol) under a nitrogen atmosphere. After
cooling in an ice bath, 4 mL of concentrated HCl was added
dropwise to the solution, and the reaction mixture was left to
stir overnight as the solution came to room temperature. Upon
completion, the flask was cooled once more in an ice bath and
the precipitate was filtered. The product was washed sequen-
tially with cold water and cold hexanes three times, and then
dried in vacuo.

'H NMR (400 MHz, D,0): oy (ppm) 1.54 (6H, s, CH;), 3.44
(4H, s, CH,). MS: ESI m/z: (M — H) calculated for C;H;;,0,S,
223.28 g mol ™, found 223.01 g mol ™.

Dissolution of chitosan using TKDA (DCS)

25 mg of CS and 20 mg of TKDA were added to a round bottom
flask containing 1 mL of deuterated water (D,0O). Dissolution of
the mixture was noted visually within 10 minutes. A small
aliquot of the clear solution was taken for NMR measurements.

Synthesis of FCS

25 mg of CS was added to 1 mL of deionized (DI) water and
stirred at room temperature under nitrogen. 20 mg of TKDA,
3.5 mg EDC-HCI, 2 mg NHS and 100 pL of DMF were added
sequentially into CS solution. The pH of the solution was
measured to be at 4.2. After 24 h stirring at room temperature,
acetone with a volumetric ratio of 3:1 was added, and the
reaction mixture was vacuum filtered. The product was washed
5-6 times with acetone and ether to remove catalysts and
unreacted TKDA. The crude FCS was then dialyzed in a
6.5 kDa MWCO membrane against water for 48 h to remove
any residual DMF, TKDA, or catalysts. Following the dialysis,
the solution was concentrated in vacuo and again precipitated
in acetone in a 3:1 volumetric ratio. The pure product was
collected by vacuum filtration and dried in vacuo.

Preparation of FCS/HA and CS/HA NPs

NPs were prepared via an ionic gelation method.*® An aqueous
0.25 mg mL ™" solution of FCS or CS was prepared (pH was
adjusted to 5.5 with TKDA). Upon dissolution, the FCS or CS
solution was filtered through a 0.45 pm syringe filter. Sepa-
rately, an aqueous 0.5 mg mL " HA solution was prepared and
filtered through a 0.22 um syringe filter. 80 pL of HA solution
was added dropwise into 2 mL of FCS or CS solution with a 4%
v/v concentration while stirring vigorously for 30 s, until the
solution became opaque. The resulting NPs were filtered
through a 0.45 pum syringe filter.

This journal is © The Royal Society of Chemistry 2020
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Preparation of drug loaded FCS/HA and CS/HA NPs

The procedure for preparing drug loaded NPs was similar to the
one used for empty NPs, as described above.” 0.25 mg mL ™"
concentrations of quercetin and curcumin were prepared in
1 mL methanol and acetone, respectively. Equal volumes of FCS
or CS and a drug solution were mixed together while stirring at
room temperature for 15 min. 80 pL of HA solution (4% v/v of
FCS/CS-drug solution) was added dropwise to 2 mL of each
mixture while stirring at room temperature for 30 s. The NPs
suspensions were then separately filtered using 0.45 pm syringe
filters. Finally, the NPs suspensions were ultra-centrifuged
using 3 kDa Amicon® Ultra-4 centrifugal tubes at 4500 rpm
and 25 °C for 30 min, to separate the free drug for encapsula-
tion efficiency (EE%) and loading capacity (LC%) calculations.

Preparation of FITC-labeled NGF

0.5 mg of NGF was first dissolved in 1 mL of sodium bicarbonate
buffer (0.1 M, pH = 8.5). FITC solution was prepared in DMSO
with a concentration of 10 mg mL™', sonicated, and sub-
sequently added into the NGF solution to a concentration of
0.63% v/v. The mixture was then sonicated at room temperature
for 90 min in the dark. FITC labeled-NGF was purified from the
free dye by three consecutive centrifugations using 3 kDa
Amicon® Ultra-4 centrifugal filters and rinsed with fresh
sodium bicarbonate buffer. Finally, UV-vis spectra were taken
of the supernatant to determine the amount of unlabeled
NGF.”?

Preparation of NGF and NGF-FITC loaded FCS/HA NPs

NGF and NGF-FITC were mixed separately with HA solutions
(0.052% w/v NGF/HA). Then, the NGF/HA and NGF-FITC/HA
mixtures were added dropwise to FCS solutions (4% v/v) and
stirred for 30 seconds. The resulting NP suspensions were
filtered through 0.45 pm syringe filters and ultra-centrifuged
with 30 kDa microtubes at 14 500 rpm and 25 °C for 20 min to
separate free NGF.

Preparation of FITC-labeled FCS

1% w/v of FCS was dispersed in DI water and filtered through a
0.45 pm syringe filter. A 1 mg mL~"' FITC solution in DMSO was
added to the FCS solution to give a concentration of 1% v/v and
the mixture was sonicated at room temperature for 3 hours in
the dark. FITC-labeled FCS was obtained by first precipitating it
with 0.2 M NaOH and then centrifuging it. It was purified from
free dye through repeated washings with (70:30 v/v) DMSO/DI
water. Finally, DMSO was removed from the FITC-labeled FCS
with three consecutive centrifugations using 3 kDa Amicon®
Ultra-4 Centrifugal Filters.”

Preparation of FITC-labeled FCS/HA NPs

NPs were prepared using an ionic gelation method.***® FITC-
labeled FCS solution was diluted in DI water to a concentration
of 0.25 mg mL~" while stirring at room temperature. 80 pL of
syringe filtered HA solution (0.5 mg mL ') was then added
dropwise into the FITC-labeled FCS solution (to a concentration

J. Mater. Chem. B, 2020, 8, 7275-7287 | 7277


https://doi.org/10.1039/d0tb00772b

Published on 01 July 2020. Downloaded by McGill University on 8/26/2020 4:00:12 PM.

Paper

of 4% v/v) while vigorously stirring for 30 s until the solution
became opaque. NPs were then filtered through a 0.45 um
syringe filter.

Determination of EE% and LC%

Unencapsulated drug amounts were determined by measuring
the UV-Vis absorbances of supernatants from centrifuged
NP suspensions. The absorbance peaks for free quercetin,
curcumin and NGF-FITC, were recorded at A,ps. = 255, 437,
and 494 nm respectively. To calculate NP cargo loading, an
aliquot of the centrifuged NP suspension supernatant was
separated, freeze dried for 24 h, its weight was measured, and
then it was multiplied by the total volume of the NP
suspension.®® A very small amount of drug precipitated upon
adding the drug solution into FCS/CS solution. This precipitate
was removed by filtering the nanoparticles through syringe
filters. The filtered nanoparticle suspensions were subsequently
centrifuged using ultracentrifugation tubes at 4500 rpm. The
loading capacity (LC%) and encapsulation efficiencies (EE%) were
calculated using UV-Vis absorption spectra of nanoparticle
suspensions after syringe filtration, and the supernatant after
centrifugation. After removing the supernatant from centrifuga-
tion, tubes were rinsed, and the UV-Vis quantification considered
these volumes for calculations. The equations for EE% and LC%
determinations are given below:

Wi — Wi

i

Wi — Wt
LC% =———1
¢ Wy

% 100 2)

In eqn (1) and (2), Wi, W and Wy represent initial drug weight in
NPs suspensions, free cargo weight and the weight of dried NPs,
respectively.

TEM sample preparation

Carbon coated grids were initially treated in a glow-discharge
apparatus at —25 mA for 30 s. A drop (5 pL) of a NP sample was
deposited on the grid and left for 1 minute. Excess liquid was
absorbed using Whatman filter paper. Then, a drop of uranyl
acetate (2%, 5 pL) as a negative stain was deposited and left
for 1 minute followed by a similar filter paper treatment. The
grids were then left to dry overnight in a Petri dish at room
temperature before imaging.>

ROS-responsive drug release

Drug release studies from CS/HA and FCS/HA NPs were
performed by dialyzing desired volumes of NP suspensions in
cellulose dialysis tubes (MWCO = 6-8 kDa), against phosphate
buffer saline (PBS) solution (pH = 7.25 adjusted by 1 M citric
acid) to prevent cargo degradation. 1% v/v Tween 80 was added
to PBS for curcumin release studies. 12.2 puL of 100 uM H,O0,
was added to 1 mL of each FCS/HA solution, then dialyzed
against the PBS solution while stirring at 37 °C. Every 3 h,
3 mL of each PBS solution was taken and replaced with fresh
PBS solution to simulate sink conditions inside the body.
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The released drug was measured via UV-visible spectrophoto-
metry at A,ps. = 255, 437, and 494 nm for quercetin, curcumin,
and NGF-FITC, respectively. For comparison, the hydrophobic
drugs (curcumin and quercetin) were dissolved in polyethylene
glycol (PEG) 350/DI water/dimethyl acetamide with the ratio of
45:40:15 v/v/v, and their drug release profiles were measured.>>

pH-Responsive drug release

Quercetin loaded FCS/HA NPs were dialyzed against PBS
solutions as per the ROS-responsive drug release section, except
the pH was adjusted to 4.17, 6.14 or 7.25 with 1 M citric acid
before dialysis. Every 3 h, 3 mL of each PBS solution was taken
and replaced by fresh PBS solutions to simulate sink conditions
inside the body. Released quercetin was quantified via UV
absorption spectrometry at A,ps. = 255 nm.

U251 cell culturing

U251 cells were cultured in culturing medium composed of
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum and 1% 10 000 U mL ™" penicillin-
streptomycin. Cells were incubated at 37 °C and 5% CO,.

U251N cell viability

Cells were seeded at 10000 or 4000 cells per well into 96-well
plates (Costar) for 24 or 72 h experiments, respectively. Cells
were treated with drugs and or NPs in culturing medium 24 h
after seeding. After treatment, cells were fixed in 4% para-
formaldehyde for 10 min at room temperature and stained with
10 uM Hoechst 33342. Cells were imaged using fluorescence
microscopy and the number of nuclei was analyzed using
CellProfiler.>®

TFEB nuclear translocation in GBM cells

U251 were seeded onto poly-p-lysine coated coverslips at
15000 cells per coverslip and grown overnight. Cells were
treated with drugs and/or NPs in serum free growth media
(DMEM + 1% penicillin-streptomycin). Cells were fixed with
4% paraformaldehyde, permeabilized with 0.1% Triton x-100.
Then, blocked with 10% goat serum, incubated in rabbit anti-
TFEB (1:1000) for 1 h at room temperature, and labelled with
secondary antibody Alexa Fluor 488 goat anti-rabbit (1:500).
Cells were labelled with 10 uM Hoechst 33342 and mounted
onto microscope slides using Aqua-Poly/mount. Images were
taken using a fluorescence microscope and analyzed in Image].
The ratio of the mean fluorescence value between the nuclear
vs. cytosolic TFEB was quantified.

DRG isolation

Thoracic and lumbar DRG were removed from adult (1-2
months) C57BL/6 mice. Isolated DRGs were placed in ice-cold
RPMI-1640.

Explant cultures

L1-L5 DRGs were embedded in Matrigel (BD Biosciences)
attached to a glass coverslip placed in the well of a 24-well plate
and incubated in media (RPMI-1640 + 1% penicillin-streptomycin)
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after the Matrigel has solidified. After 24 h, the culture was treated
with drugs and/or NPs for 10 days, with half of the media replaced
every 3 days. After treatment, 500 ug mL~* MTT was added for 4 h
incubation at 37 °C and bright-field images were taken using a
10x objective on an inverted microscope.

Dissociated DRG

Thoracic and lumbar DRGs were incubated in 0.1% type-II
collagenase at 37 °C for 30 min followed by incubation in
0.25% trypsin at 37 °C for 30 min. The ganglion was then
mechanically triturated using a fire-polished pipette. Disso-
ciated cells were grown on laminin-coated 96-well plates in
growth medium (Ham’s F12 + nitrogen gas supplement + 1%
penicillin-streptomycin). Cells were treated with drugs and/or
NPs for 10 days. After treatment, cells were fixed with 4%
paraformaldehyde for 20 min at room temperature and labelled
with B-tubulin IIT (1:1000) overnight at 4 °C and stained with
AlexaFluor 488 goat-anti mouse (1:500). Images were taken with
a fluorescence microscope and neurite length was measured
using Image].

FITC-NPs imaging and lysosome labelling

U251 were seeded onto poly-p-lysine coated coverslips at
15000 cells per coverslip and grown overnight. Cells were
treated with FITC-labelled FCS-NP (0.025 mg mL ' FCS,
0.05 mg mL™' HA) for 24 h in serum-free media. After
treatment, cells were incubated in 500 nM Lysotracker Red
DND-99 for 5 min in the cell incubator. Cells were fixed with
4% PFA, labelled with 10 pM Hoechst 33342 for 10 min at
room temperature and mounted onto microscope slides.
Images were taken using a fluorescence microscope and
analyzed in Image].

Results and discussion
Dispersion and functionalization of chitosan with TKDA

TKDA was prepared from mercaptoacetic acid, and we first
examined its ability to solubilize chitosan in an aqueous
medium. As mentioned earlier, solubility of chitosan in water
is pH dependent, and its dispersion in an aqueous medium is
generally achieved by adjusting the pH to 5-6 with HCI, acetic
acid, or other common acids.’*>® Addition of TKDA to an
aqueous solution of chitosan easily facilitated its dissolution,
and a clear solution was obtained. We also monitored this
process using 'H NMR and saw that the CH, protons next to the
COOH group in TKDA shifted upfield from 3.44 to 3.35 ppm
(Fig. 1). This suggests that TKDA addition interferes with the
interactions between NH, groups of chitosan, possibly through
hydrogen bonding. These results infer that the ROS-responsive
chitosan can be prepared in one-pot by invoking the dual role
of TKDA dispersion and functionalization. The TKDA solubi-
lized chitosan was then employed for the amidation reaction
using NHS/EDC-HCI catalysts, and it led to a further upfield
shift of TKDA CH, protons to 3.27 ppm (Fig. 1). This trend of
incremental upfield shifts upon CS/TKDA dissolution and
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Fig. 1 'H NMR-observed shifts in D,O of thioketal CH, protons upon
chitosan dissolution (DCS), and functionalization (FCS).

functionalization was also confirmed for the COOH and CH,
peaks via *C{"H} NMR (Fig. S1, ESI}).>”>%°°

The chitosan functionalization efficiency was estimated
using 'H NMR. In TKDA-assisted DCS, the CH; and CH,
protons of the TKDA appear at 1.53 and 3.35 ppm, respectively.
Upon amidation, the CH, protons shift further upfield to 3.27,
and the corresponding CH; protons remain nearly unchanged
at 1.52 ppm. To estimate functionalization efficiency, the
thioketal CH; peak integrations were directly compared to that
of the chitosan peak at 2.0 ppm (Fig. 1) between DCS and FCS.
These peaks were chosen for their clarity and absence of over-
lapping peaks in the NMR spectra. Using (i) the same amounts
of TKDA to dissolve and covalently link chitosan with ROS-
responsive entities; and (ii) chitosan being used as a constant
between the samples, functionalization can be consistently
measured as the relative amount of TKDA before (DCS) and
after (FCS) amidation. Following this method and using
eqn (3), the functionalization efficiency was estimated to
be 40%.

FCS Int. (1.5 ppm)/FCS Int. (2.0 ppm)
DCS Int. (1.5 ppm)/DCS Int. (2.0 ppm)

(3)

Functionalization % =

FCS/HA-based NPs

FCS was subsequently used for the preparation of empty and
therapeutic loaded NPs via the commonly employed ionic
gelation method with HA.>***7>® Quercetin and curcumin were
chosen as model hydrophobic drugs due to their broad anti-
cancer properties but low bioavailability.>***** In order to
establish the versatility of our NPs, we additionally considered
encapsulation of a large macromolecule, a NGF, which has
been shown to promote neuronal regeneration. Its utility is
limited due to its susceptibility to enzymatic and hydrolytic
degradation in a biological medium.***>*%%" FCS based NPs
showed excellent loading of both quercetin and curcumin with
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Table 1 Physical characteristics of FCS/HA and CS/HA NPs

NPs Dy (nm)  PDI {(mV) EE (%) LC(%)
CS/HA 85.8 0.207 +6.3 — —
FCS/HA 38.6 0.160 —-3.8 — —
Quercetin/CS/HA 500.7 0.302 —5.2 82.3 43.3
Quercetin/FCS/HA 237.6 0.262 —6.6 95.6 46.8
Curcumin/FCS/HA  133.2 0.235 —7.6 95.3 47.6
NGF-FITC/FCS/HA 120.2 0.222 —6.4 72.3 19.9

Notes: pH of each NP solution was 5.6, and the cargo solution
concentration was 250 (quercetin/CS/HA; quercetin/FCS/HA; curcumin/
FCS/HA), and 500 mg mL ™' (NGF-FITC/FCS/HA).

EE% (Table 1) comparable, and in some cases higher than
those reported earlier.” ® The LC% of CS/HA based NPs
prepared via the same ionic gelation method was lower for
the model drug quercetin (~ 82%, Table 1). Encapsulation of
drug molecules into nanocarriers relies heavily on how effi-
ciently these are dispersed in the nanoparticle internal space,
as well as the interactions of the drug molecules with its
interior. The latter may be enhanced by loading near the
isoelectric point of the cargo, core stabilization, hydrophobic
effects, the presence of groups such as COOH, OH etc.
In carriers prepared by ionic gelation method, charged inter-
actions between chitosan and hyaluronic acid, lead to the
formation of nanoparticles, into which therapeutic agents are
entrapped.”®”" We believe that the high EE% and LC% in the
FCS/HA NPs reported here, as well as seen in other CS/HA
systems,””® are due to a combination of these factors. The
covalent functionalization of chitosan with 2,2'-(propane-2,2’-
diylbis(sufanediyl)diacetic acid), introduces dimethylthioketal
centers, which enhance hydrophobicity of its interior upon
nanoparticle formation.>”7*”° It also introduces free thioketal
terminal COOH groups which can participate in interactions
including hydrogen bonding. These factors collectively contri-
bute in enhancing loading of hydrophobic drugs into the FCS
architecture. The reasons for higher loading in FCS-based NPs
may include increased hydrophobicity of the internal collapsed
and defined FCS structure. High EE% and LC% of drug loaded
FCS/HA NPs is due to the hydrophobicity of thioketal moieties
in FCS structure. Thioketal moieties could interact with hydro-
phobic drugs in the NPs core. Despite the much greater
molecular weight of NGF-FITC, its loading into the functiona-
lized NPs still resulted in good EE% of ~72%, possibly due
to better interaction of the neuropeptide with the TKDA
functionalized internal architecture of the NPs.?* %

Dynamic light scattering (DLS), zeta potential and TEM
analyses of NPs

FCS/HA NPs with and without pharmaceutical cargo were
analysed for their mean hydrodynamic diameters (Dy) and
polydispersities by DLS (Table 1 and Fig. S2, ESIt). Owing to
their functionalization with TKDA, the empty FCS-based NPs
showed a much more compact Dy of 39 nm, as opposed to
the less dense CS NPs (Dy of 86 nm).**"®> Notably, this large
difference in size translated well when both systems were
loaded with quercetin. For example, while quercetin-loaded
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FCS/HA NPs had Dy of 238 nm, the size of CS NPs was
501 nm (a more than twofold difference). Considering the size
of the porous vasculature around diseased tissue, NPs of sizes
~200 nm are generally accepted to have good permeability and
unperturbed function.®® An investigation of zeta potentials
revealed that FCS/HA NPs had mostly negative surface charges
(Table 1), and this suggests that interactions between NP core
and hydrophobic cargo contribute towards reducing the expo-
sure of the positively charged amine groups of polymer chains
on the surface of NPs.*”

FCS/HA NPs showed spherical morphologies in TEM images
(Fig. 2) with compact architectures, as is expected of chitosan/
HA structures.’”®*%% Quercetin, curcumin, and NGF-FITC
loaded FCS/HA NPs had mean diameters of 236, 82, and
91 nm respectively, and are in line with or slightly smaller than
diameters found by DLS. Smaller size may more likely be due to
the dehydration of samples during TEM analyses (Fig. 3). In
general, narrow size distributions were observed for all the NPs,
except for quercetin-loaded FCS/HA which showed two distinct
size populations (Fig. 3C). Notably, the smaller population
roughly corresponded to that of empty FCS/HA NPs (Fig. 3D)
which suggests that not all NPs get loaded with the drug. On
the other hand, complete loading of curcumin and NGF-FITC
were confirmed via their size distributions and TEM (noted by
darker regions inside NPs) (Fig. 2A and B).*" Interestingly,
while NGF-FITC loaded NPs had spherical morphology, these
also had a porous character (Fig. S3, ESIt).%

Stimulus response studies

TKDA employed in this study gets oxidatively cleaved into
mercaptoacetic acid and acetone upon exposure to ROS
(Scheme 2). We first established a time dependent response

Fig. 2 TEM micrographs of (A) curcumin-, (B) NGF-FITC-, (C) quercetin-
loaded FCS/HA NPs, and (D) empty FCS/HA NPs.
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A 50 <d>=g206nm  Byg) s BB T definite time intervals up to 48 h (Fig. 4A). The thioketal CH;

peak at 1.54 ppm slowly decreased as the molecule was

g 120 % 200, degraded by ROS, and a characteristic peak for acetone begun

$ 100 g to appear at 2.13 ppm. Simultaneously, the thioketal CH, peak
£ - £ 100 at 3.44 shifted to 3.55 as free thiol ends were generated.

To ascertain that the ROS-responsive TKDA linker in our
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Diameter (nm) Diameter (nm) nalized NPs were similarly incubated with H,O, in D,O,

800+ and their response was measured over time via 'H NMR

C200 <¢>=23557nm D <d>=144.18 nm (Fig. 4B). A trend akin to what we had observed for TKDA

o150 <d>=18077nm . alone above, was seen for the NPs: (i) the cleavage of the

% 100 <dy> = 635.56 nm § thioketal group is accompanied with a decrease in the linker’s

g g CH; and CH, proton peaks at 1.52 and 3.27 ppm respectively,

% 50 = and (ii) an increase of the acetone peak at 2.13 ppm.

o 0 As expected, TKDA-associated peaks changed more slowly in
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Diameter (nm) Diameter (nm) FCS/HA NPs.
Fig. 3 Size histograms of (A) curcumin-, (B) NGF-FITC-, (C) quercetin- We subsequently examined the ROS-induced degrada-

loaded FCS/HA NPs, and (D) empty FCS/HA NPs. Histograms were pre-
pared by measuring around 1000 particles from 6-9 fields of view using

Imaged and Origin 8.

tion behaviour of FCS/HA NPs by DLS. The NPs were
treated with 12.2 pL of 200 mM H,0, and monitored over
a 48 hour period while being sonicated at 37 °C (Fig. 5A).
Interestingly, two distinct populations emerged as a result of
ROS exposure. The cleavage of thioketal linkers in the NPs

0 1o} 0 o}
)k/y\)k ROS ’ S L
1o 7 s oy o SH caused the system to dissociate resulting in the smaller

population,” which then led to an aggregation of the degraded

TKDA Mercaptoacetic Acid Acetone NP components.

Scheme 2 Oxidative cleavage of TKDA to mercaptoacetic acid and Since CS based NPs are known to swell in low pH environ-

acetone using ROS.

ments, we investigated the pH-responsiveness of our FCS/HA
(Fig. 5B). As expected, the size distributions of NPs slowly
increased up to 800 nm, as the pH was reduced from 6 to 4

of TKDA to oxidative stress using "H NMR. To 500 uL of a to 3 using 1 M citric acid. These conditions mimic the endo-
20 mg mL~ " solution of TKDA in D,0, 12.2 uL of 200 mM H,0, some environments at earlier stages, and suggest swelling of
were added, and its "H NMR spectrum was recorded at 0 h. The =~ FCS/HA NPs upon decreasing pH (due to protonation of amine

solution was then sonicated at 37 °C and spectra were taken at  groups).

94,95
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Fig. 4 Time dependent 1H NMR spectra of (A) TKDA and (B) FCS/HA NPs in D,O, upon incubation with 200 mM H,O,, representing ROS-responsive
cleavage of thioketal groups (Scheme 2) over time. Green: CHjs, red: acetone and blue: CH, peaks.
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Fig. 5 (A) ROS and (B) pH-responsive behaviour of empty FCS/HA NPs
analysed by DLS.

Drug release studies

ROS-response behavior. We subsequently studied the stimu-
lus response of the FCS/HA NPs, and how the ROS-rich
environment will influence drug release in these systems. Drug
loaded FCS/HA NPs were dialyzed against PBS buffer with a
200 mM concentration of H,0, over 48 hours, and aliquots
were taken from the buffer medium to measure the amount of
released cargo via UV-visible spectroscopy. Quercetin loaded
NPs generally saw a burst release within the first 3 hours of
dialysis. However, there was a clear and large difference
between the final cumulative release of FCS/HA NPs between
ROS-exposed and untreated samples (Fig. 6A). Upon exposure
to ROS, NPs showed a cumulative release of 70%, which is more
than 50% higher than NPs without any treatment with H,O,.
For comparison, we also evaluated the efficiency of quercetin
release from CS/HA NPs with or without exposure to ROS. The
unfunctionalized NPs facilitated higher free diffusion of quer-
cetin into the medium, resulting in a slightly faster burst
release and significantly higher cumulative release of 90% after
48 hours. This clearly shows that CS functionalization is key in
preventing premature drug release, and in limiting side-effects
through exposure to non-disease sites. Interestingly, ROS-
treated CS/HA NPs showed a slightly higher cumulative release,
with nearly 100% of the drug released after 48. This may be due
to HA which can act as a weak ROS scavenger.”

The curcumin loaded FCS/HA system showed a significantly
slower and more sustained release (Fig. 6B). Likely due its
higher hydrophobicity,’*°® curcumin had a cumulative release
of about 11% over 48 hours in a H,0,-containing medium.
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Fig. 6 ROS-responsive release profiles of (A) quercetin from FCS/HA and
CS/HA NPs with or without 100 uM of H,0O,, (B) curcumin from FCS/HA
NPs with or without 100 uM of H,O,, and (C) NGF-FITC from FCS/HA NPs.

This was only marginally higher than the 10% release without
ROS treatment.

FCS/HA NPs showed good sustained release (to a maximum
of 55%) of NGF-FITC over 48 hours without any stimulus
(Fig. 6C). The sustained release, complemented by the absence
of a noticeable burst release, indicated the ability of the NPs
to protect NGF-FITC from the biological environment until
delivery at the targeted disease site. Due to the instability of
NGF-FITC to oxidative stress, a stimulus-responsive release
study was not conducted.’®'°

pH-Responsive release. We subsequently examined drug
release from FCS/HA NPs at pH 7.25, 6.14 and 4.17, which
more closely resemble physiological and endosomal environ-
ments (Fig. 7).°> We had earlier confirmed pH induced swelling
of FCS/HA NPs at low pH by DLS (Fig. 5B). In agreement with
these results, quercetin release was significantly enhanced
from 19% at pH 7.25 to 90% at pH 6.14. Further reduction of
pH to 4.17 resulted in no significant improvement in drug
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Fig. 7 pH-Responsive release profile of quercetin loaded FCS/HA NPs.

release from that observed at 6.14, and a mostly consistent
release profile was maintained. The stability of NGF in aqueous
solution at varied pH has been well studied, and it is known to
decrease with reduction in pH, leading to degradation.'®'?
To avoid complications in obtaining reliable data, the pH-
responsive drug release from NGF-loaded nanoparticles was
not investigated.

In vitro biological evaluation

GBM cell cultures and viability. Curcumin and quercetin
are natural compounds with chemotherapeutic activity.**'%
However, their use in vivo is limited by their instability and
insolubility.'**'% We used FCS/HA NPs as nanocarriers for the
delivery of curcumin and quercetin and tested their anti-cancer
activity in an in vitro model of GBM multiform (Fig. 8). Free
curcumin and curcumin-loaded FCS/HA NPs similarly reduced
GBM viability, achieving near 100% cell death after 72 h at
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Fig. 8 Curcumin and quercetin loaded FCS/HA NPs kills GBM cells. (A and B)
U251N cells were exposed to different concentrations of free-curcumin or
curcumin incorporated in nanocarriers for 24 or 72 h. Control media (0 pM
drugs) for all treatments with drug-loaded nanocarriers contained only the
nanocarrier. (C and D) U251N cell were exposed to different concentrations
of free-quercetin or quercetin loaded NPs for 24 h, or 72 h. Cell viability was
assessed by counting the number of Hoechst 33342 labelled nuclei after the
treatments. Average values were obtained from six measurements (n = 6) and
error bars present SEM. * denotes significance at p < 0.05 compared to
control (O uM drug).
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20 uM curcumin, (Fig. 8A and B). Interestingly, quercetin
loaded FCS/HA NPs showed 3-fold greater reduction in GBM
viability after 72 h at 80 puM quercetin compared to free
quercetin (Fig. 8C and D). The slower release of quercetin from
FCS/HA NPs may protect the bulk of the quercetin from
degradation in biological media while maintaining sufficient
concentrations in the media to exert its anti-cancer activity.
Given the low pH environment surrounding GBM tumors,'°®*%”
the pH-responsive FCS/HA NPs may be particularly suited
for the targeted delivery of curcumin/quercetin to the tumor
microenvironment. At the tumor site, the low solubility of the
released curcumin/quercetin may limit its diffusion and sub-
sequently concentrate around the cancerous tissue.

Nuclear translocation in GBM cells. TFEB, a master regulator
of autophagy, is often upregulated in cancer cells,'® and its
activation leads to greater lysosomal biogenesis and activation
of autophagy. Curcumin and quercetin are known inducers of
TFEB activation and nuclear translocation.'”>''® We found
comparable TFEB nuclear translocation in GBM treated with
curcumin/quercetin FCS/HA NPs or free curcumin/quercetin
(Fig. 9). Treatment with curcumin loaded FCS/HA NPs showed
reduced TFEB nuclear translocation after 1 h compared to free
curcumin (Fig. 9 and Fig. S10, ESIf), although TFEB nuclear
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Quercetin
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Fig. 9 Curcumin and quercetin loaded FCS/HA NPs increase TFEB
nuclear translocation in GBM. U251 cells were switched to serum-free
media for 8 h and exposed to 20 uM free curcumin (Cur)/curcumin loaded
NPs (Cur-NP), or equivalent empty carrier for 8 h, 50 uM free quercetin
(Que)/quercetin loaded NPs (Que-NP) or equivalent empty carrier for 2 h,
or 1 uM torin-1 (Tor-1) for 2 h as a positive control for TFEB nuclear
translocation. (A) Representative photomicrograph of TFEB and Hoechst
33342 labelled nuclei. (B) Quantification of TFEB nuclear translocation
(ratio of average fluorescence of TFEB in the nucleus to cytosol). N > 49
cells per condition, error bars = SEM. * denotes significance at p < 0.05
compared to control. Arrows points to examples of TFEB nuclear
translocation.
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Fig. 10 FITC-labelled FCS/HA NPs co-localize with lysosomes in U251N
cells. U251N cells were treated FITC-labelled NPs or equivalent unlabelled
NPs for 24 h in serum-free media and stained for lysosomes using
Lysotracker Red (LR). (A) Photomicrograph of FITC-NP (green), lysosomes
(red), and cell nuclei (blue). (B) Quantification of average FITC fluorescence
intensity per cell. N > 35 cells per condition, error bars = SEM. * denotes
significance at p < 0.05 compared to control. FCS/HA NPs can enter the
cell and subsequently deliver its cargo after swelling inside the acidic pH
environment of the endolysosome and creating a leaky membrane, or
through the cleavage of TKDA groups in the presence of ROS which
detaches the cargo from the carrier. When the cargo is curcumin, it can
exert its actions involving several mechanisms, e.g. by binding to the TFEB,
enhancing lysosomal biogenesis and inducing cell death in GBM.

translocation became comparable after 8 h. While empty FCS/
HA NPs did not induce TFEB nuclear translocation, FITC-
labelled FCS/HA NPs uptaken by U251 cells can co-localize with
lysosomes after 24 h (Fig. 10). Curcumin activation of TFEB has
been associated with autophagic cell death in breast cancer
cells."™" However, inhibition of autophagy has been shown to
sensitize cancer cells to the effects of curcumin.'*® Given the
pluripotent effects of curcumin, the consequence of TFEB
activation in cancer is still under debate.

DRG isolation and explant cultures

To highlight the versatility of FCS/HA NPs as a nanodelivery
system, we tested whether FCS/HA NPs can deliver larger
proteins as well as small hydrophobic drugs. Chitosan nano-
structures have been intensively investigated as biocompatible
scaffolds to reconnect peripheral nerves."'*> DRG are sensory
nerve bundles that relay sensory input from the periphery (PNS)
to the central nervous system (CNS) and are often used to study
peripheral nerve regeneration.'’* We tested whether NGF
loaded FCS/HA NPs can improve neuronal outgrowth of DRG
neurons in 2D monolayers as well as 3D explant cultures
(Fig. 11). NGF loaded FCS/HA NPs and free NGF both increased
neuronal outgrowth in dissociated DRG cultures (Fig. 11A and
B) as well as the density of neuronal extensions in the 3D
explants (Fig. 11C). Importantly, unloaded FCS/HA NPs did not
reduce neurite outgrowth in any of the models and may be a
suitable nanocarriers for slow and sustained release of neuro-
trophic factors. Future applications could take advantage of the
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Fig. 11 Effect of NGF loaded FCS/HA NPs on DRG neurite outgrowth.
Primary cultures were established from adult (1-2 months) mouse DRGs.
Cultures were treated in serum free media containing PBS, 50 ng ml™*
free NGF, 50 ng ml™* NGF loaded NPs (NGF-NP), or equivalent unloaded
FCS/HA NPs (NP) for 10 days before imaging. (A and B) Immunocyto-
chemistry of dissociated DRG cultures labelled for neuron specific marker
BllI-tubulin and quantification of neurite outgrowth. (C) Photomicrograph
of DRG explants. Neurite outgrowth in (B) was averaged from n = 3 and
error bars represent = SEM. * denotes significance at p < 0.05 compared
to control.

oxidative and pH-responsiveness of the FCS/HA NPs by providing
targeted release of therapeutic agents at the site of injury which is
enriched in ROS and acidic species due to the local activation of
immune cells.'*?

Conclusions

We have developed a versatile one-pot methodology for the
aqueous dispersion and functionalization of CS using a bio-
compatible ROS-responsive weak acid, TKDA. This two-fold role
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of TKDA facilitates and simplifies functionalization of CS,
and chitosan functionalized with TKDA displays dual stimuli
responsive behavior (ROS and pH). This was explored by NMR,
DLS and drug release studies in the presence of various con-
centrations of H,0, and varied pH. FCS/HA NPs had good size
distributions with a hydrophobic core and hydrophilic shell
structure when assembled with curcumin and quercetin.
However, a nanoprecipitate-like structure with what appeared
to be pores was observed by TEM in empty FCS/HA NPs and
upon loading NGF. Curcumin and quercetin loaded FCS/HA
NPs killed GBM cells after 24 and 72 h, and increased TFEB
nuclear translocation in GBM cells that is required for tumor
cell death. NGF-loaded FCS/HA NPs increased neurite
outgrowth compared to control in 3D explant DRG of mouse.
FITC-NPs showed higher fluorescence intensity compared to
unlabeled NPs. FITC-labeled FCS/HA NPs successfully co-localized
with lysosomes in U251N cells which exhibited no toxicity for
FITC-NPs over 24 h. This suggests that drug-loaded NPs can be
retained inside endosomes for a long time (24 h) after cellular
uptake for efficient drug release. Simplification of the design
of dual stimuli-responsive FCS-based NPs provides an ideal
platform in controlled delivery applications of a diverse range
of bioactive agents (drugs, proteins, growth factors etc.) with
high EE% and LC%. Eventually, these stimuli responsive
nanocarriers should be tested in animal models of diseases
in vivo to assess if they are superior to the unincorporated
biologically active agents, and whether they could accelerate
cargo release in a desired manner.
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1. ®C{'H} NMR Analyses of DCS/FCS

Dissolution (DCS) and functionalization (FCS) of chitosan using TKDA was analyzed through '*C
NMR. In DCS, the TKDA COOH peak showed a downfield shift from 175.2 ppm to 176.8 ppm.
Similarly, the peak from the adjacent CH> is shifted downfield from 32.8 ppm to 34.3 ppm, while
the other TKDA peaks remained consistent. Chemical coupling of TKDA to LCS to yield FCS
further shifts the COOH peak downfield to 178.3 ppm and the CH» peak to 35.7 ppm (Figure S1).

TKDA
Thioketal CH, —
Thioketal CH, —

Thioketal C(CH,), —

/ Thioketal COOH

DCS

FCS

T T L T T

T T T T T
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Fig. S1. ”C NMR spectra of TKDA, DCS and FCS prepared by TKDA route.



2. Dynamic light scattering (DLS) analyses

Size distributions and mean hydrodynamic diameters of empty and drug loaded FCS/hyaluronic
acid (HA) nanoparticles (NPs) are shown in Fig. S2.
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Fig. S2. DLS plots of size distributions for (A) CS/HA, (B) FCS/HA, (C) quercetin loaded CS/HA, (D)
quercetin loaded FCS/HA, (E) curcumin loaded FCS/HA and (F) nerve growth factor-fluorescein
isothiocyanate (NGF-FITC) loaded FCS/HA NPs.



3. TEM micrograph of porous NGF-FITC FCS/HA NP (Fig. S4)

Fig. S3. NGF-FITC loaded FCS/HA porous nanospheres.

4. ROS-responsive behavior of TKDA and FCS

ROS-responsive behavior of the TKDA entity in FCS is exhibited in Fig. S4. The gradually
increasing acetone peak over time is shown in top left of each spectrum with red color, as well as
formation of SH group was observed between 1.6-1.7 ppm. Time dependent 'H NMR spectra
confirmed that TKDA as a ROS-responsive moiety in FCS responded to a small amount of

hydrogen peroxide (12.2 pl of 200 mM H>0»).
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Fig. S4. Time dependent "H NMR spectra of (A) TKDA and (B) FCS responding to ROS. Green: CHj, red:

acetone and blue: CH; peaks.



5. Free Drug Release Profiles

As a control for NP-mediated drug release, both quercetin (Fig. S5) and curcumin (Fig. S6) were
dissolved in a PEG3so/water/dimethyl acetamide mixture with a ratio of 45:40:15 v/v/v, and their
drug release profiles were measured.
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Fig. S5 Free cumulative quercetin release over 48 hours of dialysis time.
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Fig. S6 Free cumulative curcumin release over 48 hours of dialysis time.



6. Evaluation of drug stability in the presence of ROS

To study stability of quercetin in a ROS medium, it was dissolved in methanol at a 0.25 mg/mL
concentration. UV-Vis absorption spectra were recorded on a Varian Cary 50 UV-Vis
spectrophotometer without H>O», with 100 uM H>O», at zero time and after 24h. Quercetin didn’t
show any difference in UV absorption peaks (at A = 255 and 372 nm) after adding 100 uM H>O»,
but after 24h small changes in UV absorption were observed (Fig. S7).

— Quercetin without H202

0.4

Quercetin with 100uM H2020h
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Fig. S7. Stability quercetin in the presence of 100 uM H>O; at zero time and after 24h.



7. UV-visible spectra of cargo compounds and derived standard curves

UV-Vis spectra of different drug molecules and NGF-FITC are shown in Fig. S8. Fig. S9

showed calibration curves of curcumin, NGF-FITC and quercetin solutions with different
determined concentrations.
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(B) NGF-FITC in water/sodium bicarbonate buffer (20:1 v/v)
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Fig. S8. UV-visible spectra of (A) curcumin, (B) NGF-FITC and (C) quercetin taken to prepare standard
curves for each compound
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8. Transcription factor EB (TFEB) nuclear translocation in glioblastoma (GBM) cells

We found comparable TFEB nuclear translocation in GBM treated with curcumin loaded FCS/HA
NPs or free curcumin (Fig. S10). Treatment with curcumin loaded FCS/HA NPs showed reduced
TFEB nuclear translocation after 1h compared to free curcumin (Fig. S10A-B), although TFEB
nuclear translocation became comparable after 8h. Empty FITC-labelled FCS/HA NPs did not
induce TFEB nuclear translocation.
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Fig. S10. Intracellular curcumin enhances the fluorescence of nuclear TFEB after 8h. U251 cells were
treated with 20 pM free curcumin/curcumin loaded NPs, or equivalent empty FCS/HA NPs for 1h and 8h
in serum-free media. (A) Representative photomicrograph of TFEB. (B) Quantification of TFEB nuclear
translocation (ratio of average fluorescence of TFEB in the nucleus to cytosol). N>36 cells per condition,
error bars = SEM. * denotes significance at p < 0.05 comparing 1h to 8h. This highlights the delay in TFEB
nuclear translocation in curcumin-NP compared to free curcumin.
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9. Nuclear magnetic resonance (NMR) data
CS

'"H NMR (400 MHz, D,0): 1 (ppm) 1.91 (1059H, s, CHz), 3.04 (706H, brs, CH), 3.44-3.78
(3530H, m, CH, CHs), 4.75 (706H, s, CH)

13C NMR (400 MHz, D;0): 3¢ (ppm) 30.19 (353C, CHs), 59.96 (706C, CH), 69.83 (706C, CHa),
74.64 (706C, CH), 76.16 (706C, CH), 88.70 (706C, CH), 97.25 (706C, CH), 130.9 (353C,
CONH)

TKDA

'H NMR (400 MHz, D,0): 31 (ppm) 1.54 (6H, s, CHs), 3.44 (4H, s, CH>).
13C NMR (500 MHz, D,0): 8¢ (ppm) 29.4, 32.8, 56.5, 175.2.
DCS

'H NMR (400 MHz, D,0): 81 (ppm) 1.53 (6H, s, CHs), 1.98 (1059H, s, CHs), 3.09 (706H, brs,
CH), 3.35 (4H, s, CHa), 3.49-3.83 (3530H, m, CH, CH.), 4.80 (706H, s, CH)

ECS

'H NMR (400 MHz, D,0): 8u (ppm) 1.52 (6H, s, CHs), 1.99 (1059H, s, CHs), 3.00 (706H, brs,
CH), 3.27 (4H, s, CHa), 3.63-3.80 (3530H, m, CH, CHa), 4.75 (706H, s, CH)
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10. '"H NMR Spectra
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Fig. S11. "H NMR spectra obtained using Bruker AVIIIHD 400 instrument (400 MHz).
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