McGill

Advancing Biomedical Applications with Functional Polymers

by Hui Wen Yong

Department of Chemistry
McGill University, Montreal
April 2024

A thesis submitted to McGill University in partial fulfillment of the
requirements of the degree of Doctor of Philosophy

© Hui Wen Yong, 2024



Table of Contents

TaADIE OF CONLENLS .....eiuiiiiiiieiecitete ettt ettt b et sbe et et sbe e beentesaeenee il
ADSTTACT ...ttt et et h e e bt e bbbt e bttt e e shteenb e sateebeen vi
RESUIME. ...ttt ettt st e a e et e sb e et esabeeabeesaeeeaeees vil
ACKNOWICAZEIMENLS.....c.utiiiiiiiiieiiecie ettt et e e teestaeebeessbeesbeessseenseessseensaesnseenseensnas viii
Contribution Of AUTROTS ......eiiiiieiiee ettt sttt sae e X
070707 5 12 1 1 AS OSSPSR xii
LIST OF FIZUIES ...eieiiieeiie ettt et e et e e et e e sataeessteeesstee e ssaeessaeenssaeensseeessneesnseeens XV
LSt OF TADIES ...ttt st ettt e b ettt XX1V
LSt OF SCREMIES ...ttt ettt ettt et e st e et e aeeebeeeeee XXV
LSt Of ADDIEVIATIONS ....eeueieiiieiiieiie ettt ettt ettt e sttt e et e e beesnbeenseesneeenne XXV1
Chapter 11 INTrOAUCION .....c..eiiiiiiiiiiiirt ettt st sb e st 1

1.1 Nanoengineering Branched Star Polymer-based Formulations: Scope, Strategies and

ALQVANCES ...ttt et b et e a et st a e bt e n e e et e ettt e he et e et e naeebeeatens 2
LT ADSTIACT .ttt e sttt et sttt eees 2
L1 20 INErOAUCTION ...ttt et ettt et e e saaeeeees 3
1.1.3. Emerging Potential of Branched Star Polymers as Nanocarriers ...........cccccecueveeruennene 4
1.1.4. Polymer Self-assembly: Methods ...........ccooiieiiiiiieiiieciie et 8
1.1.5. Key Parameters of Self-assemblies..........cccvuieeiiiieiiiieiiieecieeeciee e 12
1.1.6. Strategies to Design Branched Star Copolymers for Drug Delivery ...........ccccuvenee... 15

1.1.6.1. Polymer COMPOSIHION .....eueeueeiiriienieeienitenteeteeteente ettt ettt 18
1.1.6.2. Polymer ATChiteCtUIE.........coiuiiiiiiiieiiieie e 22
1.1.6.3. Core/ Shell-Cross-linked Micelles...........ccocieriiiiiiiniiiiiiiieeeeeee e 27
1.1.6.4. Stereocomplexation and Mixed Micelles............ccveviriiiiiniieiiienieeieeieeeeee 29



1.1.6.5. Compatibility between the Drug and Core-forming Block...........ccccocevenennene 30

1.1.6.6. Chemical Conjugation of the Drug to Polymer ..........cccccoeeviiniininiiniininicnne 32
1.1.6.7. Polymer: Drug Feed Ratio ........c.cccovieiiiiiiiiiiieciceeceeeee e 34
1.1.6.8. Choice of Solvent for Self-Assembly ...........cccveiieiiiiiiiiiiie e 35
1.1.7. Biological EValUQtionS...........cccieiiieiiieniiieiieeie ettt ettt et ens 36
1.1.8. Conclusions and Future OUtlook ...........cccocuiriiriieiiinienieierieeeesee e 40

1.2. The Unexplored Potential of Gas-responsive Polymers in Drug Delivery: Progress,

Challenges and OULIOOK ............eeeiiiiiiiie e e et e e s e e eereeenens 43
L.2.1 ADSTIACT ...ttt ettt ettt ettt et e a e e bt e et e e beesateens 43
1.2 2. INErOAUCTION ...ttt ettt ettt e st et e e s seeebeesaeeens 44
1.2.2.1. Gas-responsive POLYMETS. .......cceivuiriiiiiiiniiieeicnieieeeeeeeetese et 44

1.2.2.1.1. Nitric OXide (INO) ..eoeiiiiieiiieiiee ettt sttt s 48
1.2.2.1.2. Carbon MonoxXide (CO) ......ceeiuiiriiiiieiiieieeie ettt 49
1.2.2.1.3. Hydrogen Sulfide (H2S) ....ccueioiiiiiieiieieeeeee e 50
1.2.2.1.4. Sulfur DioXide (SO2)....ceuiiiiiiiirieniieieiiteieete ettt 51
1.2.2.1.5. OXYZEN (02) cteeutiiuiiiiiieeiieeitete ettt sttt sttt st 52
1.2.2.1.6. Carbon DioXide (CO2) ....eevueeierieriieiieiiesieeieeese ettt 53
1.2.3. Challenges and Outlook with Gas-responsive POlymers...........cccocvvevvieerieniienieennnnns 54
1.2.4. CONCIUSIONS......eouiiiiieiiieeiteeee ettt et ettt e sbt e st esb e et e sbeeebeesaneens 56

1.3. Stimuli-responsive Polymeric Nanoparticles...........cccovercveerieriiienieniiienieeereeee e esiee s 57
1.3.1. COz-responsive Polymeric NanopartiCles.........cocueruiiiiiniiiniiiniieieenieeeese e 60
1.3.2. pH-responsive Polymeric NanopartiCles..........ccceervvreriieeeiieeniieeriee e e siee e 61
1.3.3. ROS-responsive Polymeric Nanoparticles..........ceccveervieeeiiieeniieenieeeeiee e evee e 63

1.4. Antibacterial NanOPartiCles ..........cooueiiiiiiiiiiieiieiie ettt ettt 65

1.5. Thermoresponsive Polymeric NanopartiCles .........ccoeceeriiirieniiienieniieiieeieeeese e 71

il



1.6. Scope of Thesis and Contribution to Original Knowledge..........cccccoceniininiiniincnicnnnn 76
1.7, RETETEICES ...ttt sttt ettt st sbe et et 78

Chapter 2: Single Functional Group Platform for Multi-Stimuli Responsivities: Tertiary Amine for

CO2/pH/ROS-Triggered Cargo Release in NanOCAITICTS. ........ccuvevveerieeecieeriieeieenieeeveereeseveenneas 124
2.1, Opening REMATKS.........ccciiiiiiiiieiieeieeeie ettt et e beesaaeesbeesseeensaeseaeenseeenns 124
2.2 ADSIIACE ...ttt ettt et h ettt e a e bt et e ene et et e aee b entes 125
2.3, INEEOAUCHION ...ttt sttt ettt et ettt e sae e aeenteeseebeenees 125
2.4, EXperimental S@CHION ......ccciiiiiiieiiiieciie ettt ettt e et e e eaae e eaa e e s reeesnseeeennees 128
2.5. Results and DISCUSSION ....eeuiiiiiariiiiiieiie ettt ettt ettt et et e b e saae e b e e 134
2.0, CONCIUSIONS....cutieiiteiie ettt ettt et b e et e s at e et e e bt e s abeesbbeenbeesbeeenbeesateenbeeneee 153
2.7 REIETEICES ...ttt ettt ettt e bt e et e et e e eabeenbeeseteenbeesaseenneennee 153
2.8 Appendix A: Supporting Information for Chapter 2...........coceeveriiniiniiniinenencneceeee. 164

Chapter 3: Soft Nanoparticles as Antimicrobial Agents and Carriers of Microbiocides for

Enhanced Inhibition ACHVILY .......cccuiiriieiiieiiecie ettt ettt e et e eseeseaeenbee e 193
3.1, OPENING FEMATKS .....cviiiiiiiiieiiieiieeteeieeeteertee et e et e eteebeesebeeseessaeesseessseeseessseesseasssesnsens 193
3.2 ADSITACE ...ttt ettt et h et n et e bt et e ae et eneenteebeeneen 194
3.3 INETOAUCTION ...ttt ettt ettt et eat e st e e sae e s bt et e e st e sbeenseeneens 194
3.4, EXPerimental SECHION .....cc.uiiiiiiieiie ettt ettt e et e et eetaeeeeaeeessaeeenseeesnneeenes 197
3.5. Results and DISCUSSION ...cc..eeiuiiiiiiiiiiiieiie ettt ettt et st 202
3.6, COMNCIUSIONS ...ttt ettt ettt ettt et e s ht e e bt e sat e e bt e sab e e bt esbbeeabeesabeenbeasneeenseas 222
3.7 RETETEIICES ...ttt ettt et e s at e et e s it e bt e sateebeesnteenaeas 222
3.8 Appendix B: Supporting Information for Chapter 3..........ccccooiriiniiiininieiciiceeene 233

Chapter 4: Soft Nanoparticles with Induced Reversible Morphological Transitions through Upper

Critical Solution Temperature for Controlled Drug Release ...........cccocveviivinieniininicniiiennns 255
4.1. Opening REMATKS......c.coeiuiiiiiiiiieiieeieee ettt ettt et e et esaaeennee e 255
4.2, ADSIIACE ...ttt ettt ettt et h ettt h e ettt e ehe et et e ene e beennes 256



.3 INETOAUCTION . . eeeeeeeeee e e e e e e e e e e e e e ee e e e e e e ee e aaaeeeeeeeeae e aaaaeeeeeeeeaeneaaanaens 256

4.4. EXperimental SECTIOM .....ccc.ertiriiiiiriiniteteeit ettt sttt et st 260
4.5. ReSUILS & DISCUSSION ....euviiiiiiiieiiieiteie ettt sttt ettt et sttt st e b 264
4.6. CONCIUSIONS ...ttt sttt ettt ettt et sbe bt et saeenbeenees 284
A7 RETETEICES ...ttt ettt ettt et sbe ettt bt e b enees 285
4.8. Appendix C: Supporting Information for Chapter 4............cccoeevveeieriierieenieeiecieeeee 298
Chapter 5: Conclusions and OUtIOOK .........c.cecvieiiiiriiiiiieiieiece e 306
5.1 CONCIUSIONS ...ttt ettt ettt et e st et e et e st e et e eseesbe et e eaeesaeenseeneesteenseeneens 306
5.2 OULLOOK <.ttt sttt ettt a ettt at e a et e nt et ebeeneen 308
5.3 RETETEIICES ...ttt ettt ettt et et e e s at e e bt et eaeas 312



Abstract

Functional polymers have offered a viable platform in designing smart nanoformulations for a
variety of applications. However, development of well-defined nanocarriers through efficient
design of their polymer precursors, still remains a significant challenge. This thesis research
contributes towards the field of nanomedicine by simplifying the design of smart amphiphilic
polymeric precursors, and a detailed evaluation of their aqueous nanoformulations. We describe a
versatile methodology to multi-stimuli responsive soft nanoparticles from branched star polymers
of AB2 composition, in which the core forming biocompatible and biodegradable polycaprolactone
(PCL) arm (A) is functionalized with a tertiary amine. These nanoparticles respond to multiple
stimuli (varying CO2 concentrations, pH, ROS, and a combination of CO2 + ROS) prevalent at
disease sites, using a single chemical entity, for controlled and sustained cargo release. This design
strategy streamlines and enables effective delivery of active pharmaceutical agents in diverse
biological environments. In a reverse strategy, amine groups are chemically linked to polyethylene
glycol (PEG) hydrophilic arms (B), yielding cationic nanoparticles with positively charged
hydrophilic shell and hydrophobic core. Such drug loaded nanoformulations exhibit dual
therapeutic effects: intrinsic biocidal activity and delivery of potent small molecule antibacterial
agents. Subsequently, by leveraging on the existing polymerization and post-polymerization
techniques, we have developed a smart platform for inducing temperature-regulated morphological
transitions in soft nanoparticles. By strategic location of upper critical solution temperature
responsive poly(acrylamide-co-acrylonitrile), hydrophilic PEG and hydrophobic PCL arms in an
ABC block copolymer, reversible in situ transformations are easily facilitated. It offers tailored
delivery of a model drug (curcumin) through sustained morphological changes without
nanoparticle disassembly. This thesis research signifies the importance of structural design in
regulating stimuli-responsive properties in nanoformulations for desired spatiotemporal control in
drug delivery. It demonstrates how synthetic design can help craft efficient formulations for

diverse biomedical applications.
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Résumé

Les polymeéres fonctionnels ont offert une plate-forme viable pour la conception de
nanoformulations intelligentes pour une variété d'applications. Cependant, le développement de
nanotransporteurs bien définis grace a la conception efficace de leurs précurseurs polymeres reste
un défi important. Cette thése de recherche contribue au domaine de la nanomédecine en
simplifiant la conception de précurseurs polymeres amphiphiles intelligents et en évaluant en détail
leurs nanoformulations aqueuses. Nous décrivons une méthodologie polyvalente pour des
nanoparticules souples réactives a plusieurs stimuli a partir de polymeres en étoile ramifiés de
composition AB2, dans lesquels le bras polycaprolactone (PCL) biocompatible et biodégradable
formant le noyau (A) est fonctionnalisé avec une amine tertiaire. Ces nanoparticules répondent a
de multiples stimuli (concentrations variables de CO2, pH, ROS et une combinaison de CO2 +
ROS) prévalents sur les sites de la maladie, en utilisant une seule entité chimique, pour une
libération contrdlée et soutenue de la cargaison. Cette stratégie de conception rationalise et permet
une administration efficace d'agents pharmaceutiques actifs dans divers environnements
biologiques. Dans une stratégie inverse, les groupes amines sont chimiquement liés aux bras
hydrophiles de polyéthylene glycol (PEG) (B), produisant des nanoparticules cationiques avec une
coque hydrophile chargée positivement et un noyau hydrophobe. De telles nanoformulations
chargées de médicaments présentent un double effet thérapeutique: une activité biocide intrinséque
et la délivrance d'agents antibactériens puissants a petites molécules. Par la suite, en s'appuyant sur
les techniques de polymérisation et de post-polymérisation existantes, nous avons développé une
plate-forme intelligente pour induire des transitions morphologiques régulées par la température
dans des nanoparticules molles. Grace a I'emplacement stratégique des bras poly(acrylamide-co-
acrylonitrile) sensibles a la température critique supérieure de la solution, du PEG hydrophile et
du PCL hydrophobe dans un copolymeére a blocs ABC, les transformations in situ réversibles sont
facilement facilitées. Il offre une délivrance sur mesure d'un médicament modé¢le (curcumine) par
le biais de changements morphologiques soutenus sans désassemblage des nanoparticules. Cette
recherche de thése souligne l'importance de la conception structurelle dans la régulation des
propriétés de réponse aux stimuli dans les nanoformulations pour le controle spatiotemporel
souhaité dans I'administration de médicaments. Il démontre comment la conception synthétique

peut aider a ¢élaborer des formulations efficaces pour diverses applications biomédicales.
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Chapter 1: Introduction

This thesis contributes to the field of nanomedicine by utilizing techniques in polymer synthesis
to engineer complex architectures and design soft nanoparticles with tailored properties for
biomedical applications. By exploring polymer precursor composition in both branched and linear
systems, it demonstrates how nanoparticle design can be optimized with specific functionalities,

thereby enhancing their effectiveness in biomedical interventions.

The thesis begins with a comprehensive background section, laying the foundation for subsequent
chapters by providing an extensive review of strategies for branched polymer modification and
their versatility in self-assembled structures for various biomedical applications (Section 1.1).
Branched polymers have emerged as a promising platform for designing soft nanoparticles due to
their unique structural characteristics and tunable properties. The branched architectures provides
a high degree of functional versatility, allowing for tunable control over size, shape, and
functionality of the corresponding nanoparticles. These features are particularly interesting for
biomedical applications to design nanoparticles that can be easily customized to meet specific
requirements, which are demonstrated in Chapters 2 and 3. In Chapter 2, we demonstrate core
modification techniques employed in nanoparticles to confer multiple responsivity to stimuli
present at disease sites, such as COz, pH, reactive oxygen species (ROS), and combinations
thereof. To understand the unexplored potential of gas-responsive polymers, Section 1.2 sheds
light on their advancements, limitations, and applicability in nanomedicine. Additionally, Section
1.3 provides an overview of the evolving landscape of miktoarm polymer-based stimuli-responsive
systems in nanomedicine. This section aims to highlight the opportunities in advancing biomedical
applications with these versatile macromolecules. Chapter 3 focuses on shell modifications aimed
at achieving core-shell structures with cationic surfaces, thereby imparting intrinsic antibacterial
properties to the nanoparticles. The presentation of antibacterial nanoparticles in Section 1.4
provides readers with an overview of the strategies employed and their potential applications in

combating microbial pathogens.
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In addition to miktoarm polymers, we demonstrate the use of triblock copolymers for in situ core/
shell modifications to obtain stable nanoparticles with temperature-controlled morphological
changes for drug delivery (Chapter 4). Specifically, this research explores the use of upper critical
solution temperature (UCST) polymers, a relatively understudied area in the field of
nanomedicine. To provide readers with an overview of the advancements in thermoresponsive
polymers for drug delivery, Section 1.5 presents a discussion on the rationale behind utilizing
thermoresponsive polymers and the current state of research using UCST polymers for drug
delivery applications. Chapter 1 then concludes with an outline of the scope of thesis and
contributions to original knowledge in Section 1.6. This section aims to emphasize the significance
of this thesis in the field of nanomedicine by outlining its contributions. Overall, it offers strategies
for the design and optimization of soft nanoparticles with tailored properties for more effective

and targeted interventions.

1.1 Nanoengineering Branched Star Polymer-based Formulations: Scope, Strategies and

Advances

This section incorporates content adapted in part from published article, the citation of which is

provided below and is reprinted with permission from Wiley-VCH GmbH.

Yong, H. W.; Kakkar, A. Nanoengineering Branched Star Polymer-Based Formulations: Scope,
Strategies, and Advances. Macromol. Biosci. 2021, 21, 2100105.

1.1.1. Abstract

Soft nanoparticles continue to offer a promising platform for the encapsulation and controlled
delivery of poorly water-soluble drugs and help enhance their bioavailability at targeted sites.
Linear amphiphilic block copolymers are the most extensively investigated in formulating delivery
vehicles. However, more recently, there has been increasing interest in utilizing branched
macromolecules for nanomedicine, as these have been shown to lower critical micelle
concentrations, form particles of smaller dimensions, facilitate the inclusion of varied

compositions and function-based entities, as well as provide prolonged and sustained release of

2
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cargo. In this review, it is aimed to discuss some of the key variables that are studied in tailoring
branched architecture-based assemblies, and their influence on drug loading and delivery. By
understanding structure—property relationships in these formulations, one can better design
branched star polymers with suitable characteristics for efficient therapeutic interventions. The
role played by polymer composition, chain architecture, crosslinking, stereocomplexation,
compatibility between polymers and drugs, drug/polymer concentrations, and self-assembly

methods in their performance as nanocarriers is highlighted.

1.1.2. Introduction

Drug delivery technology is a broad field of research focusing on the development of novel
materials to improve the efficacy of drugs administered into human body. There are a few reasons
that signify the pressing need for such materials: (i) most active pharmaceutical agents are
lipophilic, and thus sparingly soluble in an aqueous medium, which often results in their low
dissolution rate, as well as poor bioavailability; ' (ii) rapid clearance by the reticuloendothelial
system (RES, e.g. liver and spleen), as soon as the body recognizes these as “foreign” substances;
and (iii) lack of selectivity and non-specific interaction of pharmaceutical agents, which often lead
to undesired side effects. In a quest to address this multi-faceted problem, a significant amount of
effort has been devoted in developing drug delivery systems, including carbon nanotubes, >
dendrimers, >4 polymeric micelles, > liposomes, ¢ quantum dots, ”>® superparamagnetic iron oxide
nanoparticles (SPIONs), * gold nanoparticles and mesoporous silica nanoparticles, '° to name a
few. These nano-sized carriers are capable of housing poorly-water soluble drugs and retaining
them in the blood circulation, subsequently enhancing their efficacy and bioavailability which is

often critical for reducing dose frequency and increasing patient compliance.

Among the few nanocarriers mentioned above, amphiphilic block copolymers self-assembled into
polymeric micelles, are one of the earliest reported soft nanoparticles. Since their discovery in the
1980s, these have paved the way in enhancing solubility of the lipophilic cargo by physical
encapsulation, as well as delivery, using a passive mechanism through the widely invoked
“enhanced permeation and retention effect”. ' 12 To augment their scope and specificity in drug

release, a lot of emphasis has been placed on exploiting endo- and exogenous cues in designing
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stimuli-responsive smart nanoformulations by introducing chemical entities sensitive specifically
to pH, temperature, reactive oxygen species, glutathione, light etc. '* In addition, the overall
structure of polymer precursors has evolved from linear to branched, star-shaped, comb, brush,
graft polymers, and hyperbranched structures including dendrimers. Such diversity in architecture
has opened the door to more opportunities to identify limitations, and tailor nanoparticles with
higher precision in drug delivery. The goal of this review is to evaluate how this diversity and
progress in polymer science, have helped advance drug delivery, with the hope that branched
architecture-based formulations will now be studied extensively in terms of their pharmacokinetic
behavior, and progress into the realm of both in vitro and in vivo evaluations. We will highlight
how an understanding of the basic parameters crucial to nanoformulation-based drug delivery can

be modulated into the overall structure of the polymers, to design efficient drug delivery systems.

1.1.3. Emerging Potential of Branched Star Polymers as Nanocarriers

Following the discovery of liposomes, amphiphilic linear block copolymers became, and remained
a focus, in developing nanosized structures for drug delivery. Enormous progress has been made
in developing synthetic methodologies, and obtaining an understanding of their self-assembly
behavior, and most of what we know today stems from the study of the linear architectures.
Detailed evaluations of their aqueous behavior have also given us predictability in morphologies
of the resulting structures. It is now well understood that changes in hydrophilic/hydrophobic
fractions in polymer compositions, play an important role in obtaining assemblies, ranging from
star-like, crew-cut, and rod-shaped micelles, to polymersomes, and even lamellae structures. '*
Advances in synthesis have also contributed towards a library of functionalities that can be
specially tailored to improve drug solubility, loading, release, and bioavailability, while keeping
the dosage to a minimum. The properties of their ordered assemblies, as well as controlling factors,
including polymer chemical composition and molecular weight, have also been investigated. '°
Branched architectures, on the other hand, have only recently started to attract attention, despite
seeing first reports dating back to the 1960s. ' !7 The progression in synthetic methods and
characterization, have allowed polymer chemists to control and obtain more complex,
multifunctional polymers with narrow molecular weight distributions, which are distinct from

linear polymers. These include both symmetric and asymmetric stars, with either molecular or
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chemical asymmetry, i.e., miktoarm polymers. Some typical star block copolymer architectures
are depicted in Figure 1. 1. Synthesis of amphiphilic stars, which are the precursors to
nanoassemblies, has been the focus of several reviews recently. 822 There has been tremendous
effort devoted to developing methodologies to these well-defined homo- or heteroarm stars, which
have employed the chlorosilanes method, pioneered by Hadjichristidis, * and core-first, arm-first,
or grafting-on approaches. To have a better control over their molecular weights, free radical
polymerization methods ?*? including atom transfer radical polymerization (ATRP), reversible
addition fragmentation chain transfer (RAFT), and stable free radical polymerization (SFRP), as
well as ring-opening polymerization (ROP), have been utilized. In the stitching methodology
(arms-first), which employs pre-synthesized polymeric arms covalently linked to the core, alkyne-
azide “click”, and esterification reactions have been very popular. 23-° Generally, a combination

of core-first and arms-first methodologies have generated better outcomes in the synthesis of

amphiphilic polymers for aqueous self-assembly.

More extensive investigations, both experimental and theoretical, have now begun to provide a
better conception of this new and intriguing class of macromolecules. *!3# One of the attractive
features of branched macromolecules, as one would expect, is the variation in the number of arms
from a central core, something unachievable with linear block copolymers. To obtain a similar
composition as their linear counterparts, the molecular weight of each arm in a branched
architecture is reduced and can be tailored with the number of core-linked polymers. With lower
molecular weight polymeric arms, chain entanglement gets significantly reduced, and the overall
structure becomes much more flexible and less viscous. *> The mechanical and viscoelastic
properties of star polymers are thus distinct from their linear analogs. *® 7 For some polymers that
exhibit crystalline behavior at higher molecular weights, such as the much-favored
polycaprolactone (PCL) that is biocompatible and biodegradable, keeping it short and in the
amorphous state, is considered advantageous in enhancing hydrophobic interactions between the
drug and the polymer. The unique core-shell structure formed from star block copolymers upon
microphase separation also leads to spherical assemblies with smaller hydrodynamic diameters,

compared to their linear analogs with similar molecular weights. *3



Chapter 1
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Figure 1.1: Symmetrical and asymmetrical star copolymers, where A, B/B’ and C/C’ are

incompatible polymeric arms.

In addition to the aforementioned advantages, star polymers offer the possibility of incorporating
a much higher number of functional groups. This has implications in a wide variety of applications,
ranging from thermoplastic elastomers, ** polyelectrolytes, *° polyionic liquids, *' hydrogels, **

43, 44 and drug carriers. > ¢ One can construct topologically complex

wearable electronics,
architectures by controlling a number of factors, to alter their dimensions, morphologies, stability,
and material properties, some of which will be touched upon in this review. Thus, star polymers
constitute a relatively new addition to the family of macromolecules that are distinct, yet equally
interesting as their linear analogues. In the context of drug delivery, the unique physicochemical
properties of star polymers can bring advantages in improving the overall efficacy of
pharmaceutical agents. *’* Considering that these are now starting to become ubiquitous
polymeric architectures for biomedical applications, we aim to discuss some of the strategies in

designing star copolymer-based self-assemblies for drug delivery. Some highlights of the structure

of this review are provided in Figure 1. 2.

In this review, our aim is to concisely summarize key contributors that help tailor the efficacy of

star-polymer-based nanoformulations in drug delivery, and how the branched architecture has been
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modulated to better control each of these parameters. We will begin with a succinct discussion on
various methods, including their pros and cons, to prepare self-assemblies of amphiphilic polymers
in aqueous media, and formulation parameters of significance in drug delivery. It will be followed
by i) a detailed discussion on star polymers-based assemblies; ii) how one could optimize these
nanoparticles by articulating the star structure and its overall composition; iii) interesting
variations that have been carried out in star polymers to enhance their effectiveness in drug
delivery; and lastly iv) conclude with a brief outlook on prospects of star polymers in
nanomedicine. Ultimately, the key takeaway is that nanoformulations containing active
pharmaceutical agents need to have a balance of properties, which define their efficacy in carrier
capacity, stability, as well as controlled and sustained drug release. Through an understanding of
their direct or indirect structure-property relationships, one can aim to tailor the design of star
polymer-based assemblies. In the family of star polymers, well-defined hyperbranched
macromolecular cores, more commonly referred to as dendrimer-based star polymers, have also
offered opportunities to expand the breadth of star polymers in biomedical applications. ***® Such
highly branched architectures, pioneered by the group of Akira Hirao, >’° do not constitute the
focus here, and have been extensively reviewed in the last few years. °-%* Globular hyperbranched
polymers, which are akin to dendrimers in relation to their three dimensional highly-branched
configuration, but distinct in terms of their composition, have also been investigated for
applications in drug delivery. %% Various methodologies to synthesize such hyperbranched
polymers were reviewed by Wang and Gao. ® Amongst these, self-condensing vinyl
polymerization, using controlled radical polymerization methods, has been widely applied for
constructing a variety of hyperbranched polymers. >7> Considering the scope of the discussion
here, the reader is directed to an elegant recent review by Cuneo and Gao on such hyperbranched

star architectures. 7
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Figure 1.2: Key highlights of some of the parameters and variables of significance in designing

star polymer-based nanoformulations.

1.1.4. Polymer Self-assembly: Methods

There are a variety of methodologies that can induce self-assembly of amphiphilic copolymers and
promote encapsulation of the desired therapeutic agents. Upon introduction of the polymer/drug
solution into an aqueous medium, unimers start to spontaneously organize into more ordered
structures, such as micelles, nanorods as well as polymersomes, depending on the composition of
the copolymer. In general, the choice of the solvent depends on its miscibility with water, ability

to solubilize both drug and the polymer, as well as its volatility/ ease of removal (i.e., low boiling
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point). It is well known that the protocol adopted during self-assembly can significantly influence

the overall properties of the resulting nanoparticles. ’* 7> A brief introduction to some of the

commonly used self-assembly methods, together with an analysis of their advantages and

disadvantages, are provided in Table 1. 1. A key requisite amongst these is the complete removal

of the organic solvents, which is crucial as even a small amount could become toxic enough to kill

cells.

Table 1. 1: Self-assembly methods and their pros and cons.

Method Procedure
Direct Dissolve both the
dissolution polymer and drug
directly into an aqueous
solution.
Dialysis 1. Dissolve the polymer

and drug in a water-

miscible organic
solvent (e.g.,
tetrahydrofuran
(THF), acetone,
ethanol,
dimethylformamide
(DMF), dimethyl

Advantages
Simple

e Simple
e Applicable to a
wide range of

and

which

polymers
drugs,
are  lipophilic
and immiscible

with water).

Disadvantages
e More suitable for
low molecular
weight  polymers
and drugs, systems
with short insoluble

domains

e Low encapsulation

efficiency

e May require
additional external
driving force (e.g.
ultrasound)

e Complete removal
of the organic
solvent required.

e Large amounts of
water needed,
difficult/

impractical to scale

up.

Ref

76-78

79
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Co-solvent
evaporation/
Microphase

separation

Solvent
evaporation/
Thin-film
hydration

. Dialyze

. Dissolve

sulfoxide (DMSO) or
dimethylacetamide
(DMA).

against
deionized water. Self-
assemblies are formed
slowly as the organic
solvent is removed by

passive diffusion.

both the
polymer and drug in a
low boiling,
nonselective and
water-miscible

organic solvent (e.g.,

THF or acetone).

. Add solution dropwise

to water while stirring.
nanoparticles are
formed as the organic
solvent slowly

evaporates.

. Any excess drug can

be removed by
centrifugation at low

RPMs.

and drug in a water-

miscible and low

e Prevents
formation of big

aggregates

Prevents

¢ Time-consuming

e Can cause drug

release, and result

in lower

encapsulation

efficiencies.

Drug and polymer

may also dialyze

out over time.

Complete removal o

formation of big organic

aggregates.

and encapsulation to

efficiency.

necessary.

be

solvent is

. Dissolve the polymer High drugloading Organic solvent needs

removed

completely.

f 717,80

81
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Oil-in-water/ 1.
solvent-in-
water

emulsion

Freeze-drying/ 1.
Lyophilization

. Rehydrate

boiling organic

solvent.

. Remove the organic

solvent slowly under
reduced pressure to
obtain a thin film.
the film
while sonicating or
stirring.

Dissolve the polymer
and drug in a water-
immiscible  organic
solvent (e.g.,
chloroform (CHCI3) or
dichloromethane

(DCM)).

. Add solution to water

dropwise, followed by
sonication or stirring
to form an emulsion.
Dissolve the polymer
and drug in a mixture
of an organic solvent
(e.g., tert-butanol,
DMA) and water.

. Remove solvent at low

temperatures and
pressures. Micelles are

formed upon freeze-

drying.

e Simple

e Can be used for
a wide range of
polymers and

drugs.

e Stable
assemblies.

e Prevents
degradation and
leakage of

loaded drug.

e Complete removal

of the  organic
solvent is required.
e Commonly used
chlorinated solvents
are carcinogens and
toxic to the

environment.

e Complete removal

of the organic

solvent is necessary.

e Particles might
aggregate  during
rehydration

82

83, 84
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3. Redisperse micelles in
an aqueous medium.
Any unencapsulated
drug can be removed

by centrifugation.

1.1.5. Key Parameters of Self-assemblies

Hydrodynamic Radius (Ru) or Diameter (Du)

Some of the common variables used to assess the clinical relevance of a polymer as a drug delivery
vehicle include, but are not limited to, the hydrodynamic radius (Ru) or diameter (Dn), critical
micelle concentration (CMC), drug loading capacity (DL%) and encapsulation efficiency (EE%).
While the ideal dimensions of a nanocarrier vary depending on the mechanism and site of interest,
these typically need to be larger than 10 nm to facilitate accumulation and ensure prolonged blood
circulation. Too small, and they could get filtered out rapidly by kidney excretion, before
delivering the drug to the intended site; too big (typically >200 nm), and these could be removed
rapidly by the RES. 3% 8 In addition, larger nanoparticles diffuse slower in the bloodstream, and
have a smaller surface area to volume ratio, which implies that drug release would be slower as it
is further away from the surface. This, however, might not be a disadvantage, as polymeric

micelles usually follow an uncontrolled “burst” release, before reaching a sustained release profile.
87

To ascertain the Du of nanoparticles, dynamic light scattering (DLS) is typically used, by
evaluating either number, area, volume, or intensity distributions. DLS relates the Brownian
motion of particles to their sizes, through the Stokes-Einstein equation, and thus it is important to
keep parameters such as temperature and viscosity of the medium constant throughout analysis. 3
However, since DLS cannot capture structural details, it is generally coupled with transmission
electron microscopy (TEM) to visualize the nanoparticles. A disparity is often seen between values
obtained from DLS and TEM, mainly due to the shrinking and drying of polymer formulations
during sample preparation onto the TEM grids. ®° At times, there is also a discrepancy in samples

prepared from deionized water and phosphate buffer solutions. *° In addition, TEM is a number-
12
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based observation, whereas DLS is generally based on intensity. Both methods are important in
nanoparticle analyses, but DLS might be more relevant in drug delivery since it reflects the true

dimensions of nanoparticles in a medium.

Critical Ageregation Concentration

Critical aggregation concentration (CAC), or more commonly referred to as critical micelle
concentration (CMC) for core-shell assemblies, is another key parameter in determining the
viability of a polymer assembly in drug delivery. It gives an indication of the polymer
concentration, needed to form micelles/polymersomes, and is often used to predict if the drug-
loaded carriers will be retained or disassemble immediately upon administration. At lower
concentrations, surfactants prefer to exist as unimers. With increasing concentrations, they tend to
aggregate to shield the hydrophobic region from the aqueous medium, thereby reducing the free
energy of the system. Micellar assemblies are segregated into distinct hydrophobic (core) and
hydrophilic (shell) regions. Since drug-loaded nanocarriers are diluted extensively upon entry into
blood circulation, self-assemblies with low CMCs (ug mL™") are generally preferred to prevent any
premature release of the drug. The latter can help prevent acute cytotoxicity to healthy cells, and

rapid clearance. *!

CMC can be experimentally determined through a number of direct and indirect techniques. Direct
methods involve examining changes in physical properties as the micelles are formed. This can be
achieved by using 1) a tensiometer to measure increasing surface tension; or ii) conductometer to
monitor an increase in conductivity, and its breaking point for ionic polymers; °* or iii) DLS, to
examine the increase in light scattering. ** Indirect techniques rely on the use of a water-insoluble
probe that exhibits different properties, as it partitions between the aqueous environment and the
hydrophobic core of the micelle. This includes fluorimetry to measure fluorescent intensities of

94

hydrophobic dyes such as pyrene, ** coumarin-6 > and Nile Red; ** as well as UV-vis

spectrophotometry to measure changes in absorption of conjugated probes like curcumin, *’ pyrene
% and benzoylacetone (BZA). *® A series of polymer concentrations is generally required to

measure the changes, and each method has its own merits and limitations. '® More recently,
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titration '°! and Rayleigh interferometry '°? have also been reported for CMC determination, which

can eliminate the need to prepare multiple polymer concentrations.

Loading Capacity and Efficiency

Another important parameter of a nanocarrier in drug delivery is examining its efficacy to
encapsulate drugs, and it is generally measured as drug loading capacity (DL%) or encapsulation

efficiency (EE%). These are calculated using the following equations:

Drug loading capacity (weight %) (Equation 1)
_ Weight of drug in micelles 0

Weight of drug + polymer used initially x 100%
Drug encapsulation efficiency (weight %) (Equation 2)
_ Weight of drug in micelles % 100%

Weight of drug used initially

Both of these parameters can be calculated using UV-vis, ' fluorescence, 1 or high-performance
liquid chromatography (HPLC). ' The measurements can be carried out either directly on the
drug encapsulated in micelles, or indirectly using unencapsulated drugs in the aqueous medium.
In both cases, a standard calibration curve is needed, in which the instrument signals can be
translated into the amount of drug present. It can be easily obtained by preparing a series of drug
solutions across a range of concentrations and plotting these against the measured property.
Ideally, different concentrations should be prepared separately, and not from a common stock
solution, to prevent any errors from propagating. It is also important to ensure that the absorption
peaks of drug and solvent do not overlap. During loading, some of the drug might aggregate in
water, which can be removed by centrifugation. The supernatant from centrifugation can then be
separated with a suitably sized filter. Since any free drug is assumed to have been removed by
centrifugation and filtration, the signal obtained from the instrument directly correlates to the

amount of drug encapsulated in the nanocarrier.
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1.1.6. Strategies to Design Branched Star Copolymers for Drug Delivery

In the following sections, we will discuss some of the strategies that have been examined in star
polymers for the enhancement of drug encapsulation into their corresponding soft nanoparticles.
Table 1. 2 below provides a summary of such star polymers with some of these parameters, the

relevant properties of the polymers and soft nanoparticles, together with their efficacy in cargo

loading.

Table 1. 2: Varied strategies in the star polymer-based assemblies for drug delivery.

Parameter Variation Polymer?® Cargo Dy®* CMC¢ DL%? EE%°® Ref
loaded
Hydrophilic length PEGao0  PCLasoo-(PCL3100- = Doxorubicin = 107 = 0.90 8.8 52.8 106
b-PEG2000)3

PEGso00 PCL23s0o-(PCL3100- 72 3.45 9.1 54.6
b-PEGs000)3
Hydrophobic length PCL3000 (PEG775)2- Nimodipine 9 0.12 2.3 23 105
PCL3000"
PCLss00 (PEG775)2- 10 0.07 3.0 30
PCLsgoo"
PCL 10000 (PEG7s)- 50 017 32 32
PCL 000"
PCL19000 (PEG?775)»- 28 0.04 7.0 70
PCL 19000
PCLss0o PEG2000-PCL53002 16 -- -- --
PCLs00o PEG?775-PCL¢000® 92 -- -- --
Architecture Linear L-PCL4700-b- Doxorubicin = 211 | 21.20 = 15.8 -- 107

PDMAEMA 5100

Star S-PCLag00-b- 160 8.01 16.6 --
PDMAEMA 5500

Number of arms 3 (PCL2300)2- Doxorubicin = 73 18.19 4.4 34.3 8
POEGMA 12300
4 (PCLas00)s- 44 595 57 526
(POEGMAg00):2
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Linear

POEGMA

Topology

Cyclic
POEGMA
Core crosslinked UV-
irradiation
(min)
0

30

90

Corona crosslinked 0%

50%

100%

Stereocomplexation P(L)LA

only

P(D)LA
only

P(L/D)LA

P(L)LA

mixed with

P(D)LA

(PCL1600)3-
POEGMA 1900
PCLsi00-
(POEGM Auo00)3
(I-POEGMAss00)-
b-PCLa3000
(c-POEGMA s400)-
b-PCLa2700
PMAAs700-b-
HTPB2300-b-
PMAA5700

PNIPAM5000-b-
PLLs¢40o

PEGs000-
P(L)LAs000-
P(L)LAx2000

PEGs000-
P(D)LA2000-
P(D)LA2000

PEGS5000-
P(L)LA2000-
P(D)LA2000

PEGs000-
P(D)LA2000-
P(DLA2000/

PEGs000-
P(L)LAx2000-
P(L)LA2000

28

57

Doxorubicin =~ 56

30

Paclitaxel

90

55

Prednisone 128

acetate
132

~140

Paclitaxel 28

29

26

32

2.66

10.00

17.38

6.23

53.56

45.39

37.87

19.10

20.00

15.10

10.00

8.14

4.50

3.96

5.12

6.6

8.8

14.9

2.1

2.5

5.0-
7.9

~10

11.6

62.9

39.8

39.12 %

43.76

108

33.6

42.6

62.9

109

18.6

21.4

110

16



Chapter 1

Drug-core

compatibility

Drug- core-

conjugated polymer

Drug-corona-

conjugated polymer

Drug: polymer
concentration

(Wt%)

Choice of solvent

No

conjugation

Conjugated

No
conjugation

Conjugated

25

50

75

100

125

150

Acetone

DMSO

DMA

(PEG775)2-
PCL 10000

(PEG750)2-
PCL10300

CDS(PCLy10)14
(PEGi100)7
CDS(PCL10)1s
(PEG2000)7
CDS(PCL110) 14
(PEGi100)7-D
CDS(PCL710)14-
(PEG2000)7-D
SP-DTX-C

SP-DTX

PEG2000-PCL3300-
TPPBr

PLGA 4600-
AAA(mP EG2000)2

Nimodipine = 50.2

Curcumin 57.8

Ibuprofen 17

11

17

12

Docetaxel 114

57

Coenzyme

Q10

~90

~105

~95

Ibuprofen 149

37

36

0.17

2.95

6.53

2.69

6.46

0.603

32

53

3.5

23

8.2

6.1

13.7

20.1

~20

~70

~90

~120

~140

52

54

4.2

32

56

1.1

273

20.3

62.7

55.7

72-99

57.6

59.3

45.6

105

111

112

113

114

115

a Subscript following polymer abbreviations denote M, obtained using 'H NMR. Subscript following parentheses (if

any) denotes number of polymeric arms. Abbreviations used in order of appearance: PCL: polycaprolactone; PEG:

polyethylene glycol; PDMAEMA: poly(2-dimethylamino)ethyl methacrylate; POEGMA: polyoligo(ethylene glycol)

17



Chapter 1

methyl ether methacrylate; PMAA: poly(methacrylic acid); HTPB: hydroxyl-terminated polybutadiene; PLL= poly(L-
lysine); P(L)LA: poly(L-lactide); P(D)LA: poly(D-lactide); CDS: per-6-(fert-butyldimethylsilyl)-$-Cyclodextrin; SP:
star polymer; DTX: docetaxel; TPPBr: triphenylphosphonium Bromide; PLGA: poly(lactide-co-glycolide); AAA:
aminoadipic acid; ® Hydrodynamic diameter obtained from DLS. € Critical micelle concentration. ¢ Drug loading

efficiency. ° Drug encapsulation efficiency. fMiktoarm polymers. & Linear polymers.

1.1.6.1. Polymer Composition

Polymer composition is one of the most pivotal aspects in determining the efficacy of star
copolymers for therapeutic interventions. One could alter it either through a chemical build-up of
the polymer or its molecular weight. Extensive studies have been carried out on altering the
hydrophilic: hydrophobic ratio of copolymers to optimize the drug solubilization/loading
capability of micelles, besides tailoring self-assembly morphology, from spherical to worm-like
micelles, and polymersomes. An important consideration is that the polymeric composition should
generate a good balance between the hydrophobic microenvironment that surrounds the drug, and
the hydrophilic layer that segregates and stabilizes the micelle between the incompatible core and
the aqueous medium. Since making such adjustments would directly affect the carrier dimensions
and CMC of polymeric micelles, it is very important to understand the implications of composition

changes in tailoring drug delivery vehicles.

Shell/Corona-forming Block and its Length

Poly(ethylene glycol) (PEG) (also known as poly(ethylene) oxide (PEO)) is the most commonly
used polymer in forming the hydrophilic shell, for reasons including, (i) it is biocompatible and
FDA-approved; (ii) has high solubility in water, independent of its molecular weight, temperature,
or concentration; and (iii) presents antifouling, “stealth”-like properties, which are necessary for
circulation, resisting protein adsorption and cell adhesion. These also prevent it from aggregating,
making it go undetected by the body’s immune system, and subsequently increasing its circulation
time in the bloodstream, and thus enhancing bioavailability. While being considered a gold
standard in drug delivery, PEG poses several limitations that have motivated scientists to search
for alternatives. These include its nonbiodegradability, potential immunogenicity, and highly toxic

byproducts from its synthesis (class 1/ class 2b carcinogens). % '17 Changes in its pharmacokinetic
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behavior have also been reported, which expedite renal clearance, as noted after injection of PEG-
covered liposomes. This could be related to the antiPEG antibodies, leading to accelerated blood

clearance (ABC) effect. !'8

Recently, polysarcosine (PSar) and poly(2-alkyl/aryl-2-oxazoline) (PAOx) have emerged as
potential alternatives to PEG for biomedical applications. Despite being discovered several
decades ago, both have only just started garnering interest for their biodegradability and “stealth”-
like properties which are comparable to PEG. PSar is a highly hydrophilic polypeptoid based on
the endogenous amino acid sarcosine, and its stealth-like properties largely stems from the absence
of hydrogen bond donors which drastically reduces chances for protein adsorption. ! 12° Several
studies have shown higher biocompatibility, stability, and less immunogenic activity for PSar over
PEG. 2! 122 On the other hand, PAOx provides great versatility in its chemical and physical
properties by tuning the side chain of the monomer. '?* 12 Given the above-mentioned advantages
of PSar and PAOx, these constitute excellent alternatives to PEG and PEGylation. Other

5

hydrophilic polymers that have been studied include poly(L-lysine) (PLL), '*° poly(2-

(dimethylamino)ethyl methacrylate) (PDMAEMA), 126 and poly(acrylamide) (PAAm) (Figure 1.
3).127, 128

Hydrophilic polymers Hydrophobic polymers
(o} e H
,(H\)g\ '(J\rro Ny,
H( o\/)‘cm i h ’~n "
h o~ NH; o
Poly(ethylene glycol) Poly(L-lysine) Poly(D/L-lactide) 0~ "OH

Poly(L-glutamic acid)
[0} | (o] \rIJ: ’é.)k/\/\/ )\
(o}
PI\IN)E %; n /‘,?f’g

Polysarcosine Poly(N-isopropylacrylamide) Poly(e-caprolactone)

Poly(methyl methacrylate)
0, n (o)
e {/‘j;t \LnJ\ o)
LN\/Q\ Om n =
n '\N (o] ‘GN

N

S

Poly(2-methyl-2-oxazoline) Poly(lactide-co-glycolide)

Poly(2-(dimethylamino)ethyl Poly(2-phenyl-2-oxazoline)
methacrylate)

Figure 1. 3: Polymers commonly employed in nanocarriers for drug delivery.
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In general, an increase in the hydrophilic content tends to give micelles with higher CMCs. In
2016, Zhu et al. reported on a study using A(AB)3 star polymers synthesized from an
oligosaccharide core, ethyl-$-D-glucopyranoside, where A = PCL2soo, A’ = PCL3100 and B =
PEG2000 or PEGso00 (numbers denote the molecular weight of the polymer). 1% Using Novozyme
435 as the catalyst, they managed to carry out selective ring-opening of e-caprolactone (CL) to
obtain the asymmetric star copolymers. It was observed that with the increase in hydrophilic
fraction from PEG2000 to PEGsooo, the hydrodynamic diameter decreased from 107 to 72 nm
(Figure 1.4), while the CMC increased from 0.90 to 3.45 pg mL™! (Table 1. 2). This can be
associated to the change in hydrophilic/hydrophobic ratio which affected the solvation/desolvation
of PEG and PCL in the aqueous medium. It was noted that the PCL2soo-(PCL3100-b-PEGs000)3
system was more likely to aggregate, probably due to its larger surface area and uniform shape,
which favors aggregation. Doxorubicin (DOX) encapsulation efficiencies and loading capacities
(EE% and DL%) did not change significantly with increasing hydrophilic ratio, since these may

be more dependent on the interactions between the drug and the hydrophobic core.
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(A)

(B)

Figure 1. 4: Schematic illustration of hydrodynamic radii differences based on different

hydrophilic lengths in star polymers; PCL = polycaprolactone and PEG = polyethylene glycol.

Core-forming Block and its Length

The choice of the core-forming polymer has a more direct effect on the drug solubilization, loading
capacity and release kinetics of the nanocarrier. As most drugs are physically encapsulated, it is
imperative that the core-forming polymer is compatible with it. Polymers could be judiciously
chosen to enhance hydrophobic, n-w, and hydrogen bonding interactions with drug molecules.
Increasing the length of the hydrophobic polymer has been shown to decrease CMC, as the
micelles are more likely to aggregate and move away from the aqueous medium. ' However, care
should be taken to ensure a good balance between the hydrophilic and hydrophobic content to form

a stable micellar structure. The downside of having larger hydrophobic domains is that the micelle
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would typically have a bigger core, and thus a larger Du. Other hydrophobic macromolecules that
have been investigated as core-forming blocks in star copolymers include poly(D/L-lactide)
(P(D/L)LA), '*° poly (e-caprolactone) (PCL), *! poly(lactide-co-glycolide) (PLGA), ' poly(L-
glutamic acid), *? and poly(methyl methacrylate) (PMMA), '** with PCL being one of the most
popular choice in nanocarrier assisted drug delivery. '** This FDA-approved polyester has been
shown to degrade under physiologically-relevant conditions, through slow hydrolysis, into smaller
monomeric or oligomeric lactic acids, such as caproic acid. '*> 13 These could potentially be
metabolized and removed through renal clearance. *7 In general, the degradation rate is governed
by a number of factors such as its crystallinity, overall nanoparticle composition and
environmental conditions, which has been well-documented in a recent review on the degradation

of PCL under varying physiological conditions. !*3

In 2010, a series of A2B-type micelles were reported, which had a (PEG775)2-PCLn composition,
where the molecular weight of PCL varied from 3000, 5800, 10000 to 19000 (Mn= 5100-20000).
105 The latter were self-assembled into micelles via the co-solvent evaporation method, and
(PEG775)2-PCL19000 was found to have the highest hydrodynamic radius. It was expected, as it has
the longest PCL chain, which would result in a larger core. Micelles from (PEG775)2-PCL19000 also
had the lowest CMC, and the highest drug loading (7%) and encapsulation efficiencies (70%). The
micelles barely increased in size upon nimodipine (NIM) encapsulation (Ru from 28 nm to 25 nm).
More importantly, the solubility of NIM improved significantly from 3.86 pg mL™ when freely
suspended, to ~700 ug mL™! when encapsulated. Blank (PEG775)2-PCLsgoo and diblock linear
copolymers, PEG2000-PCLss00 and PEG775-PCLe0oo0 were also prepared, and it was noted that the
branched miktoarm structure gave micelles of smaller sizes (Table 1. 2). This study and others
have clearly shown that the properties of a micelle are very much governed by polymer

composition. 1%

1.1.6.2. Polymer Architecture

Linear vs. Star Copolymers

As discussed earlier, the branched architecture offers interesting properties for improving the

efficacy of polymeric nanocarriers as drug delivery vehicles. In addition to the miktoarm polymers
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of AB2 composition described above, '% there are few other studies that have attempted to establish
direct comparison of the efficacy of the linear and star polymer architectures. In 2014, Lo et al.
synthesized and compared a 4-arm star copolymer (Star-PCL4000-b-PDMAEMA 15800) with its
linear analog (Linear-PCL4700-b-PDMAEMAI5100) of a similar composition, to deliver green
fluorescence protein plasmid (pEGFP) and DOX (Table 1. 2).!%7 These amphiphilic copolymers
that could deliver both gene and anticancer drugs, were synthesized from pentaerythritol by ROP
of caprolactone (CL), and subsequent ATRP and 2-(dimethylamino)ethyl methacrylate
(DMAEMA). Upon self-assembly in a pH 3.0 solution, the hydrodynamic diameters of the
micelles were found to be approximately 160 and 211 nm, for the star and linear copolymers
(Figure 1. 5). The CMC for the nanoparticles from the 4-arm branched copolymer (8.01 pg mL™)
was also lower than the linear analog (21.2 ng mL™"). Even after binding pEGFP to the micelles,
the hydrodynamic diameter of the particles from star-PCL4000-b-PDMAEMA 15300 (~128 nm), was
about half of that from linear-PCL4700-b-PDMAEMA 5100 (~283 nm). As the molecular weight was
distributed among 4 arms in the star polymer, the cationic density was expected to be thinner,
leading to smaller micelles. Although, both star and linear copolymers showed very similar DOX
loading (DL% 16.6 and 15.8%), the star-shaped polymer had an overall slower drug release profile,

increased cellular uptake, and was much more efficient at killing cancer cells.
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o“ o
PCL
AN
PDMAEMA
(A)
R, =106 nm
(B)
R,=80nm

Figure 1. 5: Schematic illustration of hydrodynamic radii changes based on the packing of (A)
linear, and (B) star PCL-b-PDMAEMA copolymers; PCL = polycaprolactone, and PDMAEMA =
poly(2-(dimethylamino)ethyl methacrylate).

Star Copolymers and the Degree of Branching

Another advantageous approach in lowering the CMCs is to adjust the degree of branching in
amphiphilic star copolymers, as it affects the packing of unimers during self-assembly. For
instance, Wang et al. studied 4 miktoarm polymers of the type A2B, A2B2, A3B and AB3 with
similar compositions, where A= PCL and B= polyoligo(ethylene glycol) methyl ether methacrylate
(POEGMA) (Table 1. 2).* Starting from either 1,1,1-tri(hydroxymethyl)ethane or pentaerythritol,
they customized multifunctional initiators suitable for ROP of CL and ATRP of oligo(ethylene
glycol) methyl ether methacrylate (OEGMA). From their findings, the 3-armed (PCL2300)2-

POEGMA 12300 had a larger hydrodynamic diameter (73 nm) and higher CMC (18.19 ug mL™),
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than the other 4-arm miktoarm polymers (28- 57 nm, 2.66-10.00 pg mL™'). In addition, they
compared the effect of the degree of branching of PCL moieties on the micelle stability. Not
surprisingly, 4-armed (PCL1600)3-PEGMA 11900 had the smallest hydrodynamic diameter (28 nm)
and CMC (2.66 ug mL™"), most likely due to the higher degree of branching of the hydrophobic
core, which led to a more compact, and therefore, smaller core (Figure 1. 6). The stability was
further reflected in the dimensions of the micelle that was vastly similar despite being prepared in
a salt-saturated PBS solution. Similarly, the same polymer also had the highest DL% (8.1%) and
EE% (62.9%). Another study investigating the influence of various PLGA-PEG arms on the
delivery of DOX had also been reported. '

Figure 1. 6: Schematic illustration of hydrodynamic radii based on the packing of (A) 3-arm, and
(B) 4-arm PCL-PEGMA star copolymers; PCL = polycaprolactone and PEGMA = poly(ethylene
glycol) methyl ether methacrylate.
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Cyclic Topology

Besides changing the architecture of an entire polymer, one could also alter the topology of certain
segments to confer more stability to the nanoparticles. As reported by Wang et al., the
incorporation of POEGMA in a cyclic fashion, gave micelles of greater stability than its linear
analogue. *° Using the common dendrimer building block, 2,2-bis(hydroxymethyl) propionic acid
(bis-MPA), as the starting material, they obtained a macroinitiator suitable for i) ATRP of
OEGMA300; 11) copper-catalyzed alkyne-azide cycloaddition (CuAAC); ii1) and ROP of CL to
obtain a polymer with cyclic hydrophilic, and linear hydrophobic blocks. The CMC of the cyclic
tadpole-like polymer (6.23 pug mL™!) was found to be about one-third lower than the linear
copolymer (17.38 pg mL"), most likely due to the bulky conformation and steric hindrance of
cyclic OEG, which reduced the number of polymeric chains needed to achieve equilibrium (Figure
1. 7). Similarly, the cyclic tadpole-like polymer also showed a smaller hydrodynamic diameter,
although the DL% and EE% did not differ significantly (Table 1. 2). However, the cyclic tadpole

polymers exhibited slower release profiles of DOX and lower in vitro cytotoxicity.
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Figure 1. 7: Schematic illustration of hydrodynamic radii changes upon packing of (A) linear, and

(B) star PCL-b-PDMAEMA copolymers; PCL = polycaprolactone and POEGMA =

poly(oligo(ethylene glycol) methyl ether methacrylate).

1.1.6.3. Core/ Shell-Cross-linked Micelles

An alternative approach to improving the stability of micelles, and prevent disassembly in the
bloodstream, is to crosslink either the core or shell. In 2015, Xu et al. utilized the double bonds on
hydroxyl-terminated polybutadiene (HTPB) as a cross-linker, to couple two PMA A¢s-b-HTPB-b-
PMAAGes chains to give a H-type 4-arm star block copolymer for loading of paclitaxel (PTX),
where PMAA= poly(methacrylic acid). '° By exposing the reaction solution to UV light at 365
nm, they examined the influence of irradiation time on the degree of cross-linking and the
physicochemical properties of the self-assemblies. As the UV exposure time increased from 0 to
90 min, the degree of cross-linking increased, as much as 21%. This % cross-linking was sufficient
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to improve micellar stability, and it was reflected in the CMC and hydrodynamic diameter (non-
cross-linked: 53.56 ng mL™!, 89 nm; cross-linked: 37.87 pg mL™!, 55 nm, Figure 1. 8). The micelles
prepared with increasing degrees of cross-linking had DL% and EE% twice of those without cross-
linking. This enhancement can be attributed to the more closely packed unimers as they are linked,
which places the chains close together with higher degrees of cross-linking (i.e., smaller
dimensions). The cross-linking also led to slower drug release and less drug leakage in micelles.

Another similar study with poly(N-(2-hydroxypropyl)methacrylamide) has also been reported. '4°

Figure 1. 8: Schematic illustration of hydrodynamic radii differences based on the packing of (A)
non-crosslinked linear, and (B) cross-linked H-type star copolymers; HPTB = hydroxyl-terminated

polybutadiene, and PMAA = poly(methacrylic acid).

Another study reported cross-linking the outer shell of a poly(N-isopropylacrylamide) (PNIPAM)
and PLL-based dual responsive star system. ! The PNIPAMisoo0-b-PLLs400 copolymer was
synthesized through a combination of ATRP of NIPAM, ROP of CL, and CuAAC to obtain a Y-
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shape miktoarm copolymer. Using the amine groups on PLL and glutaraldehyde as the cross-
linker, the group managed to obtain 100% or 50% cross-linking at 50 °C, with glutaraldehyde/
amine ratios of 1:2 or 1:4, respectively. Without any cross-linking, the hydrodynamic radius of the
copolymer was 128 nm at pH 12.0, with PLL forming the core and PNIPAM forming the shell.
When the LCST behavior of PNIPAM was triggered during 50% cross-linking of PLL at 50 °C,
the core-shell assemblies inverted to give a PNIPAM core and PLL as shell. The authors reported
that the cross-linking also retained the core-shell structure, and even after cooling down to room
temperature, the hydrodynamic radius did not change significantly (132-150 nm). This proved that
the micelle did not go back to the original PLL-core and PNIPAM-shell assembly, although both
polymers became hydrophilic simultaneously. The difference in hydrodynamic radii was even less
significant for the 100% cross-linked micelles. The DL% and EE% of prednisone acetate were
slightly better with the 100% cross-linked micelle (2.5% and 21.4% respectively), as compared to
the 50% cross-linked micelle (2.1% and 18.6% respectively). The cumulative drug release was
also slower with higher cross-linking. A possible explanation is that the permeability of the shell
is altered with different degrees of cross-linking, which had an effect on its diffusion out of the

micelle.

1.1.6.4. Stereocomplexation and Mixed Micelles

While chemical cross-linking of either the core or shell can improve stability, some properties or
functions of the polymer may be lost during the cross-linking process. Mixing micelles to form
polymer stereocomplexes is an alternative strategy to enhance the encapsulation of drugs into
nanocarriers. Polymer stereocomplexes rely on complementary, noncovalent interactions for
enhanced kinetic stability and physicochemical behavior, compared to their parent analogs. '*! In
the context of drug delivery, a great deal of research has been done on studying polylactides
(P(D)LA and P(L)LA) and their stereocomplexes, as these are FDA-approved, biodegradable and
can be produced from renewable resources such as corn starch. Due to strong interactions between
P(L)LA and P(D)LA, these PLA stereocomplexes formed crystalline lattices that were more stable,
stronger, and had a higher melting temperature than the homocrystallites. PLA stereocomplexes
were also found to have enhanced barrier properties, which can lead to more controlled and

prolonged drug release rates. The mechanical performance, which has an effect on tissue

29



Chapter 1

penetration and distribution, can be further improved by using higher molecular weight
polylactides, although homocrystallization of the enantiomers might supercede stereocomplex
crystallization. #2143 In 2009, Nederberg et al. mixed enantiomeric P(L)LA and P(D)LA that were
chemically bonded to PEGso00 through bis-MPA. '1° They examined a few Y-shape PEG-(P(D/L-
lactide)2 polymers such as PEGsooo-P(L)LA2000-P(L)LA2000, PEGs000-P(D)LA2000-P(D)LA2000,
PEGs000-P(L)LA2000-P(D)LA2000 stereocomplex, and a mixture of PEGso00-P(D)LA2000-
P(D)LA2000/ PEGs000-P(L)LA2000-P(L)LA2000 stereocomplexes. The stereocomplexed micelles
showed lower CMCs (10.0-15.1 ug mL™") and higher DL% (~10.0-11.6 wt%), compared to the
parent polymers-based micelles, PEGso00-P(L)LA2000-P(L)LA2000 (19.1 pg mL™') and PEGsooo-
P(D)LA2000-P(D)LA2000 (20.0 ug mL!, 7.9 wt%, Table 1. 2). Although this effect was not very
evident with the blank micelles, it was much more prominent with the PTX-loaded micelles, where
the nanoparticles were approximately 60 nm smaller and less dispersed than the parent polymer.
The stereocomplexed micelles also displayed less initial burst, and slower release profiles of PTX
over a span of 12 days. Other studies based on mixing polymer blends for tunable functions have

also been reported. !4+ 14°

1.1.6.5. Compatibility between the Drug and Core-forming Block

The Flory-Huggins theory is commonly used in predicting the solubility of drug in a polymeric
core, and can be determined with the following equation: 4% 147

Ysp = (8s - 8p)? (V/RT) (Equation 3)

where ysp describes the interaction parameter between drug (s) and core-forming block (p). s -is
the Scatchard-Hildebrand solubility parameter of the drug; &p is the Scatchard-Hildebrand
solubility parameter of the polymer, and Vs is the molar volume of the drug. A lower positive
value of ysp infers that there is greater compatibility between the drug and the core. Similar kinds
of computational approach might serve a better purpose in formulation design and facilitating
drug-polymer pairing instead of relentlessly developing new formulations. For example, Sharma
et al. estimated ysp for nimodipine, Coenzyme Q10 and PCL, with values coming to 2.54 and 4.57
for nimodipine-PCL and CoQ10-PCL, respectively. Subsequently, this confirmed their findings
on the superior loading of CoQ10 into their PEG-PCL based miktoarm polymer.
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Apart from examining the interaction parameter, one could also exploit inherent interactions
between cargo and polymer to enhance physical encapsulation of drug. In a comparative study
using curcumin and NIM (Figure 1. 9, Table 1. 2), it was shown that in the assemblies from
miktoarm polymer (PEG?775)2-PCL10000, the core had more favorable interactions with curcumin.
105, 111" Aside from hydrophobic forces, it is possible for curcumin to form hydrogen bonds, and r-
7 interactions with the polymer, which may contribute towards higher drug loading and
encapsulation efficiencies. Similar studies comparing DOX and camptothecin compatibility in a
few MAA-based homo- and heteroarm star/ miktoarm copolymers, as well as the effect of n-n

interactions on curcumin-loading into PEG-PCL star copolymers, have also been reported. 4% 147
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Figure 1. 9: Structure of PEG2-PCL miktoarm polymer that had been loaded with (B) nimodipine

and (E) curcumin; PEG = poly(ethylene glycol) methyl ether and PCL = polycaprolactone, and

structure of all the drugs that were summarized in Table 1. 2.
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1.1.6.6. Chemical Conjugation of the Drug to Polymer

Although the inherent drug-polymer interactions could be sufficiently strong, one could
chemically conjugate the drug to enhance payload into the nanocarrier, as well as eliminate drug
leakage and dose-dumping upon dilution. In 2010, Gou et al. compared ibuprofen-conjugated
assemblies from star polymers, CDS(PCL710)14-(PEGi100)7 and CDS(PCL710)14-(PEG1100)7-D,
where CDS= per-6-(tert-butyldimethylsilyl)-f-Cyclodextrin and D represents the drug-conjugated
polymer. ''? Utilizing B-cyclodextrin and a combination of ROP and CuAAC reactions, they could
attach ibuprofen on the PCL end, and self-assemble it into micelles by dialysis. It was reported
that the ibuprofen-conjugated polymer showed significantly higher DL% and EE% (8.2% and
27.3%), as compared to the non-conjugated polymer (3.5% and 11.7%) (Figure 1. 10). They
attributed these findings to the enhanced hydrophobic interactions between the conjugated
hydrophobic drug and the core, as well as favorable interactions between conjugated and free
ibuprofen. More importantly, the ibuprofen-conjugated polymers showed almost identical
dimensions, CMC, and morphology, to the non-conjugated polymers. Similar observations were
reported with the CDS(PCL710)14-(PEG2000)7 and CDS(PCL710)14-(PEG2000)7-D miktoarm star
copolymers (Table 1. 2). The hydrodynamic diameter, DL% and EE% also increased, while the
CMC decreased with lower PEG fractions (i.e., more hydrophobic moieties). An earlier study by
Gou et al. with an ibuprofen-conjugated (PCL3200)2-(PEG2000)2-D also showed the importance of
employing both DLS and TEM for analysis, as loading of ibuprofen into the conjugated star
polymer at a feed ratio of 3:10 wt% altered the morphology from spherical to wormlike due to
increased hydrophobicity of the PCL core. '°° Another study involving conjugation of DOX on
poly(glutamic acid)-core had also been reported in 2014, 1!
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H€°\/%OH s HH\@)\

PCL, Ibuprofen

R, =17 nm

Figure 1. 10: Schematic illustration of changes in drug loading from (A) physical encapsulation,
and (B) physical encapsulation, and chemical conjugation of ibuprofen at the core to PEG7-PCL14;

PEG = poly(ethylene glycol) and PCL = polycaprolactone.

In another study, docetaxel (DTX) was conjugated to the corona of the micelles. !'* By coupling
a pyridyldisulfanyl-functionalized polyhedral oligomeric silsesquioxane (POSS—PDS) with a
thiol-terminated semitelechelic N-(2-hydroxypropyl) methacrylamide copolymer (P-SH), a dual
pH and reduction-responsive polymer was obtained, which had suitable functional groups for the
conjugation of DTX by hydrazone bonds. The authors compared the POSS-based star copolymers

with DTX encapsulated at the core (SP-DTX-C), with another which had DTX chemically
33



Chapter 1

conjugated in the corona, on top of having it encapsulated in the core (SP-DTX, Figure 1. 11). The
combination of physical encapsulation and chemical conjugation enhanced several desirable
properties of SP-DTX, giving smaller dimensions (57 nm vs. 114 nm), DL% (20.1% vs. 13.7%)
and EE% (55.7% vs. 62.7%), relative to SP-DTX-C.

o
R= _\—Nukf\s’s \E"j

/ R — = disulfide bond

Y
T~ Si [e]
R o L\—NHJk/\S’S N

o

2 R,=57nm

Figure 1. 11: Schematic illustration of changes in drug loading from (A) physical encapsulation
(SP-DTX-C), and (B) physical encapsulation at the core and chemical conjugation at corona (SP-
DTX) of DTX; PHPMA = poly(N-(2-hydroxypropyl)methacrylamide) and POSS-PDS =

pyridyldisulfanyl-functionalized polyhedral oligomeric silsesquioxane.

1.1.6.7. Polymer: Drug Feed Ratio

The polymer-to-drug feed ratio is another variable that is tunable by simply increasing the amount
of drug during self-assembly. It is an important consideration in nanomedicine to maximize drug
loading at the lowest possible polymer concentrations. It can be beneficial to patients, as it would

require less frequent administration. Additionally, if the drug loading is very low (e.g., 20 wt%),
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it infers that 80 wt% of the nanocarrier is the polymer itself, which the body would need to
eliminate. This, in turn, puts extra stress on the patient, especially when the polymer is not
biodegradable. It should be noted that higher drug loading does not necessarily result in faster
release kinetics. As drugs naturally tend to get into a crystalline state upon increased

concentrations, they are even more prone to crystallization as the system gets saturated.

The loading of drug into blank polymeric nanocarriers is often accompanied by an increase in
hydrodynamic diameters, as the core expands to accommodate more cargo. ' Therefore, an
increase in DL% when the feed ratio increases, is also usually followed by an increase in its
dimensions. In 2012, a few triphenylphosphonium cation (TPP")-linked PEG-PCL miktoarm
polymers were prepared through a combination of click and subsequent ROP reactions for the
delivery of coenzyme Q10 (CoQ10) to mitochondria. ''* For one of the polymers PEG2000-
PCL3s00-TPPBr, there was a linear increase in CoQ10 loading into micelles, with respect to
CoQ10/ polymer weight ratio (Table 1. 2). The encapsulation efficiencies were in the range of 72-
99% , and the micellar size showed an enlarging trend within this range but was still sufficiently
small at approximately 100 nm. Any further increase in drug concentration did not lead to more

CoQ10 being loaded.

1.1.6.8. Choice of Solvent for Self-Assembly

The choice of the solvent, as described in the self-assembly methods section, has been shown to
have a significant effect on the formulation morphology. '°2 In 2019, a PLGA-PEG miktoarm star
polymer was reported for the encapsulation of ibuprofen into their assemblies. ''* Before
transferring the solutions into dialysis membranes, several solvents, including acetone, DMSO and
DMA, were tested to dissolve the polymer and the drug. Interestingly, using acetone gave the
largest mean particle diameter of 149 nm, while using DMSO and DMA led to much smaller
dimensions, approximately 37 nm (Table 1. 2). In addition, the DL% and EE% with acetone
(5.24% and 57.59%), and DMSO (5.39% and 59.26%), were better than DMA (4.15% and
45.59%). Hence, it was concluded that DMSO was the best solvent among the three to form PLGA-
PEG-based self-assemblies with high loading capacities.
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1.1.7. Biological Evaluations

One of the major objectives of the nanocarrier assisted drug delivery on a short term is to enhance
the quality of life for the patients with effective therapeutic interventions, while finding better
management and cure for high morbidity rate diseases, on a larger perspective. It desires a detailed
biological (in vitro, as well as in vivo) evaluations of the nanoformulations, to determine important
parameters including safety, distribution, specificity, accumulation, elimination, which would help
carve a pathway to clinical translation. '33-15¢ A brief glimpse of the effort devoted in this direction
is provided in Table 1. 3 below. It does not provide an exhaustive list of all the star polymers-
based assemblies in drug delivery but includes some representative examples of the last few years.
PEG-based star polymers have recently been reviewed for their contributions in designing
nanoformulations for better therapeutic efficacy, and their translation into pre- and clinical trials.
157 An analysis of the literature, together with these examples, shows that much of the emphasis
while evaluating star polymers in designing formulations has been on drug loading, release, and
in vitro studies on different cell lines, generally related to cancerous tissues. There are some in
vivo studies that have also followed, but remain small in number, in comparison. In addition, it is
noted that there is a larger disparity in the macromolecular compositions in these, which makes
developing structure-property relationships a bit difficult to discern. This is an area which needs
to grow at a fast pace, considering the variety of star polymers that have been reported, with
tailoring of the parameters noted in this review. It requires a collaborative effort between polymer
chemists, pharmacologists, and physiologists. Such a dedicated approach needs to be brought into
focus, as has been the case for linear diblock copolymers, which have attracted the attention of
varied disciplines including chemical engineers. %1% The clinical translation process is quite
complex, and the challenges can only be addressed with continued and elaborated studies of the
varied star polymer formulations, both in vitro and in vivo. This will provide the required
information related to the key physicochemical parameters, structure-efficacy relationship, and

safety of the star polymers and their end products after degradation or metabolism.
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Table 1. 3: Examples of the in vitro and in vivo studies using star nanoformulations.

Star Polymer

Composition®

(PEG775)2-PCLss00

PCL3300-PEG2000-

TPPBr

(PEG?750)2-
PCL4700-14200

Star-PCL4gg0-b-
PDMAEMA 15300

VS-PEG-PTMC-
MC-PTMC-PEG-
VS

POSS-PDS-
(PHPMA32000)3

PCL-(PCL-PEG);

Cargo

Nimodipine

Coenzyme

Q10

Curcumin.
Combination
therapy  with
pifitrin,

temozolomide

Doxorubicin
and pDNA co-
delivery

Doxorubicin

Docetaxel

Doxorubicin

Nano-

formulation

Micelle

Micelle

Micelle

Micelle

Micelle

Micelle

Micelle

Therapeutic

Target

Neuroinflammation

Mitochondria

Glioblastoma

multiforme

Chemotherapy and

gene transfection

ATCC 4T1 mouse

breast cancer model

Prostate xenograph

tumor model

Biological
Evaluation;
cell lines/living
organism

In vitro: N9 cells

In vitro: N9 cells

In vitro: U251IN

cells

In vitro: CRL-5802,
NCI-H358, MCF-7,
293T, and HEK
293T cells

In vitro: MDA-MB-
231 cells
In  vivo: female
balb/c mice

In vitro: PC3 cells.
In vivo: Male nude
mice

In vitro: Hel a cells

Ref

105

114

111

107

161

113
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CD-PCL-SS- Doxorubicin
PEG(PNIPAM

Star PEGso00- BRAF
PPSi50370 inhibitor
CA-(PCL3100-b- Paclitaxel

PDEAEMA 100-b-

PPEGMA2200)3

Star-PEGi600- Anti-vascular

ICG-RGD-RBZ endothelial
growth factor

Star based on Doxorubicin

PHPMA 15000-

3000000

PEGs000-Lys- Baicalein
(PCL13000)2

Star  PCLaoo0-g- Methotrexate
(PDMAEMA ¢700-

b-PNIPAM 300)s

OA-C=N-NH- Vancomycin

(PEGs000)2-VCM

Micelles

Hydrogel

Micelle

Core-
crosslinked

stars

Star,
linked

Cross-

micelle

Micelle

Micelle

Wound  healing,

tissue repair

Age-related
macular
degeneration:
Choroidal

neovascularization

Orthotopic  breast

cancer model

Alzheimer’s

Disease

Solid tumors

In vitro: HepG2 and
LO2 cells

In vivo: Mice

In vitro: NIH-3T3

In vitro: ARPE-19,
HUVEC:s cells.
In vivo: Mice CNV

models

In vitro: TNBC cell
lines, MDA-MB-
231 and MDA-MB-
468.

In  vivo: Organ

distribution in mice

In  vivo: Spatial
memory and
hippocampal
expression

Invitro: MCF7 cells

AS549,
MCF7 and HepG2

In vitro:

cells;

162

163

164

165

166

167

168

169
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In vivo: BALB/c

mice
(PEG2000)2- Curcumin Micelle ROS/ GSH In vitro: U25IN '
PCLs600 cells
HAs000-sSPLGAsso0  Docetaxel Cross-linked = CD44- Invitro: A549 cells; '

nanoparticles | overexpressing In vivo: A549 tumor
tumors

B-CD- Doxorubicin  Micelle Glioblastoma In vitro: 172
(PNVPi600)4 glioblastoma (C),

and HEK 293 cells

?Abbreviations used in order of appearance: PEG: polyethylene glycol; PCL: polycaprolactone; TPPBr:
triphenylphosphonium bromide; PDMAEMA: poly(2-dimethylamino)ethyl methacrylate; VS: vinyl
sulfone; PTMC: poly(trimethylene carbonate); MC: methyl cholate; POSS-PDS: pyridyldisulfanyl-
functionalized polyhedral oligomeric silsesquioxane; PHPMA: poly(N-(2-
hydroxypropyl)methacrylamide); f-CD: pf-cyclodextrin; PNIPAM: Poly(N-isopropylacrylamide); PPS:
poly(propylene sulfide); PDEAEMA: poly(2-diethylamino)ethyl methacrylate; PEGMA: poly(ethylene
glycol) methyl ether methacrylate; ICG: indocyanine green; RGD: arginine—glycine—aspartic acid; RBZ:
ranibizumab; Lys: lysine; VCM: Vancomycin; HA: hyaluronic acid; PLGA: poly(lactide-co-glycolide);
PNVP: poly(N-vinylpyrrolidone.

The efficacy of the soft nanoparticles depends heavily on their ability to reach target sites, by
overcoming tremendous challenges to sustained blood circulation, nanobiointeractions, and
cellular/intracellular uptake. '">'77 Several review articles have provided a detailed overview of
the determining factors contributing to the biological fate of nanocarriers. '’*'#! Upon introduction
into the blood stream, the nanoparticles face elimination by RES. This is generally overcome by
controlling opsonization, which depends on the physicochemical properties of nanoparticles. PEG,
which is commonly used in drug delivery vehicles, as corona for example in amphiphilic star
polymers based micelles (10-100 nm in size), is known to reduce such protein- nanoparticle

interactions, and avoid nanocarrier removal by phagocytosis. 3218 PEGylation is considered to be
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the promising strategy in limiting (NOT completely restricting) RES based elimination, and
enhancing blood retention and circulation. The nanoparticles subsequently follow either a passive
(enhanced permeation retention) or active (using targeting moieties) pathways to arrive at the
extracellular space. Accumulation at tumor sites depends on the stealth, stability, blood
circulation/retention, targeting ability of the nanoparticles, among other factors such as leaky
vasculature and angiogenesis. 3% 13 Nanoformulations using amphiphilic star polymers are
helping address these, through modulating corona density of the nanoparticles, and the ease in
introducing functional moieties for active transport and stimuli-responsive drug release. Cellular
internalization of nanoparticles can take place through specific interactions with receptors,
endocytosis, non-specific associations with the cell membrane, and uptake using pinocytosis. %’
There has been tremendous effort devoted to gain an understanding of the internalization
pathways, and using it to direct nanoparticles into desired intracellular and sub-cellular locations.
188 The role of the entry pathway in trafficking nanoparticles into these desired sites, is not fully
understood yet. Nanoengineering of efficient therapeutic interventions will come through a
detailed evaluation of the uptake mechanisms, and their correlation with physicochemical

characteristics of the nanoformulations.

1.1.8. Conclusions and Future Outlook

Nanocarrier assisted drug delivery is a highly desired trait in combating high morbidity rate
diseases, and yet a complex problem at multiple levels. Polymer therapeutics continue to offer a
viable platform to address heterogeneity in diseases, biological mechanisms, delivery pathways,
treatments, patient compliance etc. '* Significant progress has been made in understanding
nanocarrier-efficacy relationships, which can help guide the design of stable formulations, with
improved bioavailability and safety of drugs. It has led to an evolution of the macromolecular
precursors, through chemical innovation, from conventional linear block-copolymers to
branched/star-shaped amphiphilic compositions. Star/branched polymers possess distinct
topologies that lend them unique properties, which are of advantage in drug delivery. For example,
branched architecture 1) minimizes chain entanglements, leading to lower solution viscosities,
which facilitates formulation administration; and ii) provides a strategical balance of key attributes

including hydrodynamic volume, polymer chain end groups, flexibility etc., for enhanced blood
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circulation and bioavailability. 1°* 1! Their well-defined globular aqueous assemblies with denser
hydrophilic shells show low critical micelle concentrations, high loading capacities, and controlled
release of their cargo. In addition, functional chemical entities sensitive to a variety of endogenous
cues could be easily introduced into the architecture, for better targeting and therapeutic outcome.
These attractive features are contributing to an increasing interest in the scientific community in
these macromolecules. An analysis of the literature shows that the field has undergone a major
expansion from a small group to a growing list of researchers, as reflected in the number of

publications in the last few years (Figure 1. 12).!%2

700
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Figure 1. 12: Publications reporting studies on star polymers in drug delivery from 1992-2021.

As noted above, the use of star polymers is becoming more frequent in addressing key challenges
in enhancing formulation stability, therapeutic index, surface functionalization, cell interactions,
and targeted delivery. There is still much work to be done in establishing their efficacy, and
comparative performance to linear block-copolymers. Several variables should be investigated in
star polymers-based self-assembly in more detail, including the polymer-drug feed ratio,
compatibility, choice of solvent, self-assembly method, and the ratio of solvent: water, during
formulation preparation. The effect of pH and temperature on drug solubilization, that has been
studied on Pluronic-based systems, can also be expanded on in star polymers-based assemblies, as

it will be important to establish micelle stability at relevant pH and temperatures. '°* 1°* Expanding
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our understanding of these formulations will be a good approach to improve optimal dosing and

patient compliance.

Leveraging on the many polymerization methods that have been developed, polymer chemists now
have plenty of opportunities to design branched star polymers for targeted drug delivery, imaging,
and even precision medicine. There have been attempts made at attaching ligands such as folate/
folic acid (FA), 117 glycopolymers, 8 vitamin B12, '? d-a-tocopheryl polyethylene glycol 1000
succinate (TPGS, also known as vitamin E TPGS), 2° onto the formulation shell-forming block to
improve the binding affinity to specific cells. The insertion of these targeting moieties, typically
through chemical conjugation by esterification, amidation or click conjugation, can assist in more
efficient retention through ligand-receptor interactions which would usually rely only on passive
targeting. The tricky thing about this approach is that the receptors should exclusively be found at
targeted sites. On the contrary, stimuli-responsive polymers provide more straightforward

approaches in achieving on-demand release as cancerous tissues would generally exhibit abnormal

9 201

microenvironment conditions. It requires labile bonds such as hydrazones, '® imine and
disulfide, !> 202 or functional moieties that can be protonated/ deprotonated '®* or induce
morphological changes reversibly to offer more spatiotemporal control over drug delivery. As
such, star polymers provide tremendous opportunities in designing such smart self-assemblies,
through synthetic manipulation of the composition of the branched polymeric structure. This can
help facilitate accumulation and uptake at disease locations, through specific recognition and

binding to receptors for enhanced bioavailability and therapeutic effect.

Direct comparison of the formulations from linear block copolymers with those from star
compositions is one of the crucial aspects, which has not been well addressed. The lack of available
data can be understood, due to the complexity in controlling all the properties (overall and
individual polymeric arm molecular weights, hydrophilic fraction etc.), except for the linear or
branched architecture. However, such analyses will add to the growing list of justifications for the

need of branched structures in assembling effective therapeutic interventions.

Nanocarrier-assisted drug delivery will continue to stay forefront in addressing inadequacies that

exist in taking sufficient amounts of potent pharmaceutics to the site of action, manage high
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morbidity rate diseases, increase patient compliance and quality of life. The role of polymer
morphology in this quest is now well documented. This review has outlined the advances that have
been made in optimizing branched star polymers-based formulations, through an understanding of
varied parameters that influence their performance. We hope that the enthusiasm shown by the
polymer community in recent years, in exploring the scope of star polymers in nanoengineering
drug delivery, will continue to hold. There is sufficient evidence to move the investigations to
more detailed in vitro studies, followed by successfully evaluating and establishing these claims
in vivo, and subsequently bringing these to clinical trials. It can contribute significantly to
removing the often-quoted weakness, “polymers have offered great potential in drug delivery for

decades but have not performed well when it comes to bench-to-bedside translation”.

In Section 1.1, we provided a detailed analysis of branched star polymers in designing
nanoparticles. Building upon this foundational understanding, the subsequent section explores
polymeric nanoparticles engineered to respond to gas stimuli. These gas-responsive nanomaterials
harness the dynamic interplay between polymers and environmental cues in designing drug

delivery systems for precise therapeutic interventions.

1.2. The Unexplored Potential of Gas-responsive Polymers in Drug Delivery: Progress,

Challenges and Outlook

This section incorporates content adapted in part from published article, the citation of which is

provided below and is reprinted with permission from Wiley-VCH GmbH.

Yong, H. W.; Kakkar, A. The Unexplored Potential of Gas-responsive Polymers in Drug Delivery:
Progress, Challenges and Outlook. Polym. Int. 2022, 71 (5), 514-520.

1.2.1 Abstract
Targeted drug delivery based on polymeric nanoparticles has been a long-standing interest in
nanomedicine for its beneficial traits including controlled and localized drug release. Gas-

responsive polymers offer an advantageous platform and have been slowly gaining attention in
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spatially locating and displaying unique interactions of specific responsive chemical entities in
polymeric chains with endogenous gaseous stimuli. In this review, we highlight recent
developments in polymeric nanoformulations with stimulant chemical entities for gasotransmittors
such as NO, CO, H:S, SO., O:and CO:in enhancing efficacy in therapeutic interventions. We
underline some challenges and limitations of exploring these systems for clinical applications, and

how we can further tap into the potential of these emerging materials.

1.2.2. Introduction

Delivery of active pharmaceutical agents to disease sites using polymeric formulations continues
to be a topical area of research to overcome limitations such as poor aqueous solubility, low
bioavailability, and systemic toxicity.>*> Through a combined effort by chemists, pharmacologists
and physiologists, a good understanding of key parameters in amphiphilic polymer-based
nanoparticles design has emerged. '* It is now becoming evident that directing drug-loaded soft
nanoparticles to desired sites using endogenous cues is a gainful strategy in addressing challenges
in managing high morbidity rate diseases. As such, stimuli-responsive polymers have gained
intense limelight for a myriad of biomedical applications over the past few years. 2°42% Recent
advances in the design of such environment-responsive polymers have demonstrated their potential
in improving the efficacy of nanomedicine, by undergoing conformational or phase transitions that
can be fine-tuned in relation to one or more internal cues such as pH, temperature, reactive oxygen
species, glutathione etc. 2’ The choice and incorporation of specific chemical entities responsive
to selective stimuli into these polymers are of immense importance to achieve localized, targeted,
and controlled release of therapeutic agents at disease sites, and thus increase drug efficacy and
reduce unwanted side effects. Over the years, there has been immense progress made in designing
polymeric precursors that can respond to a variety of gaseous stimulants. In this review, we will
accentuate some of the latest reports on gas-responsive polymeric nanoparticles used for controlled

and targeted release of their cargo.

1.2.2.1. Gas-responsive Polymers

Whilst many stimuli-responsive chemical entities have been incorporated into functional drug
delivery systems, studies on gas-responsive polymers for biological applications have been
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limited. The vast majority of polymeric nanoparticulate systems still rely on well-known endo-

/exogenous stimuli for regulated release of therapeutic cargo. Many gases, such as nitric oxide

(NO), carbon monoxide (CO) and hydrogen sulfide (H2S) have been shown to be crucial

intracellular signaling molecules in regulating bodily functions. 2°*2%° However, studies leveraging

on these gaseous bio-activators are in their infancy stage, and there exist only nascent reports that

have explored these gasotransmittors in detail. This feature article provides an overview of recently

developed gas-responsive polymers for the controlled release of active pharmaceutical agents

(Table 1. 4). Some of the limitations of such systems, as well as challenges in moving forward to

translate these nanoformulations from bench-to-bedside, will also be highlighted. Our purpose is

to familiarize the reader and provide an understanding as to how these gasotransmittors are

becoming the next generation candidates in designing smart polymers for targeted drug delivery.

Table 1. 4: Gas-responsive polymer based nanoformulations in drug delivery.

Gaso-
trans
mitter

NO

CO

H2S

Gas-
responsive
moiety

0-
phenylenedi

amine

Palladacycle
dimer

Pd-bridged

0_
azidomethyl

benzoate

Polymer?

PEOQOus-b-
PEOPA7
HA-NO-LF

PEG45—PUPdes—
PEGas
PDMAA.97-
PBMAo.03
PEOe¢7-b-
PAGMA:s

Cargo

Rhodamine
6G

Levofloxacin

Nile red

Rhodamine B

Epinephrine

Formulation

Nanorods

Micelles

Micelles

Hydrogels

Vesicles

In vitro/ in

vivo model

RAW 264.7
cells/ Female
Kunming
mice

Ref

210

211

212

213

214
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SOz

02/
CO2

COz

N3-Nap

(2-azido-
1,3-
phenylene)di
methanol
Levulinate-
protected
phenol
TF-DEAE-
AM
TFEMA/
DMAEMA

DEAEMA

DMAEMA

N3-Nap-
PHEMAus-b-
PMMA42-N3
SC-Dex

PEGus-b-
PVPOP14

PEGus-b-poly(TF-
DEAE-AM)2o
PEGus-b-
P(DMAEMA 106-
co-TFEMAs53)-b-
PMEPPMA 56
PDMA A3o-b-
PDEAEM Aa400
PEOus-b-
P(DEAEMA 100-
co-CMAg)
P(AnMAs3-co-
MMAGg7)-b-
PDEAEMA77
PDMAEMA/TM
PTMA

Lipo-C/ Lipo-S

Doxorubicin

FITC-BSA

SN-38/ R6G

Pyrene

Calcein

Pyrene-
1,3,6,8-
tetrasulfonic
acid
tetrasodium

Curcumin

Naloxone

Doxorubicin

Micelles

Hydrogel

Micelles

Micelles

Vesicles

Vesicles

Vesicle

Hydrogel

Liposome

HeLa and
4T1 cells

MCEF-7S,
MCF-7R

cells

215

216

217

218

219

220

221

222

223
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DMAEMA/
PADS
AD

P(MEO:2MA i380-
co-DMAEMA3s)-
b-PEQu4ss-b-
P(MEO2MA 1350-
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AHMA Dex-g-PAHMA Doxorubicin  Micelles MCF-7 cells = 2%
DEEA P(DEEA-co-BA-  Doxorubicin = Nanorod -- 236
co-
DMNOBA-co-
ABP)

* Subscript in polymer abbreviations denotes the degree of polymerization obtained using 'H NMR.
Abbreviations used are described here in alphabetical order: ABP: 4-acryloyloxy benzophenone; AD: (V-
amidino)dodecyl acrylamide); AHMA: (N-amidino)hexyl methacrylamide; AMA: allyl methacrylate;
AnMA: (anthracene-9-carboxyl) ethyl methacrylate; APUEMA: 2-(3-(2-aminophenyl) ureido)ethyl
methacrylate hydrochloride; BA: N-benzylacrylamide; CMA: coumarin methacrylate; DEX: Dextran;
DEAEMA: N,N-diethylamino ethyl methacrylate; DEEA: N, N-diethylaminoethyl acrylamide; DMAEMA:
N,N-dimethylamino ethyl methacrylate; DMNOBA: N,N-dimethyl-N-(2-nitrobenzyl)-ethaneamine
acrylamide; EGDMA: ethyleneglycol dimethacrylate; HA: hyaluronoic acid; HPMA: 2-hydroxypropyl
methacrylate; LF: levofloxacin; MEPPMA: 4-(4-methoxy-phenylazo)phenoxy methacrylate; MeO,MA:
N, N-dimethylaminoethyl methacrylate; MMA: methyl methacrylate; N3-Nap: N-(2-hydroxyethyl)-4-azide-
1,8-naphthalimide; NAPMA: N-(2-aminophenyl) methacrylamide hydrochloride; NIPAM: N-
isopropylacrylamide; PADS: amidine-containing styrene polymer; PAGMA: poly(o-azidomethyl benzoyl
glycerol methacrylate); PAAm: polyacrylamide; PBMA: poly((p-dimethylamine) methyl benzyl meth-
acrylate)); PCL: polycaprolactone; PDMAA: poly(V,N-dimethyl acrylamide); PEG: polyethylene glycol;
PEIL: poly(ethylene imine); PEO: polyethylene oxide; PEOPA: poly(o-phenylenediamineL-glutamate;
PGMA: poly(glycerol methacrylate); PHEMA: poly(2-hydroxyethyl methacrylate); PLA: poly(lactic acid);
PNBA: poly(2-nireobenzyl acrylate); PS: polystyrene; PUPd: palladacycle-connected polyurethane block;
PVPOP: poly(4-vinylphenyl 4-oxopentanoate); Py: pyrene; SC-Dex: H,S-responsive cholesterol-modified
dextran; TF-DEAE: 2,2,2-trifluoroethyl 3-(2-(diethylamino)ethyl)amino)propanoate; TFEMA: 2,2,2-
trifluoroethyl methacrylate; TMPTA: trimethylolpropane trimethacrylate; TPGS: D-a-tocopheryl
polyethylene glycol 1000 succinate

1.2.2.1.1. Nitric Oxide (NO)

Nitric oxide is a free radical species that is crucial in mediating several biological functions such
as angiogenesis, apoptosis, vasodilation, and immune response. >*” Abnormally high levels of NO

might lead to complications such as migraine and rheumatoid arthritis. One of the first reports on
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NO-targeted polymeric systems was published in 2014 by Hu et al. on a dual NO- and thermo-
responsive system, 2*® followed by another that was NO- and COz-responsive, in 2015. 2*° They
utilized o-phenylenediamine groups (Figure 1. 13) that converted into benzotriazole upon
interaction with NO under extremely mild conditions to modify the overall self-assembly behavior
of the polymeric nanoaggregates. Thereafter, polyethylene oxide (PEO) and hyaluronic acid (HA)-
based NO-targeted polymers have also been prepared (Table 1. 4), both relying on o-
phenylenediamine groups for disassembly of nanorods, as well as cleavage of levofloxacin-
conjugated HA for targeted delivery of rhodamine 6G and levofloxacin respectively. >!%2!! These
studies demonstrated immense potential and increasing interest in NO-responsive polymers,
although they still pale very much in comparison to studies involving NO-releasing polymers, even
when extended beyond the realm of drug delivery. The latter is much wider in scope, using

242,243 ;

] 240,241 incorporated into

responsive groups such as S-nitrosothio and N-diazeniumdiolates

nanoparticles for antimicrobial/-biofilm activities in biomedical implants, NO-releasing
hyperbranched polymers for antibacterial properties 2**2* and antibiofilm, 2% hybrid

nanoparticles, **® and others. 2#- 2%
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Figure 1. 13: O-phenylenediamine (NO-responsive) and Pd-bridged (CO-responsive)

functionalities for gas-responsive polymers-based drug delivery systems.

1.2.2.1.2. Carbon Monoxide (CO)

While mainly being labeled as an environmental pollutant and a “silent killer”, CO has also gained
much attention in recent years as one of the three main gasotransmittors that are crucial in

regulating physiological functions. >>* In contrast to NO, CO is not a free radical, and thus has
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much longer biological half-life (minutes vs. seconds). Abnormalities in its metabolism have been
linked to a series of complications such as blood pressure variations and vasodilation. >>! Along
with its discovery as a biological regulator, the potential anti-inflammatory, cell-protective, anti-
hypertensive activity and homeostatic action that CO exhibits, has rendered it a promising
therapeutic agent that can be administered in many forms, including CO inhalation, CO-releasing
molecules (CORMs) and organic CO-prodrugs. 2°22% Similar to CORM:s that rely on inorganic
metal complexes coordinated to CO, palladacycles (Figure 1. 13) have been popular in developing

CO-triggered systems as fluorescent probes®>® 2%

and surface enhanced Raman spectroscopy
(SERS) nanosensors>**for endogenous CO detection, and even more recently, for drug delivery
(Table 1. 4).2!2 In 2017, Xu et al. reported the first example of a CO-responsive palladacycle-
containing ABA-type block copolymer for the enhanced delivery of Nile Red. The palladacycle
linkage that was cleverly placed between two polyethylene glycol (PEG) blocks could be broken
upon minimal CO exposure (30 nM/ 0.1 equivalent) to disrupt the overall stability of the self-
assembled structure, as seen using NMR, dynamic light scattering and X-ray photoelectron
spectroscopy. Such breakage facilitated the release of Nile Red, which could be modulated through
varying levels of CO. The same group also reported a Pd-bridged CO-responsive hydrogel that

exhibited self-healable properties. 2!

1.2.2.1.3. Hydrogen Sulfide (H2S)

HaS is also one of the three main gasotransmittors (NO, CO and H:S) that is a key signaling
molecule in regulating blood vessel dilation, cellular bioenergetics, and resisting inflammation. 2%°
As such, deficiency, and over-production of H2S has been associated with a number of
complications and pathologies. At safe concentrations (<50 uM), the body can easily oxidize H2S
to non-toxic byproducts. However, once tipped over this threshold, the gas can inhibit
mitochondria functions and reduce cellular respiration, eventually causing cell death, and leading
to complications such as angiocardiopathy as well as neurodegeneration. %22 Since HaS acts as
a good reducing agent, H2S-cleaveable o-azido-methylbenzoate (AzMB) groups (Figure 1. 14)
have been utilized to induce disassembly of polymeric vesicles (Table 1. 4).2'4 Poly(o-azidomethyl
benzoyl glycerol methacrylate) (PAGMA) that initially formed the hydrophobic segment of the
polymersome could be cleaved by H2S, yielding hydrophilic poly(glycerol methacrylate) (PGMA)
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which disrupted the vesicle’s stability to release epinephrine (EP) in a controlled manner with
varying H2S concentrations. Another report drew inspiration from HzS-responsive fluorescence
probes, using N-(2-hydroxyethyl)-4-azide-1,8-naphthalimide (N3-Nap) as a detectable and
functional precursor, for the delivery of DOX. 2! In this system, the N3-Nap fluorophore was
incorporated into poly(2-hydroxyethyl methacrylate)-block-poly(methyl methacrylate) (N3-Nap-
PHEMA-b-PMMA-N3), providing charge reversibility on the self-assembled micelles, as HaS
reduced N3-Nap to NHz2-Nap. 26 This led to an improved cellular uptake of the DOX-loaded
micelles through positive charge mediated targeting, as observed under confocal microscopy on
HeLa and 4T1 cells. In vivo fluorescence imaging and biodistribution studies also showed better
distribution of DOX at tumor sites with the HoS-responsive polymers. This study demonstrated
how H>S that is readily available in multiple organs and tissues, could be fully utilized to enhance

the delivery of therapeutic agents.

Hydrogen sulfide Sulfur dioxide
R
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Figure 1. 14: Azido (H2S-responsive) and levulinate (SO:-responsive) functionalities gas-

responsive polymers-based drug delivery systems.

1.2.2.1.4. Sulfur Dioxide (SO?)

The most significant source of the colorless, foul-smelling SO2 gas comes from industrial
processes such as combustion of fossil fuels. It is also notorious for producing acid rain, which has
a drastic effect on our health, surroundings, and ecosystem. 2% 26° In 2020, Li et al. designed the
first SOz2-responsive polymeric system composed of PEG and a newly designed polymer, poly(4-
vinylphenyl 4-oxopentanoate) (PVPOP), that consisted of a levulinate-protected phenol which
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could be hydrolyzed by readily formed sulfite ions (SO3>") under ambient conditions (Table 1. 4,
Figure 1. 14).2!7 The self-assembly of the linear diblock copolymer, PEGas-b-PVPOP14 led to
“large compound micelles” that could potentially be used to load both hydrophilic (rhodamine 6G)
and hydrophobic (7-ethyl-10-hydroxycamptothecin, SN-38) drugs. It was demonstrated that the
self-assembly characteristics and the release profile of SN-38 could be controlled by varying SO3*
concentrations and exposure time and was highly selective to SO3* despite the presence of high

levels of other bio-species.

1.2.2.1.5. Oxygen (O2)

Oxygen is another important gaseous molecule to tune the physiological functions in our body, 2%
and is the only gas amongst gasotransmittors that does not have a bad rap. Similar to the other
gaseous stimuli, research on Oz-responsive polymers is still in the early stages, with a few reports
leveraging on the unique properties of branched architectures. 2°7 All Oz-responsive polymers
recorded to date utilize aliphatic or aromatic-linked fluorine groups that adsorb O: reversibly
(Figure 1. 15), and which alters the hydrophilic/ hydrophobic balance of any aggregates. 25272
This unique phenomenon has been attributed to the van der Waals interactions between Oz and C-
F bonds, which might also suggest why the polymers can undergo multiple cycles of gas treatment
under ambient conditions. 2’° In 2018, Lin et al. reported a CO2, Oz and light-responsive vesicle
formulation based on poly(ethylene glycol)methyl ether)-block-poly(N,N-dimethylamino ethyl
methacrylate-co-2,2,2-trifluoro-ethyl methacrylate)-block-poly(4-(4-methoxy-
phenylazo)phenoxy methacrylate) (PEGas-b-P(DMAEMA 106-co-TFEMAs3)-b-PMEPPMAs6)
(Table 1. 4).2' While the concept of O2 and CO2-responsivity is not new, the change in self-
assembly characteristics and release of calcein that was tunable with light, offers a different

approach to potentially accommodate light as an exogeneous trigger to customize

pharmacokinetics whenever needed.
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Figure 1. 15: Aliphatic fluorine (O2-responsive) and tertiary amine/ amidine (COz-responsive)

functionalities gas-responsive polymers-based drug delivery systems.

1.2.2.1.6. Carbon Dioxide (CO2)

COz is probably the most familiar to us as a greenhouse gas. Atmospheric CO: is now more than
50% higher than pre-industrial levels, setting global average temperatures and sea levels to a new
high. As such, COz-responsive systems are becoming extremely popular and could be one of the
solutions to reduce and repurpose COz into useful raw materials. 2”* Some functionalities that have
been proven to be responsive to COz2 include tertiary amines, amidines and guanidines that can be
protonated/ deprotonated reversibly without any side products. >”> In the context of drug delivery,
COz-responsive polymers seem to be attracting much more interest than the other gasotransmittors
(Table 1. 4). Higher than usual COz2 levels in the body, otherwise known as hypercapnia, lead to
respiratory acidosis caused by copious amounts of protons being produced. This lowering of pH
may be beneficial for patients with acute lung injury, although the consequences far outweighs its
benefits. 2’6 Exploiting the reversible and dynamic features of CO2-responsive systems, Tian et al.
recently explored (2-diethylamino)ethyl methacrylate (DEAEMA) to construct a dual CO2 and
photo-responsive system that offered flexibility in its volume and wall thickness for delivery of
curcumin (Figure 1. 16).22! They observed significant changes in the morphology, as the self-
assemblies were protonated to different degrees, giving a range of morphologies from micelles,
worm-like micelles to small vesicles as the hydrophilic fractions of the nanoaggregates change.

Subsequently, the combination of tertiary amine protonation by CO2 and dissociation of anthracene
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photodimers by UV accelerated release of curcumin, which could potentially be utilized for better
localization through external triggers. As one would expect, such a formulation is also responsive

to low pH, with the drug release being accelerated at pH 5.0, as compared to pH 6.0 and pH 7.4.

(®)

(©)

Figure 1. 16: Schematic representation of P(AnMA3-co-MMAs7)-b-PDEAEMA77 polymer with
reversible polymersome-micelle morphologies controllable by CO2 and UV light. Reproduced
with permission from reference 221; Copyright 2019, Royal Society of Chemistry.

1.2.3. Challenges and Outlook with Gas-responsive Polymers

The high specificity and programmability of gas-responsive entities into polymeric soft
nanoparticles, can enable controlled and sustained delivery of lipophilic drugs at targeted sites,
and is emerging as a promising platform in nanomedicine. However, the design of such
macromolecular assemblies to utilize gaseous endogenous chemical agents remains challenging.
The key to widespread application of gas-responsive polymers in drug delivery lies not only in
synthetic articulation of polymeric architectures, but also in developing a detailed understanding
of the concentrations of gaseous agents at the desired sites, biological mechanisms through which
they operate, and the physiological conditions at which such gases become beneficial. It is through
such a structure-property relationship determination, one can start to design the polymeric systems
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with desired spatial distribution of gas-responsive chemical entities and address key tenets
including the levels of functional group sensitivity and the nanoparticle performance in stimuli-
responsive drug delivery. Considering that many of these gasotransmittors exist as a tricky double-
edged sword, more in-depth understanding of the essential role of the gas, and complications
related to its dual beneficial and detrimental effects, should be studied. For example, NO, H2S and
CO have been shown to exhibit both anti-cancer and carcinogenic properties. 2’” Therefore,
knowledge related to the sequential molecular and cellular consequences would help narrow the

scope for polymer chemists to optimize these systems.

The quantification of these gases in vivo is a major hurdle that remains very difficult to overcome.
Some of the gases, such as NO and CO, are very reactive and have short half-lives; others, such as
CO2 and SO, react readily with water and dissociate into other derivatives. This makes detection
and quantification challenging. It is not obvious as to how exactly we could measure the gas
concentrations in vivo and ascertain how sensitive the nanoparticles should be to these triggers.
Perhaps quantification of the gas derivatives is sufficient to infer the approximate concentrations.
For instance, 60% of CO2 in aqueous media is catalyzed by carbonic anhydrase to form carbonic
acid, which readily dissociates into H" and HCO3". Only about 10% of CO2 remains as COz in the
plasma, which will diffuse into the bloodstream to react with hemoglobin to form
carboxyhemoglobin. Therefore, using HCO3  might be more convenient to diagnose CO2 levels
indirectly. Although hypercapnia has been generally defined as CO: partial pressures of more than
45 mmHg, concentration of bicarbonate ions is also routinely used in arterial blood gas tests to

evaluate hypercapnia in patients, as COz is in equilibrium with carbonic acid. 2’8

With a similar idea in mind, SOx-responsive polymers, (or rather SO3*-responsive) have been
developed. 2'7 However, SOz is not the only source of endogenous SO3* or bisulfite (HSO3") ions,
as metabolism of sulfur-containing amino acids such as cysteine regularly produces SO3>. The
latter can also be oxidized to sulfate (SO4*) in the presence of sulfite oxidase that is widely
distributed in the liver, heart, and kidney. >’° Therefore, one might argue that such measurements
are not accurate representations of the SOz concentrations. NO detection also involves
280, 281

measurements such as the fluorescence or absorbance of both NO and its derived species.

Regardless, this poses another interesting question: can we design functional moieties that respond
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to the derived reactive species instead of the gas itself? This might expand the scope of such studies
to include already-reported investigations intended for other functions, such as poly (3.,4-

ethylenedioxythiophene) (PEDOT) that has been used for NO3™ detection in soil. %2

Although progress in synthetic polymer chemistry has contributed to the development of a library
of macromolecules with desired special functions, many of them are not commercially available.
In addition, the overall process often involves multistep synthetic procedures that might restrict
their commercial potential, as these might not be cost or time-effective to scale up. Thus, simpler
polymeric compositions, facile synthetic routes, or using commercially available monomers as
seen with O2 and COz-responsive polymers, might be more practical approaches in translating
these nanoformulations from bench-to-bedside. Clear demonstration of the safety,
biocompatibility, biodegradability, biodistribution and cytotoxicity is also necessary, before
moving into clinical trials. Only very few in vitro and in vivo studies have been conducted to
address the complexity of these systems (Table 1. 4), which is absolutely crucial to accelerate

clinical translation.

1.2.4. Conclusions

Stimuli-responsive nanoformulations have offered tremendous opportunities to address key
challenges in controlled and sustained release of active pharmaceutical agents and facilitate
effective therapeutic interventions in high morbidity rate diseases. Utilizing gaseous triggers in the
body is another such venue, which is starting to gain considerable attention from the scientific
community. In this review, we attempted to briefly summarize the latest advances in the design of
polymeric nanoparticles, which contain chemical entities reactive towards gaseous molecules, and
act as endogenous cues for tailored release of drug molecules. To demonstrate the potential of such
systems in nanomedicine, we introduced six commonly used gasotransmittors, NO, CO, HzS, SOz,
O2 and COz2, which are important in regulating physiological functions and have been utilized in
triggering the release of drug molecules. We examined the versatility of such polymeric soft
nanoparticles, in which chemical entities could be potentially activated by endo- or exogenous
triggers in tailoring their pharmacokinetic profiles. Several examples noted above provide an

overview of the activity in this area and suggest that much more still needs to be done to fully
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explore and establish their potential in drug delivery. Amongst gas triggers, CO2 has been
extensively examined, due to the ease with which the polymeric precursors with desired functional
chemical entities, could be synthetically articulated. There is still the need to adapt their aqueous
assemblies to varied pH, relate these to quantitatively assessed internal CO2 concentrations, and
provide structure-function relationships. The evaluations of COz-reactive soft nanoparticles do
provide impetus for similar activity in developing nanoformulations for other such gas-triggered
drug release systems. Despite the growing interest in gas-responsive polymers, the progress has
been slow, which may be due to our lack of understanding of biological events at the gas-rich sites.
It is expected that such evaluations will be forthcoming and will provide guidance to chemists in
designing novel polymeric compositions. It is through such a convergent approach, one can
envision highly efficient nanoformulations containing sufficient drug cargo, which is released on-
call from gaseous triggers at disease sites. Once a detailed in vitro evaluation is followed by in

vivo studies, it will expedite their bench-to-bed side translation.

1.3. Stimuli-responsive Polymeric Nanoparticles

Branched amphiphilic block copolymers continue to offer great potential in drug delivery. The
versatility conferred by multiple branching segments in branched star polymers has led to the
development of a diverse range of soft nanoparticles. Amongst these, asymmetric (miktoarm)
polymers present an advantageous strategy for enhancing the scope of polymeric nanoparticles by
adjusting the composition of their backbones. There is significant ease with which stimulus-
responsive chemical functional units could be incorporated into branched architecure. Leveraging
the distinctive attributes of these miktoarm polymers, including low CMCs, smaller sizes, and
higher drug encapsulation efficiencies, makes these attractive precursors in designing efficient

nanoformulations for drug delivery. 2%

Stimuli-responsive polymers, also known as smart polymers, are designed to respond to internal
and external environmental cues. 2** This class of macromolecules has garnered significant
attention due to its diverse biomedical applications. In controlled and triggered drug delivery
systems, these polymers play a pivotal role in allowing targeted release of pharmaceutical agents

in response to physiological environments. 2%° These advances can help improve drug targeting,
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minimize premature release, and maximize drug efficacy. Drug delivery systems typically exhibit
responsiveness to a spectrum of stimuli, encompassing both endogenous stimuli such as pH, ROS,
gases, and enzymes, as well as exogenous triggers such as temperature, light, magnetic, and
ultrasound. ?%¢ Their versatility and efficiencies have revolutionized drug delivery, offering
potential for precise control over therapeutic release. Among the plethora of stimuli investigated,
CO2, pH, and ROS stand out prominently due to their relevance in common health conditions such
as cardiovascular diseases and aging. >*” While pH- and ROS-responsive drug delivery systems
have received great attention, the focus has largely been on linear polymeric systems. In addition,
the exploration of CO2-responsive systems has remained relatively underexplored, as described in
Section 1.2. This notable disparity highlights the pressing need for further investigation and
innovation, particularly within the realm of miktoarm polymers. Table 1. 5 summarizes stimuli-
responsive miktoarm polymers that have been investigated for delivering a variety of
pharmaceuticals. These formulations demonstrate diversity in composition for enabling targeted
delivery to desired sites through the incorporation of various stimuli-responsive moities. In
Chapter 2, we explore several endogenous stimuli, namely CO2, pH, ROS, and combinations
thereof, to unravel their potential for fine-tuning drug delivery systems. By meticulously dissecting
their diverse properties, we aim to develop nanoparticles that hold promise for advancing

nanomedicine.

Table 1. 5: Stimuli-responsive miktoarm polymers for drug delivery.

Biological Evaluation:
Stimulus Polymers? Cargo Cell lines/ living Ref
organism

(PCL24)2(PDEAEMA 16-b-

PPEGMA19)2

(PCL16)3-(PDEAEMA 14-b-

PPEGMA10)3

(PCL25)3-(PDEAEMA 5-b-

PPEGMA 12)3

Doxorubicin  In vitro: HepG2 cells 288

Doxorubicin  In vitro: HepG2 cells 139
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pH/ redox

pH/ redox/
NIR light

(temperature)

Redox

(PCL33)3-(PDEAEMA 12-b-
PPEGMA10)3
(PCL33)3-(PDEAEMA21-b-
PPEGMA11)3
PEGi114-(PGluz26)2-DOX
PEGi114-(PGlus1)2-DOX
mMPEGu4s5-PtBA4o-PCL2s
mMPEGu45-PAA40-PCL2s
mPEGas-b-P(MM A24-co-
MAA2s)2

Doxorubicin
Naproxen
Methotrexate
Doxorubicin,

(PCL)2-P(MMA-co-MAA)s  Camptothecin

OA-(PEGu114)2 Vancomycin

PEGu4s5-a-PCL44-SS-
PDMAA50

Paclitaxel

PEGas-a-PCL44-SS- Paclitaxel,
P(NIPAM7s-co-DMA As7) Cypate

(FA-PEG21)1-c-(PEG21-CL13-
SS-CPT);3
(FA-PEG21)2-¢-(PEG21-CL20-
SS-CPT)2
(FA-PEG21)3-c-(PEG21-CL40-
SS-CPT)

Camptothecin

In vitro: HeL a cells

In vitro: HeL a cells

In vitro: A549, MCF7,
HepG2 cells and S.
aureus.

In vivo: MRSA
injected BALB/c mice

Invitro: 4T1 cells.

In vivo: 4T1 injected
female BALB/c mice

In vitro: SKOV-3 cells

151

289

290

148

169

291

196
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(FA-PEG21)1-c-(PEG21-CL20-

SS-CPT)3
mPEGu45-SS-(PMMA39)2 Methotrexate  In vitro: HeLa cells 133
mPEG-(SS-PLL): Plasmid DNA  In vitro: Hela cells 292
Chlorin €6, In vitro: MDA-MB-
MA-PEGas-b-(PCLg)2 103
Doxorubicin 231 cell
In vitro: HEK-293 and
DTTP Doxorubicin 293
MCF-7 cells
o In vitro: HEK-293,
(PEQ45)2-b-PFMA 15 Doxorubicin 294
HeLa, and HT-29 cells
Prednisone
PNIPAM 130-b-(PLLa4)2 -- 109
acetate
Prednisone
PNIPAM-(PUA)> -- 295
acetate
Temperature Prednisone
(PNIPAM)3-PMMA -- 296
acetate
(PPEGMA32-b-PMMA41)-b-
Celecoxib - 127
(PMMAu4s-b-PNIPAMI9)2
PNIPAM;s6-b-(PCL1s2)2 Doxorubicin  -- 297

* Subscript following polymer abbreviations denotes the degree of polymerization, whereas subscript
following parenthesis denotes degree of branching. Abbreviations used are described here in alphabetical
order: CPT: camptothecin; DTTP: dithioketal-linked ditocopheryl polyethylene glycol; FA: folic acid; MA:
miktoarm; OA: oleic acid; PAA: poly(acrylic acid); PLL= poly(L-lysine); PCL: poly(e-caprolactone);
PDEA: poly(2-(diethylamino)ethyl methacrylate); PDMAA: poly(N,N-dimethyl acrylamide); PEG:
polyethylene glycol; PGlu: poly(glutamic acid); PMAA: poly(methacrylic acid); PMMA: poly (methyl
methacrylate); PNIPAM: poly(N-isopropylacrylamide); PPEGMA: poly(poly(ethylene glycol) methyl
ether methacrylate); P/BA: poly(tert-butylacrylate); PUA: poly(undecylenic acid).

1.3.1. COz-responsive Polymeric Nanoparticles

In recent years, there has been a surge of interest in COz-responsive materials due to their

abundance, non-toxicity, and biocompatibility. 2°® In human body, CO: is primarily produced as a
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byproduct of oxidative metabolism. 2°° However, excessive levels of CO2 in the body, a condition
known as hypercapnia, induce respiratory acidosis by elevating the production of protons. 2’ In
the context of drug delivery, COz-responsive polymers are intriguing due to their relevance across
a spectrum of diseases, such as chronic obstructive pulmonary disease. **® However, as detailed in
Section 1.2, the availability of COz-responsive polymers specifically tailored for drug delivery
applications is limited, and branched systems with such responsiveness are even more scarce.
Therefore, COz2-responsive systems that harness the reversible and dynamic properties of CO2 hold
promise for biomedical applications. One example of a COz-responsive miktoarm star polymer
was reported in 2017. Huo et al. synthesized a series of ABC (A = PEG, B = PS, C = poly(2-(N,N-
diethylamino)ethyl methacrylate (PDEAEMA))-based nanoparticles with varying PDEAEMA
molecular weights to study their CO2-induced morphology transition. *°! The gas responsivity,
attributed to the presence of PDEAEMA, increased with an increase in PDEAEMA molecular
weight. This difference led to various morphology transitions upon introduction of COz, facilitated
by the protonation of PDEAEMA. With increasing PDEAEMA molecular weight from 9.3k to
25k, the morphology evolved from “E. coli-shaped” nanosheets to nanoribbons, and eventually to

nanodiscs.

1.3.2. pH-responsive Polymeric Nanoparticles

The promising application of pH-responsive nanoparticles stems from variations in pH occurring
across different physiological environments. 3*> The stomach, for example, is highly acidic (pH
1.5-3.5), while lysosomal and intracellular endosomal environments are less acidic (pH 4.5-5.0
and pH 5.5-6.0, respectively), and the small intestine is weakly acidic (pH 5.5-6.8). In addition to
exploiting pH variations within normal tissues, the disparities between these environments and
tumor environments have also been utilized. Notably, extracellular tumor tissues typically exhibit
pH values ranging from 6.5-7.0, contrasting the pH of 7.4 found in normal physiological
environment. 3** Polymeric nanoparticles that leverage these diverse pH environments offer
significant potential for drug delivery. For instance, Alizadeh et al. reported on a series of ABC
(A = PEG, B = PCL, C = PAA) triblock star copolymers to form micelles for pH-dependent
naproxen delivery. ?** PCL formed the hydrophobic core for naproxen encapsulation while mixed

PEG/ PAA formed the hydrophilic corona. The pH sensitivity was conferred by the introduction
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of PAA. They observed smaller micelle sizes at low pH due to the protonation of COOH groups
of PAA, which led to hydrogen bonding complexation with PEG arms in the micellar corona.
Between pH 6-10, the PEG/ PAA complexation was lost, due to repulsive forces between adjacent
PAA arms that became ionized. The particles increased in size from 51 to 154 nm as the pH ranged
from 2.2 to 10. The miktoarm polymers were used to encapsulate naproxen, which demonstrated
pH-dependent release profiles. At pH 2.2, naproxen release profile was slower (35-50%) than at

pH 7.4 (65-89%) due to a more compact micellar structure.

Lin et al. reported on a A3(BC)3 (A = PCL, B=PDEAEMA, C = PPEGMA)- based miktoarm
polymer for pH-dependent delivery of DOX. '* In the self-assembly of this copolymer, PCL
formed the hydrophobic core for DOX encapsulation, while PPEGMA formed the hydrophilic
corona. pH sensitivity was obtained through the PDEAEMA polymer. Protonation of PDEAEMA
at lower pH levels (pH< 8) led to a hydrophobic to hydrophilic transition, resulting in electrostatic
repulsion between the PDEAEMA chains that promoted micellar swelling. Conversely,
deprotonation of PDEAEMA at higher pH levels (pH> 8) led to a hydrophilic to hydrophobic
transition, resulting in compact micellar structures. DOX release from the miktoarm polymer-
based micelle demonstrated pH-dependent behavior. At pH 7.4, only 27-40% of DOX was
released; at pH 6.5, 44-59% of DOX was released; at pH 5.0, 100% of DOX was released.

pH-responsive hydrazone functional groups have been used in linking constituents of an AB2 (A=
oleic acid, B= PEG) miktoarm polymer for antibacterial drug delivery. '® In this study, the
hydrazone linker was synthesized by combining a hydrazide-functionalized G1 oleodendrimer
with PEG-CHO. Upon aqueous self-assembly, the micelle served as a suitable nanocarrier for
vancomycin. The pH responsivity was demonstrated at pH 6.0, when drug release reached 100%
in 48 h. This effect was attributed to the cleavage of the hydrazone linker that resulted in micellar

disassembly. In contrast, at pH 7.4, vancomycin release was 86% in 48 h.

In another study, miktoarm star polymers were prepared using D-(-)-salicin as a heterofunctional
initiator, functionalized with six bromoester groups and two hydroxyl groups, for the ROP of
caprolactone, and atom transfer radical polymerization (ATRP) of tert-butylmethacrylate ((BMA)/

MMA, respectively. '*® The ¢-butyl groups were then removed to yield PCL2-P(MMA-co-MAA)s
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miktoarm polymers, which conferred pH sensitivity to the macromolecule. The polymers were
utilized to encapsulate DOX and camptothecin. As expected, the drug-loaded nanoparticles
exhibited pH-responsive behavior, where the release rates of both drugs were faster at pH 5.0 than
at pH 7.4. This was attributed to the ionization of PMAA chains at pH 5.0 that led to micelle

swelling, thereby accelerating drug release.

A similar example was reported by Huang et al., where they reported an AB2 (A = PEG, B =
P(MAA-co-MMA))-type miktoarm polymer for drug delivery. > The polymer synthesis involved
linking a bromoisobutyrate initiator to a dihydroxybenzoic acid core, followed by coupling with
mPEG-OH. The macroinitiator was then used for ATRP with MMA and tBMA, after which the ¢-
butyl groups were removed through acidolysis to obtain the PEG-P(MAA-co-MMA ) miktoarm
polymer. The pH responsive behavior of the micelles, conferred by the PMAA groups, was
demonstrated by their release profile of methotrexate. At pH 1.2, a greater release of methotrexate
was observed. 98% of methotrexate was released in 48 h, compared to 33% at pH 7.4. This pH-
induced drug release suggests the potential of using miktoarm star polymers as effective drug

delivery systems for targeted therapy.

1.3.3. ROS-responsive Polymeric Nanoparticles
ROS, such as hydrogen peroxide (H202), superoxide anion (O2"), and hydroxy radicals (HO¢), are

highly reactive ions and free radicals formed through the partial reduction of oxygen within
biological systems. *** ROS are essential for various physiological functions, including hormone
production, cell signaling regulation, and inflaimmation mediation. **> However, when the
equilibrium between ROS and antioxidant defense systems is disrupted, oxidative stress ensues.
3% In general, low levels of ROS regulate cell signaling pathway and support cell proliferation,
whereas elevated levels of ROS cause damage to DNA, proteins, and lipids. **’ Importantly,
oxidative stress induces numerous diseases, including cardiovascular disorders and
neurodegenerative conditions. 3% 3% These abnormal biochemical changes at disease sites have
sparked interest among researchers in leveraging the imbalance in ROS levels to develop ROS-

responsive drug delivery systems. Through the incorporation of ROS-responsive functional
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groups, various ROS-responsive drug delivery systems have been investigated. *'°3!* These

systems hold great potential for enhancing the efficacy and precision of drug delivery.

Considerable research has been dedicated to studying ROS-sensitive linkers, encompassing
various functionalities such as thioethers, thioketals, selenium, diselenides, tellurium, and more.
315317 However, majority of this work has focused on linear polymer systems; there has been
relatively limited investigations into the potential of miktoarm star polymers in this area. One
example incorporated a AB2 (A= PEG, B= PCL)-based miktoarm star polymer responsive to 'Oa.
193 The copolymer was synthesized by ROP of caprolactone from a B-aminoacrylate containing
PEG macroinitiator. The B-aminoacrylate group formed the basis for ROS-responsivity, as the
polymer was sensitive to 'Oz that was generated by the photosensitizer, chlorin €6, upon exposure
to red light laser irradiation. When chlorin e6 and DOX were loaded simultaneously into the
nanoparticles, they observed DOX release of 26% in 24 h in the absence of irradiation. Under
irradiation, B-aminoacrylate cleavage accelerated DOX release significantly to 68% in 24 h.
Moreover, upon irradiation, the co-loaded nanoparticles demonstrated substantial uptake of DOX

uptake into the cytoplasmic region of MDA-MB-231 cells.

An AB2 (A= PEG, B= thioketal-linked tocopherol) miktoarm star polymer with a ROS-responsive
linker was prepared, in which the hydrophilic PEG was linked to tocopherol via a thioketal linker.
293 The ROS-responsiveness of the amphiphile and its self-assemblies were verified by incubating
with 100 uM of H20: for 24 h to reduce the thioketal linkages. "H NMR analysis of the polymer
revealed significantly diminished thioketal peaks and the emergence of new acetone peaks,
indicating the formation of acetone as a by-product. DLS measurements also showed larger micelle
diameters of 167 nm, compared to 15 nm in the absence of H202. This enlargement was attributed
to the aggregation of cleaved polymeric arms. In vitro DOX release studies revealed that less than
<26% of DOX was released over 24 h. Conversely, DOX delivery over the same timeframe was

significantly higher at 53% when treated with 100 pM of H20:.

As demonstrated above, various functional groups are employed to respond to distinct stimuli of
interest. For instance, CO2-responsive materials typically rely on amine-based functional groups

which undergo protonation or deprotonation in response to environmental changes to enhance
64



Chapter 1

therapeutic efficacy, whereas pH-responsive materials rely on ionizable groups such as PMAA.
On the other hand, ROS-responsive materials commonly rely on the presence of thioketal bonds,
which undergo rapid cleavage to achieve stimulus responsivity. This requirement for a multitude
of functional groups highlights the synthetic complexities involved in the fabrication of
multistimuli-responsive polymers. Each functional group must be carefully selected before
incorporation to ensure proper responsiveness to the intended stimuli. Furthermore, the
incorporation of multiple functional groups introduces challenges associated with polymerization
techniques, reaction conditions, etc., which can limit their efficient incorporation into polymers.
Despite these challenges, the development of multistimuli responsive polymers holds great
promise for enabling the design of nanoparticles that respond to complex physiological cues.
Overcoming these challenges opens up exciting opportunities for developing advanced materials

with tailored responsiveness for a wide range of biomedical applications.

1.4. Antibacterial Nanoparticles

In addition to designing nanoparticles responsive to endogenous stimuli, there is interest in
designing nanoparticles with enhanced interactions with microorganisms through surface
modifications. This research area is explored in Chapter 3, where we introduce charged amine
groups on the surface of nanoparticles to augment their interaction with bacteria. This approach
allows for the integration of intrinsic antimicrobial properties alongside their application for drug

delivery, ultimately aiming to achieve combination therapy.

The development of antimicrobials to combat bacteria, viruses, fungi, and parasites has
significantly advanced healthcare and agricultural sectors worldwide. However, the imprudent use
of antimicrobials in humans, animals, and plants has led to the emergence of antimicrobial-
resistant pathogens, posing a threat to global health. *'® To address this issue, the World Health
Organization has partnered with various stakeholders across multiple sectors to establish
guidelines for the prudent use of medically important antimicrobials to mitigate antimicrobial
resistance (AMR). *!° This multinational effort has undoubtedly highlighted the gravity of AMR

and the need for innovative concepts to combat the issue promptly.
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In general, bacteria are classified as either Gram-positive or Gram-negative based on their response
to crystal violet. In response to this dye, Gram-positive bacteria show a purple hue, while Gram-
negative bacteria appear colorless. This distinction stems from structural differences between their
cell walls: Gram-positive bacteria have cell walls composed of teichoic acids and a thick
peptidoglycan layer, whereas Gram-negative bacteria have cell walls constituting of
lipopolysaccharides, phospholipids, and a thinner peptidoglycan layer (Figure 1. 17).%2° The thick
peptidoglycan layer in Gram-positive bacteria retains the dye precipitate, imparting a purple hue;
the thin peptidoglycan layer in Gram-negative bacteria is destroyed and is unable to retain the dye

precipitate. *>! Therefore, Gram-negative bacteria are not stained.
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Figure 1. 17: Illustration of main components in Gram-positive and Gram-negative bacteria.
Figure adapted from reference 320; Copyright 2020, American Chemical Society, used under

Creative Commons CC-BY license.

Pathogens are said to develop resistance when they are less affected by conventional antibiotics.
As a result, infections tend to aggravate, become increasingly challenging to cure, and persist
longer, thereby increasing the risk of transmission to others. > Gram-negative bacteria are
particularly resistant to many antibiotics that work on Gram-positive bacteria due to the presence

of the additional outer membrane. 3>* While the development of new antibiotics is one solution to
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curb this issue, current progress in drug discovery has been limited and shows little improvement

to keep pace with the growing prevalence of AMR. 3%

Cationic polymers which disrupt bacterial cell wall through electrostatic interactions hold
significant potential for combating AMR. The negative charge on bacterial cell wall is usually the
main target for eradicating bacteria. Both Gram-positive and Gram-negative bacteria have
cytoplasmic membranes composed of anionic phospholipids such as cardiolipin,
phosphatidylglycerol, and phosphatidylethanolamine, which vary in content. 3*°> Furthermore,
under physiological conditions, Gram-positive bacteria tend to have a peptidoglycan layer that is
anionic due to the presence of teichoic acids. 32 The lipopolysaccharide in Gram-negative bacteria
also contributes to the negative charge of the bacterial cell wall. As a result, the net negative charge
in the cell envelope promotes close interaction with cationic amphiphilic polymers through
electrostatic attractions, which disrupts bacterial cell membranes. **” This mechanism is different
from that of antibiotics, which typically work by inhibiting DNA replication, RNA synthesis, or
cell wall and protein synthesis. *?%3?° Bacteria treated with antimicrobial polymers are also thought
to be less prone to developing resistance, as the destruction occurs physically on the protective
bacterial membrane. **° Moreover, cationic polymers offer numerous advantages, including the
ability to adjust morphology, charge density, cationic functionality, hydrophobic groups,
biodegradability, all of which could potentially mitigate AMR. Some examples of cationic

polymers that have exhibited good antibacterial properties include polyethyleneimines (PEI), 33!

32, 333 34-336

cationic polycarbonates, * phosphonium polymers, * poly(a-amino acids), **” % and

cationic B-peptides, >** among others.

Nanoparticles offer a promising approach for addressing challenges encountered in conventional
antibiotic treatments. **° Continual exploration and modification of nanoparticles have led to
significant enhancements in antimicrobial outcomes while minimizing adverse effects on
mammalian cells. **' Within the realm of polymeric nanoparticles, various polymers have been
used to fabricate nanoparticles to achieve such properties. *** For instance, Choudhury et al.
described a PEG-stabilized sulfur nanoparticle that inhibited various bacterial growth. 3 The
authors harnessed the inherent toxicity of sulfur at high concentrations by utilizing sodium

polysulfide and ammonium polysulfide to form nanoparticles, which were then stabilized by PEGo.
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These PEGylated nanoparticles demonstrated potent inhibitory effects on bacterial growth with a
minimum inhibitory concentration (MIC) as low as 9.41 mg L' for Acinetobacter baumannii (A.
Baumannii) and Stenotrophomonas maltophilia (S. maltophilia), and 18.82 mg L™ for Escherichia
coli (E. coli), Klebsiella pneumoniae (K. Pneumoniae), and Enterobacter aerogenes (E.
aerogenes). The nanoparticles exhibited bacterial inhibition at concentrations lower than the MIC
of imipenem (=32 mg/L), a commonly used antibiotic. Importantly, the PEGylated nanoparticles
displayed negligible cytotoxicity against HeLa cells even at 94 mg L, highlighting their potential
as prospective antibacterial agents. Their findings suggest that these nanoparticles hold promise as
future candidates for antibacterial agent development, offering a safer and potentially more

effective alternative to traditional antibiotics.

Amphiphilic polymer-based nanoparticles are particularly useful for antimicrobial applications.
These macromolecules consist of hydrophobic segments that provide a suitable environment for
antibiotic encapsulation and hydrophilic segments that enable them to self-assemble into
nanostructures with distinct properties. In a study by Chen et al., PEG-PCL copolymers were
conjugated to vancomycin through pH-cleavable hydrazone bonds (Figure 1. 18). 3** The
corresponding nanoparticles were used to encapsulate the antibiotic, ciprofloxacin, which resulted
in nanoparticles of approximately 77 nm in diameter. Under acidic conditions (pH 6.0), the
nanoparticles increased in size to 91 nm due to removal of hydrophilic vancomycin molecule
through hydrazone cleavage. This alteration disrupted the hydrophobic/ hydrophilic balance,
which led to the enlargement of the nanoparticles. When incubated with lipase at pH 6.0, PCL
degradation also led to disturbed hydrophobic/ hydrophilic balance, which resulted in a collapse
of the nanoparticle structure. The nanoparticles exhibited targeting capabilities against
Pseudomonas aeruginosa (P. aeruginosa) attributed to the incorporation of vancomycin that binds
to the outer membrane of the bacteria. When these nanoparticles encapsulated ciprofloxacin,
differences in drug release were observed. Release studies showed a 9% increase at pH 6.0
compared to pH 7.4, which was further accelerated more than two-folds in the presence of lipase.
MIC:s of ciprofloxacin-loaded nanoparticles tested against P. aeruginosa were determined to be 4
ug mL™!, demonstrating continuous inhibition due to the sustained drug release. SEM analyses
revealed distorted and corrugated surfaces of P. aeruginosa. Importantly, the ciprofloxacin-loaded

nanoparticles displayed negligible toxicity to mammalian cells. This study presents a novel
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strategy to enhance bacterial interaction of nanoparticles by incorporating vancomycin and

facilitating pH/ lipase-triggered antibiotic targeted release.

Self—assembh Drug loadmg

Bacterial targeting 1
@
T}e-*i". a2
T ." o Q-L .’;“_;!?3%4 :1:
L«""‘z c[p release nggf;:r VAN release p‘\ g
E
Dead bacteria Livebacteria —_

Figure 1. 18: Schematic representation of both vancomycin-mediated bacterial targeting and
antibiotics release. *** Reproduced with permission from Chen, M.; Xie, S.; Wei, I.; Song, X,;
Ding, Z.; Li, X. Antibacterial Micelles with Vancomycin-Mediated Targeting and pH/Lipase-
Triggered Release of Antibiotics. ACS Appl. Mater. Interfaces 2018, 10 (43), 36814-36823.
Copyright 2018, American Chemical Society.

Cationic amphiphilic polymers form a good basis for developing nanocarriers with dual
functionality, combining antimicrobial properties and applications in drug delivery. *3 These
polymers incorporate advantages of both cationic polymers and their self-assembly properties to
achieve bifunctional therapy for combating antimicrobial infections. By forming nanostructures
with charged hydrophilic shells and hydrophobic core, these polymers provide a suitable
environment for drug encapsulation while exerting antimicrobial effects. 3*® This unique design
allows for the simultaneous delivery of therapeutic agents and antimicrobial action, making these
nanoparticles highly promising candidates for combating infections. For example, Hisey et al.
reported on PEO-PCL-based nanoparticles functionalized with phosphonium cations on the
hydrophilic shell (Figure 1. 19).3*3 The nanoparticles exhibited bactericidal activity against both

Staphylococcus aureus (S. aureus) and E. coli, especially when compared to the corresponding
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phosphonium small molecules or the non-functionalised nanoparticle. It was also shown that the
intrinsically antibacterial nanoparticles possess the capability to encapsulate and release the
antibiotic, tetracycline. Importantly, the nanoparticles exhibited no hemolysis of red blood cells,

demonstrating its ability to selectively target bacterial cells.

Antibacterial

Hydrophilic
Hydrophobic

Traditional
Antibacterial

Figure 1. 19: Schematic illustrating a potential multimechanistic approach to treat bacterial
infections using a phosphonium-functionalized micelle loaded with antibiotic. **> Reproduced with
permission from Hisey, B.; Ragogna, P. J.; Gillies, E. R. Phosphonium-Functionalized Polymer
Micelles with Intrinsic Antibacterial Activity. Biomacromolecules 2017, 18 (3), 914-923
reference. Copyright 2017, American Chemical Society.

In a recent study, Guo et al. investigated a series of polycationic micelles containing lysine and
octanoate/ myristate pendants. >*¢ These nanoparticles, encapsulated with Nile Red, displayed pH
and enzyme-responsiveness, which accelerated release kinetics under acidic conditions (pH 5.5)
and in the presence of lipase. Notably, the nanoparticles exhibited significant antibacterial activity
against Bacillus subtilis (B. subtilis) and E. coli, as evident by various experiments including the
broth microdilution method, SEM imaging, zone of inhibition studies and confocal microscopy
experiments of live/ dead cell assay. They observed a remarkable decrease in bacterial growth,
with MICso values below 30 pg mL™!. Importantly, the nanoparticles displayed minimal toxicity
against erythrocytes and human intestinal epithelial cells, highlighting the potential for safe and
effective antimicrobial applications. Evidently, cationic micelles possess great potential in

addressing challenges posed by microbial infections. Nevertheless, there remains a notable gap in
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the field concerning miktoarm polymer-based antibacterial nanoparticles, which requires further

exploration and innovation.

1.5. Thermoresponsive Polymeric Nanoparticles

In addition to designing nanoparticles responsive to endogenous stimuli or engineered with
enhanced interactions, there is growing interest in exploring temperature as a stimulus in drug
delivery. The integration of stimuli-responsive polymers into temperature-sensitive nanoparticle
formulations represents a sophisticated approach to achieve precise control over drug release.
These systems capatilize on the inherent responsiveness of nanoparticles to changes in
temperature, opening up new possibilities in the realm of drug delivery systems. The ability to
fine-tune drug release profiles based on local temperature cues could open up a myriad of
possibilities across various medical needs and revolutionize patient care. This innovation holds
great potential for achieving personalized and targeted therapeutics, which is explored in Chapter

4,

Thermoresponsive polymers have generated strong interests for numerous applications due to their
fast and efficient response to temperature variations. Among them, polymers exhibiting
thermoresponsivity in water are of particular interest as they have great potential in biomedical

349,350 wound healing, 3! etc.

applications such as therapeutic delivery, >*7-3*3 tissue engineering,
352354 Thermoresponsive polymers undergo phase transitions in response to thermal stimulus,
experiencing changes in solubility with temperature. The point at which this phase transition is
observed is defined as the critical solution temperature (Tc). Depending on the nature of these
changes, thermoresponsive polymers can be categorized into two distinct groups: those that exhibit
upper critical solution temperature (UCST) behaviors, and those that possess a lower critical
solution temperature (LCST, Figure 1. 20). Polymers with UCST properties are insoluble below

Tc, but become increasingly soluble as temperature rises; LCST polymers exhibit the exact

opposite behavior, being soluble below Tc and insoluble above it.
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Figure 1. 20: Representative phase diagram for polymers exhibiting (A) LCST and (B) UCST
behavior. Yellow shaded regions denote biphasic regions, whereas white areas represent one-phase

regions. ypolymer indicates polymer fraction.

Thermodynamics form the basis for the phase separation of temperature-responsive polymers, as
represented by the Gibbs free energy of mixing (AGmix) in Equation 4; single-phase liquids are
observed when AGmix is negative, whereas immiscible, phase-separated polymers are obtained
when AGnix is greater than zero. Therefore, in the case of UCST polymers, AGmix tends to be
positive at lower temperatures (i.e. two phases) and becomes negative with an increase in
temperature (i.e. one phase). LCST polymers exhibit inversed properties: AGmix 1S negative at

lower temperatures (i.e. miscible) and positive at higher temperatures (i.e. phase separated).

AGpix = AH i — TASix (Equation 4)

Inter- and intramolecular interactions play a crucial role in governing AGmix and thereby affecting
the transition properties of thermoresponsive polymers. For UCST polymers in water, strong
polymer-polymer interactions, typically built upon hydrogen bonding (non-ionic) or Coulombic
interactions (ionic), allow the macromolecule to achieve a globule-to-coil transition. Below the
UCST, strong inter- and intramolecular hydrogen bonding/ Coulombic interactions induces phase

separation of the polymers. As these supramolecular interactions weaken with temperature (AHmix
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>0), the polymer becomes soluble in water to give a single, miscible phase. Therefore, the
solvation/ desolvation of UCST polymers is also regarded as an enthalpy-driven process. On the
contrary, LCST behaviors are entropy-driven. Strong intermolecular interactions between LCST
polymers and water tend to dominate at lower temperatures (AHmix <0) but gradually weaken with
heating. The water cages surrounding the repeating units are disrupted and replaced by
hydrophobic interactions that induce polymer aggregation. The gain in enthalpy due to hydrogen
bond/ Coulombic interaction breaking makes AHmix less negative, allowing TASmix to dominate,
resulting in demixing of the system. Consequently, these polymers undergo a coil-to-globule

transition above their LCSTs.

Previous studies have largely focused on LCST polymers as their thermoresponsivity is more
achievable under relevant conditions (0-100 °C), with the most notable example being poly(/N-
isopropyl acrylamide) (PNIPAM) having a LCST of 32 °C. 33 In contrast, UCST polymers,
have traditionally exhibited phase transitions beyond these relevant conditions or have relied on
the presence of organic solvents to demonstrate thermoresponsivity, limiting their biomedical
applications. 3% 3! However, extensive research efforts have unveiled a deeper understanding of
UCST behavior, leading to the development of UCST polymers that are more readily achievable
and tailorable for various applications. *>3¢> Poly (N-acryloyl glycinamide) (PNAGA) is one of
the first non-ionic UCST polymers reported to have transition temperatures within relevant
conditions in water. The strong hydrogen bonds between the carbonyl and amine groups facilitate
transition from immiscible phases to single-phase, miscible liquids. This characteristic has been
utilized across a wide range of applications. 3*%3¢7 In 2016, Hui et al. reported on a PNAGA-based
UCST polymer with a phase transition temperature of 47 °C. 3% In their study, the polymer-based
drug delivery system showed responsive DOX release upon heat generation by photothermal
agents when exposed to near-infrared laser, which was diminished in the absence of laser
irradiation. Through the strategic incorporation of PNAGA to control the hydrophobic-to-
hydrophilic transition, their system facilitated rapid localized heating and enabled spatiotemporal
control over the release of DOX exclusively to cancer cells. In addition to PNAGA-based
copolymers, polyacrylamide (PAAm)-based copolymers have garnered attention for their UCST
properties. AAm is commonly copolymerized with hydrophobic comononers such as acrylonitrile

(AN) to obtain P(AAm-co-AN), thereby achieving UCST behavior in aqueous solutions. In 2017,
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Lin et al. reported on a P(AAm-co-AN)-based triblock copolymer for COz-and temperature-
controlled Nile Red release. *° The copolymer, denoted as PEG-b-P(AAm-co-AN)-b-PDEAEMA,
exhibited reversible UCST behaviors that could be regulated by the concentration of CO2
introduced: higher CO:2 concentrations resulted in lower UCST. The copolymer also self-
assembled into vesicles in aqueous solutions. However, upon CO2 purging, the nanoparticles
transitioned from vesicles to micelles, which disassembled when temperatures were raised above
the UCST. Through the strategic incorporation of P(AAm-co-AN) and PDEAEMA, their system
enabled the controlled release of Nile Red regulated by both CO2 and temperature. Both PNAGA-
and PAAm-based polymers have UCST properties driven by hydrogen bonding. Zwitterionic
polymers, like polysulfobetaines, can also exhibit UCST behavior in water driven by strong
coulombic interactions. However, zwitterionic polymers are encumbered by their sensitivity to
salts. *7% As salts act to screen the charges present on zwitterionic polymers, they significantly
impact the inter- and intramolecular interactions, consequently influencing the UCST behavior of
the polymer. These fluctuations in thermoresponsivity in the presence of salts pose challenges in
maintaining consistent behavior, limiting their suitability for biomedical applications.
Nevertheless, there has been a surge in interest and exploration of UCST polymers, particularly
non-ionic systems, highlighting their enormous potential as innovative materials. *%* 371375 Table
1. 6 presents an overview of the latest developments in UCST-based soft polymeric micelles,

which have been investigated for their potential in drug delivery applications.

Table 1. 6: Recent advancements in UCST-based soft polymeric micelles for cargo delivery.

Biological Evaluation;

Polymers?* Cargo Ref
cell lines/living organism
P(NAGA-co-BA) Doxorubicin In vitro: HeLa cells 368
PEG-g-P(AAm-co-AN) In vitro: BEL-7402 and LO 2
cells;
Doxorubicin 376
In vivo: BEL-7402 cells injected
female BALB/c mice

(PEGas-b-P(AAm223-co- _ _
Nile red 369
AN103)-b-PDEAEMA33)
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PEG-b-P(NAGA-co-AN) Doxorubicin, In vitro: MCF-7 and MCF- 379
IR780 7/DOX cells
iMAPA-PEG Doxorubicin -- 378
P(HEMA205-g-DOX2s-co- Doxorubicin, In vitro: 4T1 cells;
DMA A243)-b-P(AAmis7-co- ' In vivo: 4T1 cells injected female 37
AN103) camptothecin BALB/c mice
mPEG-b-P(AAm-co-AN-co- In vitro: Erythrocytes and 4T1
VIm) Doxorubicin, cells 350
IR780 In vivo: 4T1 cells injected female
BALB/c mice
P(AAm-co-AN)-b-POEGMA Doxorubicin In vitro: OVCAR-3 cells 381
P(AAm-co-AN-co-TPPP)-b- In vitro: A549 cells
POEGMA IR780 In vivo: A459 cells injected %2
female BALB/c mice
PEGi14-b-P(A Amsso-co- Invitro: 4T1 cells
ANi65) Cabazitaxel, IR780 In vivo: 4T1 cells injected female 3%
BALB/c mice
P(HPMA-GA)so In vitro: DC2.4 cell line

BSA, NileRed  In vivo: C57BL/6 10 week old 3¢

mice
PLLSA31-g-PSPBi2s In vitro: 1.929 cells
Lysozyme 384
PLLSA31-g-PSPBisi
PCCL40-g-MUzs 5-Fluorouracil  In vitro: 1929 cell 385
P(AAm-co-TPEA-co-CAA) Doxorubicin In vitro: NIH-3T3 and HeLa cells 3%

* Subscript in polymer abbreviations denotes the degree of polymerization. Abbreviations used are
described here in alphabetical order: iMAPA: insoluble componenet of multi-L-arginyl-poly-L-aspartate;
P(AAm-co-AN): poly(acrylamide-co-acrylonitrile); P(AAm-co-TPEA-co-CAA): poly(acrylamiade-co-(N-
(2-acrylamidoethyl)-4-(1,2,2-triphenylvinyl)benzamide)-co-((2'-acryloylamino-ethylene)-3a,7a,120-
trihydroxy-5B-cholanoamide)); PCCL-g-MU: poly(6-acetoxyl-g-caprolactone)-grafi-(6-methyluracil);
PDEAEMA: poly(¥, N-diethylamino ethyl methacrylate; PEG: poly(ethylene glycol); P(HEM Ajs-g-DOX-
co-DMAA,43):  poly((2-hydroxyethyl methacrylate)-graft-doxorubicin- (N, N-dimethyl-acrylamide));
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P(HPMA-GA): poly((N-(2-hydroxypropyl)methacrylamide)-glycolamide); PLLSA-graft-PSPB:
poly(carboxylated-L-lysine)-graft-poly(sulfobetaine); P(INAGA-co-BA): poly(N-acryloylglycinamide-co-
butyl acrylate); P(NAGA-co-AN):  poly(N-acryloylglycinamide-co-acrylonitrile); POEGMA:
poly(oligo(ethylene glycol) methyl ether methacrylate); TPPP: tetraphenylporphyrin; VIm: vinylimidazole.

1.6. Scope of Thesis and Contribution to Original Knowledge

This thesis showcases nanoparticles with architectures that can be easily tailored for biomedical
applications (Scheme 1). By focusing on nanoparticles responsive to various endogenous stimuli,
such as COz, pH, ROS, temperature, and enhanced interaction with bacteria, it contributes to the
design of smart drug delivery systems with customizable functionalities for specific biomedical
purposes. Whether it is imparting multi-stimuli responsivity, intrinsic antimicrobial properties, or
temperature-controlled reversible morphological transitions, these nanoparticles demonstrate
versatility and flexibility, and hold great potential in addressing a range of therapeutic challenges.

The specific contributions to original knowledge are detailed below.

Chapter 2 Chapter 3 I Chap te;‘ 4h 1
Core modification Surface modification n st C ore .S ¢
modification

CO,/ pH/
ROS

Multistimuli- Intrinsically Thermoresponsive
responsive micelle  antimicrobial micelle particles

Scheme 1: Outline of the thesis.
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Traditional approaches to designing multistimuli-responsive nanoparticles often involve
incorporating multiple functional groups into polymeric precursors, leading to synthetic
complexities and limited responsivity to physiological environments. Nanoparticles that could
leverage several endogenous stimuli simultaneously with a single functional group can offer a
powerful tool in nanomedicine. Chapter 2 investigates the use of a single functional group, namely
tertiary amines, incorporated into the core of our nanoparticles, to obtain nanocarriers that are
responsive to multiple stimuli. This work offers a streamlined and efficient synthetic strategy,
thereby overcoming the challenges associated with synthetic complexity, a novel contribution
absent in current literature. The use of tertiary amines as multifunctional responsive groups enables
nanoparticles to respond to various endogenous stimuli, including COz, pH, ROS, as well as the
combined effect of CO2 and ROS. Additionally, the curcumin-loaded nanoparticles have been
shown to mitigate drug toxicity while maintaining its therapeutic efficacy. This innovative
approach contributes to the development of more efficient and versatile nanocarriers suitable for

therapeutic applications.

While amines incorporated in the core offer multi-stimuli responsive nanoparticles, charged
amines are known to confer antimicrobial propereties. By incorporating these amines onto the
nanoparticle shell, Chapter 3 capitalizes on the well-known antimicrobial properties of cationic
compounds. The resulting nanosized micelles exhibit intrinsic antimicrobial activities, offering a
promising strategy for combating microbial infections without the need for additional
antimicrobial agents. We demonstrate the use of miktoarm star polymers to yield antimicrobial
micelles, diverging from the predominance of linear systems. Miktoarm polymers are
advantageous due to their branching architecture, leading to nanoparticles with higher charge
density for enhanced antimicrobial activities. The core-shell structure obtained facilitates
encapsulation of therapeutic agents, offering a bifunctional therapeutic approach, serving as both
a bacteria inhibitor and a drug carrier to combat AMR through combination therapy. Such an
approach has not been widely explored and is, to our knowledge, the first to be demonstrated
through miktoarm polymers. This application of miktoarm polymers expands the scope of their
potential biomedical applications and highlights their versatility as a platform for the design of

multifunctional nanoparticles with enhanced therapeutic properties.
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Chapter 4 contributes to the field of nanomedicine by introducing a novel approach to temperature-
responsive nanoparticle design using UCST polymers. We investigate the use of temperature to
facilitate transitions in nanoparticle morphologies, thereby enhancing the design of smart
nanoparticles suitable for biomedical applications. While LCST polymers are extensively used to
obtain temperature-responsive polymers for biomedical applications, UCST polymers are seldom
explored. By capitalizing the UCST properties of P(AAm-co-AN), in addition to biocompatible
PEG and PCL, this work focuses on the use of UCST polymers for achieving temperature-
dependent transitions in nanoparticle morphologies. The designed polymer facilitates stable,
reversible transformations between in response to temperature changes. These temperature-
induced morphological transitions offer a versatile platform for tailoring drug delivery
applications, and highlights the importance of structural design in regulating temperature-

responsive nanomaterials.
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Chapter 2: Single Functional Group Platform for
Multi-Stimuli Responsivities: Tertiary Amine for
CO2/pH/ROS-Triggered Cargo Release in

Nanocarriers

2.1. Opening Remarks

Stimuli-responsive polymers offer a promising platform for the design of nanoformulations capable
of controlled and sustained release of active pharmaceutical agents, addressing crucial
requirements in drug delivery systems. These characteristics were extensively evaluated in Chapter
1. However, despite significant advancements, there is still an unmet need for simplifying the
synthetic design of responsive nanoparticles (NPs), particularly by utilizing a versatile chemical
entity capable of responding to multiple targets simultaneously. In Chapter 2, we aim to address
this gap by demonstrating the feasibility of utilizing a single, multifunctional tertiary amine to
achieve NPs responsive to COz, pH, ROS, and CO2 + ROS. The tertiary amine, integrated in the
NP core, endows the NPs with multi-stimuli responsiveness, facilitating precise drug release in
response to various environmental cues. Moreover, we show the performance of the drug-loaded
NPs in vitro, evaluating their efficacy and therapeutic outcomes. Overall, the findings presented in
this chapter offer an innovative approach to obtain multistimuli-responsive NPs as effective drug

delivery systems.

This chapter is adapted from a published article, which is reprinted with permission from the

American Chemical Society. The citation is as follows:

Yong, H. W.; Ferron, M.; Mecteau, M.; Mihalache-Avram, T.; Lévesque, S.; Rhéaume, E.; Tardif,
J.- C.; Kakkar, A. Single Functional Group Platform for Multistimuli Responsivities: Tertiary
Amine for CO2/pH/ROS-Triggered Cargo Release in Nanocarriers. Biomacromolecules 2023, 24,

4064-4077.
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2.2. Abstract

Design of multi-stimuli responsive soft NP often presents synthetic complexities and limited
breadth in exploiting changes surrounding physiological environments. Nanocarriers that could
collectively take advantage of several endogenous stimuli can offer a powerful tool in
nanomedicine. Herein, we have capitalized on the chemical versatility of a single tertiary amine to
construct miktoarm polymers based nanocarriers that respond to dissolved CO2, varied pH, reactive
oxygen species (ROS), and ROS+COz. Curcumin (Cur), an anti-inflammatory phytopharmaceutic,
was loaded into micelles, and we validated the sensitivity of the tertiary amine in tuning Cur
release. An in vitro evaluation indicated that Cur encapsulation strongly suppressed its toxicity at
high concentrations; significantly inhibited nigericin-induced secretion of interleukin-1 by THP-
1 macrophages; and the proportion of M2/M1 (anti-inflammatory/pro-inflammatory macrophages)
was higher for Cur-loaded NPs than free Cur. Our approach highlights the potential of a simple-
by-design strategy in expanding the scope of polymeric NPs in drug delivery.

2.3. Introduction

Polymeric NPs have advanced a viable approach in delivering poorly water-soluble drugs, reducing
undesired toxicity, and facilitating clinical translation. * To enhance the efficacy of drug delivery
nanotechnologies, significant emphasis has been placed on exploiting pathological alterations at
disease locations including low pH, elevated reactive oxygen species (ROS) concentrations, higher
temperatures etc., by incorporating selective chemical entities into their macromolecular precursors
to achieve targeted delivery.>!! Such nanocarriers typically respond well to specific endogenous
cues to enhance drug release. > '* Due to insufficient biological understanding and complex
double-edged behavior of biologically active gases, studies on gas-responsive polymers for drug
delivery are progressing at a relatively slow pace. '*!° As a regulator of blood pH, CO2 exists
mainly in 3 different forms in the body; the hydrated state (HCOj3’), bound to hemoglobin
(carbamate), and as dissolved COz. 2° At disease sites, especially tumor, the build-up of CO:
(hypercapnia) tends to be associated with acidosis and hypoxia, which can confer chemoresistance
in lung cancer cells, as well as aggravate pancreatic cancer. 2'>22 On top of that, the overproduction
of reactive oxygen species (ROS), such as hydrogen peroxide (H20:), superoxide (O2""), hydroxy
radicals (*OH), and singlet oxygen (102) can cause dysfunctions that can be observed in pathologies
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such as cardiovascular and neurodegenerative diseases, diabetes, and aging. **” As such, changes
in CO2, pH and ROS concentrations constitute important markers in the microenvironments at
disease sites. The interrelationships of these molecules and their implications are of great relevance
to the progression, aggressiveness, and prevention of diseases. For example, it has been
demonstrated that i) increased CO2 concentrations can intensify reactive oxygen species toxicity
and H20: induced mutagenesis; and ii) increased HCO37/CO:z levels can enhance H202-mediated

hyperoxidation. 2% 2°

Responsive behavior to soft NPs is generally conferred by introducing various chemical functional
groups into the polymeric architecture. **3* It often adds to complexities in polymer synthesis, cost,
scale-up etc., as well as limits their efficacy in exploiting the full potential of the biological cues.
34,35 We questioned if a single chemical entity that could respond to diverse signals prevalent in
the physiological environment (CO2, pH and H202) could offer a highly efficient formulation
design strategy, and significantly enhance the scope of NPs in drug delivery. In this work, we
demonstrate the utility of an extremely hydrophobic tertiary amine in configuring multistimuli-

responsive NPs (Scheme 2. 1).
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Scheme 2. 1: Schematic overview of the multi-responsive NP behavior achievable through a single
functional group (bulky tertiary amine) incorporated into miktoarm copolymer precursor (PEGas)2-

(PCL32-NR2), and biological evaluation of Cur-loaded micelles.
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Our choice for the tertiary amine as the sole stimuli-sensitive center for controlled release of
therapeutic molecules such as Cur, was guided by its rich and versatile chemistry: ionizable groups
such as tertiary amines respond very well to changes in pH; 3¢ and tertiary amines also undergo
oxidation to N-oxides, >’ which can be catalyzed in the presence of COz.*® The latter is a multistep
process and proceeds through formation of peroxymonocarbonate (HCO4'), which accelerates the
oxidation of tertiary amines into N-oxides. The protonation/oxidation of these chemical entities in
local biological environments can induce an imbalance in hydrophobic/hydrophilic ratio and help

tailor cargo release from micellar hydrophobic cores of nanoformulations.

Incorporating tertiary amines in each repeat unit of the hydrophobic polymer chain in the
amphiphilic polymeric precursors to formulations, has been the mainstay in designing COz-/pH-
responsive drug delivery systems. Such nanocarriers have been successfully employed in
accelerating low pH-triggered drug release from nanocarriers. *° In our design strategy, with only
one tertiary amine at the terminal end of the hydrophobic chain, we aimed to tune and obtain
sustained drug release in response to any of the three stimuli or combinations thereof. Single
tertiary amine covalently attached in this manner is expected to become a part of and contribute
towards the overall core hydrophobicity upon aqueous self-assembly. Therefore, subtle changes
brought on in acidic or oxidizing media will perturb the core environment, enforcing modifications
in the chain packing. This will result in NP swelling and create a less favorable core environment

for any lipophilic drug. These subtle disruptions will expedite cargo release.

Stimuli-responsive amphiphilic branched AB: architecture reported here, contained a
biodegradable polycaprolactone (PCL, A) arm terminated with diisobutylamine (forming the
tertiary amine), and two biocompatible polyethylene glycol (PEG, B) chains. Polymer composition
is an important variable in enhancing the efficacy of nanoformulations in therapeutic interventions.
Amphiphilic linear block copolymers have been extensively investigated in developing colloidal
suspensions for drug delivery. Asymmetric branched polymers offer a platform to vary the
arrangement of their hydrophobic/hydrophilic components in space. For example, keeping a similar
composition to that of a linear AB copolymer, the molecular weights of the individual B arms are
lowered in ABn-type arrangements, leading to reduced chain entanglement. Therefore, core-shell

formulations from the aqueous self-assemblies of miktoarm stars possess highly beneficial traits
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including small dimensions, low critical micelle concentrations (CMCs), denser corona, enhanced
stability, high encapsulation efficiencies etc. “**? In addition, due to the ease of introducing
different polymeric arms, many studies have focused on personalizing miktoarm copolymers with
desired functions for better outcomes in intended applications. **** In the current study, we utilized
the branched architecture to design a stimuli-responsive miktoarm polymer with a tertiary amine
group that became an intricate part of the micelle hydrophobic core, offering tuned responsiveness

to various stimuli (COz, pH, ROS, and ROS+CQz) and resulting in controlled release of Cur.

Cur, a flavonoid polyphenol found in the rhizome of turmeric, has been extensively investigated
for its beneficial pleiotropic therapeutic effects, especially through antioxidant and anti-
inflammatory mechanisms of action. It is known to target several signaling pathways and regulate

biological activities of the cell. %’

However, its clinical efficacy is severely limited by its poor
bioavailability, which is mainly due to its extremely low solubility in water (~0.6 pg/mL) and
limited stability. ** Cur is widely used in food recipes in Asia, and even with high safe dosages of
approximately 12 g/day, its poor bioavailability of less than 1% limits its concentration in
circulation. ¥ Several strategies to overcome these limitations and enhance the pharmacological
virtue of Cur have been explored over the years. > With our stimuli-responsive miktoarm-based
assemblies, we demonstrate that encapsulation of this anti-inflammatory drug into
nanoformulations (i) strongly suppresses its toxicity; ii) significantly inhibits nigericin-induced
secretion of interleukin-1B, a powerful pro-inflammatory cytokine, by THP-1 macrophages; and
ii1) increase the proportion of M2/M1 (anti-inflammatory/pro-inflammatory macrophages ensuing
polarization) compared to free Cur at high concentrations. Our studies suggested much lower

toxicity and better sustained efficacy of Cur-polymeric formulations in pathologies where the anti-

inflammatory properties of this phytopharmaceutic are needed.

2.4. Experimental Section

Materials

Bromoacetyl bromide (=98%, Sigma-Aldrich), e-caprolactone monomer (99%, ACROS Organics),
copper (I) bromide (CuBr, 98%, Sigma-Aldrich), 18-crown-6 (99%, Sigma-Aldrich), curcumin
(Cur, >65%, Sigma-Aldrich), 3,5-dihydroxybenzyl alcohol (99%, Sigma-Aldrich),

diisobutylamine (99%, Sigma-Aldrich), ethylenediaminetetraacetic acid disodium salt dihydrate
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(EDTA) (99.0-101.0%, Sigma-Aldrich), magnesium sulfate anhydrous (MgSO4, Fisher Chemical),
N,N,N’,N’’,N " -pentamethyldiethylenetriamine (PMDETA) (99%, Sigma-Aldrich), potassium
carbonate (K2CO3, >99.0%, ACP Chemicals), poly(ethylene glycol) methyl ether (MePEG2000-
OTs, 2000 g/ mol, TCI Chemicals), propargyl bromide (~80% in toluene, Sigma-Aldrich), pyrene
(98%, Sigma-Aldrich), sodium bicarbonate (NaHCO3, 99.7-100.3%, Fisher Chemical), sodium
hydroxide (NaOH, >97%, ACP chemicals), sodium azide (NaNs, >99.5%, Sigma-Aldrich), p-
toluenesulfonyl chloride (>98%, Sigma-Aldrich), triethylamine (ACP chemicals), and tin(II) 2-
ethylhexanoate (Sn(Oct)2, 92.5-100.0%, Sigma-Aldrich) were used as received. 13 mm PVDF

filters (0.22 um, non-sterile) were purchased from SyringeFilter.com.

Synthesis of (MePEG2000)2-PCL3600 (MP1)
Synthesis of hydrophobic PCL arm (2) and hydrophilic PEG arm (3) can be found in Appendix A.
To a stirred solution of 2 (0.200 g, 0.100 mmol, 1 eq) in dry THF, 3 (0.235 g, 0.061 mmol, 2 eq)

and CuBr (0.018 g, 0.125 mmol, 2.5 eq) were added under nitrogen with magnetic stirring. A
separate solution of PMDETA (0.022 g, 0.127 mmol, 2.5 eq) in dry THF was subsequently added
and the mixture was allowed to react at room temperature for 48 h. The solution was then
concentrated and dialysed once with EDTA and twice with deionized water for 24 h each. The
solution was then concentrated and precipitated in cold diethyl ether. The product was collected
with vacuum filtration and dried in the desiccator (0.3 g, 76% yield). '"H NMR (CDCl3, 500 MHz):
o (ppm) 1.34- 1.40 (m, 68H, (-OC-CH2-CH2-CH2-CH2-CH2-0)33), 1.60- 1.67 (m, 133H, (-OC-
CH2-CH>-CH2-CH>-CH2-0)33), 2.29 (t, 66H, (-OC-CH2-CH2-CH2-CH2-CH2-0)33), 3.37 (s, 6H, -
OCH3), 3.63 (s, 358H, CH2-CH»-0), 4.05 (t, 65H, (-OC-CH2-CH2-CH2-CH2-CH»-0)33). 3C{'H}
NMR (CDCls, 125 MHz): & (ppm) 24.7, 25.7, 28.5, 34.2, 64.3, 174.

Synthesis of MABr
To a solution of MP1 (7900 g/mol, 0.310 g, 0.039 mmol, 1 eq) in dry THF (30 mL), triethylamine
(0.019 mL, 0.188 mmol, 5 eq) was added and cooled in an ice bath. Bromoacetyl bromide (0.317

mL, 1.571 mmol, 40 eq) was dissolved in dry THF (20 mL) and added slowly by dropwise addition.
The solution was allowed to raise to room temperature and react for 24 h under nitrogen gas with
magnetic stirring. The crude product was filtered by vacuum filtration and the filtrate was dried

under reduced pressure, dissolved in DCM, and washed with NaHCO3 and deionized water thrice.
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The organic solution was collected and dried with MgSQOs4, concentrated, and precipitated by
dropwise addition into ice cold diethyl ether (1:10= DCM: diethyl ether). The product was then
centrifuged at 3000 rpm for 10 minutes and the precipitate was collected and dried in a desiccator
(0.2 g, 75% yield). 'H NMR (CDCls, 500 MHz): § (ppm) 1.37- 1.40 (m, 69H, (-OC-CH2-CHa2-
CH>-CH2-CH2-0)33), 1.61- 1.67 (m, 139H, (-OC-CH2-CH>-CH2-CH>-CH2-0)33), 2.30 (t, 67H, (-
OC-CH>-CH2-CH2-CH2-CH2-0)33), 3.37 (s, 3H, -OCH3), 3.45- 3.70 (m, 347H, CH2-CH2-0), 3.82
(s, 2H, CH2-Br), 4.05 (t, 67H, (-OC-CH2-CH2-CH2-CH2-CH>-0)33). 3C{'H} NMR (CDCl3, 125
MHz): & (ppm) 24.7, 25.6, 28.5, 34.2, 59.2, 64.3, 70.7, 173 4.

Synthesis of TA-MP2
To a solution of MABr (3600 g/mol, 0.232 g, 0.029 mmol, 1 eq) in dry DMF (30 mL),

diisobutylamine (0.019 mL, 0.147 mmol, 5 eq) was added under nitrogen. The reaction mixture
was heated to 85 °C under nitrogen for 24 h. The solution was allowed to cool and precipitated by
dropwise addition into ice cold diethyl ether (1:10= DCM: diethyl ether). The product was then
centrifuged at 3000 rpm for 10 minutes and the precipitate was collected and dried in a desiccator
(0.2 g, 77% yield). '"H NMR (CDCls, 500 MHz): § (ppm) 0.86 (d, 12H, N-CH2CH(CH3)2), 1.34-
1.40 (m, 71H, (-OC-CH2-CH2-CH>-CH2-CH2-0)33 and N-CH2CH(CH3)2), 1.60- 1.67 (m, 141H, (-
OC-CH2-CH>-CH2-CH>2-CH2-0)33 and N-CH2CH(CH3)2), 2.29 (t, 68H, (-OC-CH>-CH2-CH2-CHa-
CH2-0)33), 3.28 (s, 2H, CH2), 3.37 (s, 6H, -OCH3), 3.63 (m, 361H, CH2-CH>-0), 4.05 (t, 69H, (-
OC-CH2-CH2-CH2-CH2-CH>-0)33). *C{'H} NMR (CDCl3, 125 MHz): & (ppm) 20.7, 24.7, 25.6,
26.9, 28.5,34.2,59.2, 63.5, 64.3, 60.6, 72.1, 173.7.

Preparation of blank and Cur-loaded polymeric micelles

In brief, MP1 or TA-MP2 (5.0 mg) was dissolved in HPLC grade acetone (2 mL). In a separate

vial, Cur (0.5 mg) was dissolved in HPLC grade acetone (1 mL). The two solutions were mixed
and dropped into Milli-Q water (2 mL) at a rate of 1 drop s™' while stirring. The mixture was left
exposed overnight in the dark (typically 21 h) with continuous stirring while the acetone
evaporated. The solution was centrifuged at 1000 rpm for 10 min and passed through a 13 mm
PVDF filter (0.22 um, non-sterile). Milli-Q water was added to get a 2 mL solution (if needed) to
obtain a final micellar concentration of 2.5 mg mL™!. The blank micelles were prepared using the

same protocol but without Cur. The solutions were used immediately after preparation.
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CMC determination

In a typical preparation, series of polymer concentrations dissolved in HPLC grade acetone were
prepared (0.000122 - 1.0 mg ml™"). A 6 uM pyrene solution dissolved in HPLC grade acetone was
also prepared. Each polymer and pyrene solution were dropped simultaneously into 1 mL of Milli-
Q water at a rate of 1 drop s while stirring. The mixture was left exposed overnight in the dark
with continuous stirring while the acetone evaporated. Milli-Q water was added to the mixture to
get a 1 mL solution (if needed). The samples were detected using a Varian Cary Eclipse
fluorescence spectrometer from Agilent to obtain the peak intensity ratios at 333 nm and 338 nm.
A plot of A33s/ A333 intensity against polymer concentration was used to determine the CMC by

determining the concentration at which the intensity ratios increased.

Size changes with COz bubbling

In a typical preparation, a blank micellar sample was prepared as mentioned previously. The
solution was then bubbled with COz at a rate of 1 bubble per 3 s for a desired duration. The solution

was then analysed with DLS and TEM.

Protonation/oxidation with CO2/ CO2+ H202

In a typical preparation, CO2 was bubbled into a 0.45 mL solution of D20 through a needle at a
rate of 1 bubble per 3 s for 0.5 h. The solution was allowed to equilibrate before adding 15 mg of
the polymer and then equilibrated again for 0.5 h before analysing it with "H NMR.

For the COz-accelerated oxidation of the tertiary amine, 11.2 pL of 30% H202 were added into
0.45 mL D20O. The solution was bubbled with CO: at a rate of 1 bubble per 3 s for 0.5 h and then
allowed to sit to equilibrate before adding 15 mg of polymer. The solution was equilibrated again

for 0.5 h before analyses.

Drug loading and release

The drug-loaded micellar solution (2 mL) was prepared as described previously. The solution was
transferred to a Spectra/Por® 3 dialysis membrane (standard RC, 3.5 kDa MWCO) and dialyzed
against 140 mL of phosphate buffer saline (PBS, 0.01 M, pH 7.4) containing 1% v/v Tween 80. 20

uL aliquots of the solution were collected from the dialysis membrane at desired intervals. The
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aliquots were diluted 100 folds with methanol to dissolve the Cur for analysis. An Agilent Cary
50Bio UV-Vis spectrometer was used to measure the absorption intensities of Cur at 425 nm at
room temperature. The measurements were referred to with a standard Cur curve to obtain the mass
of Cur at each interval. Drug loading (DL%) and encapsulation efficiencies (EL%) were calculated
with the following equations:

DLO = Mass of drug encapsulated % 100%
°~ Mass of drug and polymer added 0

EE% = Mass of drug encapsulated « 100%
0T Mass of drug added °

Cell culture

Human monocytic THP-1 cells (ATCC, #TIB-202) were cultivated in RPMI 1640 culture medium
(Wisent, #350-000-CL) supplemented with 10% of heat inactivated fetal bovine serum (FBS,
Wisent, #090150) and 1% penicillin/streptomycin (Wisent #450-201-EL) at 37 °C under 5% COx.
Cells were seeded at 750 000 cells/mL in 96-well plates (200 pl/well) for MTT assay or 6-well
plates (2 mL/well) culture plates for flow cytometry and IL-1p secretion analyses. The monocytic
cells were differentiated into macrophages by exposure to 100 ng/mL of phorbol 12-myristate 13-
acetate (PMA, Sigma, #P1585) for 72 h. After differentiation, cells were stimulated with Cur or
Cur-loaded TA-MP2 micelles (Cur-TA-MP2) at 10, 30, 50 or 100 uM for 1 h or 24 h. Except for
MTT assays, cells were harvested with trypsin-EDTA, and the reaction was stopped with PBS with
10% FBS.

Cell viability and apoptosis

After 1 or 24 h of stimulation, cells were incubated with thiazolyl blue tetrazolium bromide (MTT,
Millipore Sigma, # M2128) for 2 h at 37°C and 5% CO: in the dark. The medium was removed,
and mitochondrial metabolic activity was measured by dissolving the formazan formed inside the
cells in 100 puL of dimethyl sulfoxide (DMSO). The absorbance was read at 575 nm and cell

viability was expressed in % of control cells, without treatment.

Apoptosis was evaluated by flow cytometry. Cells were suspended in Annexin buffer (BD

Pharmingen, #556454) and incubated with Annexin V-FITC probe (BD Pharmingen, #556420)
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and propidium iodide dye (BD Pharmingen, #556463) for 15 min. Flow cytometry analysis was

performed on at least 30,000 cells per condition. Results were expressed in % of total cells.

Quantification of interleukin-1b secretion by western blotting

Cells were pre-treated with Cur or Cur-TA-MP2 at 50 uM or an equivalent volume of medium
(control). After 24 h, media were replaced and supplemented with nigericin at 10 uM for 30 min
or an equivalent volume of medium (control nigericin). At the end of the protocol, media were
collected for immunoblotting analyses. Immunoblotting was performed using 45 pL of conditioned
media and electrophoresed using 12% TGX Stain-Free (Bio-Rad) gels. Samples were transferred
into a PVDF membrane overnight at 10 V. Membrane was blocked with 5% non-fat dry milk in
TBST and then incubated with IL-1p antibody (dilution 1/1000, Cell Signalling, #83186) overnight
at 4°C, washed in TBST and incubated with an anti-rabbit antibody (dilution 1/10000,
ThermoScientific, #32460). Membrane was incubated using chemiluminescence substrate
(Western Lighting Ultra, Perkin Elmer, NEL1120001EA) to reveal IL-1p signal. Stain-Free
technology allowed quantification of total protein in acrylamide gel for normalization. Finally,

results were expressed in % of nigericin cells without treatment.

Flow cytometry

To assess the differentiation of macrophages into inflammatory (M1) or anti-inflammatory (M2)
profile, cells were co-stimulated with 1 pg/mL lipopolysaccharides (LPS) from Escherichia coli
O111:B4 (Sigma # L2630) and 20 ng/mL human interferon y (IFN-y, Sigma # SRP3058) for 24 h.
ST A co-treatment with Cur or Cur-TA-MP2 was administered. Staining with 7-AAD (Biolegend,
#420404) for viability and with anti-HLA-DR antibody (BD, #563696) was performed for 30 min.
Cells were fixed with BD Fix/Perm (BD, #51-2090) for 20 min at 4°C. After 2 washes, cells were
incubated with an anti-CD68 antibody (Invitrogen, #51-0689-42) for 30 min at 4 °C. Flow
cytometry analysis of cell surface expression of HLA-DR and CD68 was performed on 30,000

cells per condition. Results were expressed in % of viable cells.

Statistical analyses
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Cell viability and M1/M2 differentiation comparisons of combinations of molecules and
concentrations were evaluated using mixed-effects models with the intercept as random effect to

consider correlation within replicates.

For IL-1P secretion from cells exposed to nigericin, Cur or Cur-TA-MP2 treatment comparisons at
a concentration of 50 uM were performed using mixed-effects models with only the intercept as
random effect to consider correlation within replicates. In addition, mean and 95% confidence
intervals (95%CI) of control cells without nigericin and without treatment, Cur 50 pM added to
cells exposed to nigericin and Cur-TA-MP2 50 uM added to cells exposed to nigericin were

compared to control cells only exposed to nigericin (assigned to a value of 1).

For apoptosis evaluation, Cur or Cur-TA-MP2 treatment comparisons at a concentration of 50 uM
were performed using mixed-effects models with only the intercept as random effect to consider

correlation within replicates.

Models were done for pretreatment durations of 1 h and 24 h. Furthermore, adjusted means and
their 95%CI from these models were presented. In all cases, basic assumptions were checked prior
to analysis. P values < 0.05 were considered statistically significant. Analyses were performed with

SAS® release 9.4 (SAS Institute Inc., Cary, NC, USA).

2.5. Results and Discussion

Synthesis of miktoarm polymers

The AB2 miktoarm star polymers without/with a tertiary amine at the terminus of the hydrophobic
arm A, were prepared by combination of arm-first and core-first methods (Scheme 2. 2, MP1, TA-
MP2). The synthetic methodology adopted to construct the branched architectures employed
efficient ring opening polymerization and copper catalyzed alkyne-azide cycloaddition (click)
reaction. Overall goal in the synthetic articulation was to simplify the construction of such
architectures, accompanied by detailed characterization at each step of the build-up towards the
desired miktoarm polymers. Hydrophilic PEG has been a long-standing choice in formulations due
to its ability to impart stealth behavior, extend blood circulation, reduce clearance by the body’s

mononuclear phagocytic system and lower toxicity. %* By reducing serum protein adsorption,
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biocompatible PEG is able to provide steric stabilization and act as a protective barrier to mitigate
the effects of protein-NP interaction. >>->7 With reduced colloidal destabilization, NPs generally
have prolonged circulation half-lives and offer better avenues as drug delivery vehicles.
Biodegradable polyester, PCL, is FDA approved, and has been widely utilized in drug delivery and
tissue engineering applications. **%° Polymer linked diisobutylamine was selected as the multi-
stimuli sensitive center. Diisobutylamine has a predicted pKa of 10.91, and we estimated its pKa
upon covalent linking to the polymer, by comparison to its closest analog, N-methyl
diisobutylamine. The latter has a predicted pKa of 9.59. Hydrophobicity of the linked tertiary amine
together with high predicted pKa are expected to help promote protonation under varied conditions

(dissolved CO2/pH).
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Scheme 2. 2: Synthesis of MP1 and TA-MP2 polymers: (i) Sn(Oct)2, dry toluene, 115 °C, 24 h,
90%; (ii) CuBr, PMDETA, dry THF, rt, 48 h, 76%; (iii) bromoacetyl bromide, triethylamine, dry
THEF, rt, 24 h, yield= 75%; (iv) diisobutylamine, dry DMF, 85 °C, 24 h, 77%. For synthetic details
of 1, 2, and 3 see Appendix A.
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The synthesis began with functionalization of commercially available 3,5-dihydroxybenzyl alcohol
with two alkyne groups using propargyl bromide. The resulting dipropargyl-benzyl alcohol (1) was
used as an initiator for the ring-opening polymerization (ROP) of e-caprolactone, leading to PCL-
linked core (2). Azido-PEG2000-monomethyl ether (3) was subsequently prepared according to a
previously reported procedure. ® Compound 2 was then conjugated with 3 using the copper-
catalyzed azide-alkyne cycloaddition click reaction, yielding a (PEG2000)2-PCL3600 miktoarm block
copolymer (MP1). The terminal OH on MP1 was subsequently reacted with bromoacetyl bromide,
followed by diisobutylamine to obtain the desired multi-stimuli-responsive miktoarm polymer TA-
MP2. The build-up of the branched architectures was established by a combination of 'H and '*C
NMR, MALDI-TOF, ESI, and GPC (Table 2. 1, Figure 2. 6-2.22). Elemental analysis through
electron spray ionization was used to further verify the presence of the terminal amine group, and
complete absence of Br and its isotopes. The GPC chromatograms of both MP1 and TA-MP2 also
showed single peaks with narrow dispersity of 1.20 (Figure 2. 22), confirming the successful

synthesis of both polymers and absence of homopolymers 2 and 3.

Table 2. 1: Properties of miktoarm polymers (MP1 and TA-MP2) and their associated self-

assemblies.
Blank micelles Cur-loaded micelles (no COz)
Molar CMC No CO: CO:
Polymer b’ Du D
mass “ [ng mL1|¢ Du D Du D DL% EE%
[nm]’  [nm]°
[nm]?  [nm]*  [nm]’  [nm]
6.6+ 72.8=+
MP1 7900 | 1.20 3.43 62+6 48 66+9 45 57+7 50
0.5 5.2
74+  81.8+
TA-MP2 8000 @ 1.20 3.25 57+5 40 93 +21 52 06 64 56+5 40

@ Estimated from a combination of 'H NMR and MALDI-TOF. ® Dispersity from GPC. ¢ CMC

obtained through fluorescence measurements. ¢ Hydrodynamic diameter (Dn) obtained by DLS. ©

Diameter (D) obtained by TEM. All error bars represent a standard deviation of n=3.
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Aqueous self-assembly of MP1 and TA-MP2

Polymeric NPs from amphiphilic polymers have been prepared using a variety of methods, and
each offers its own merits and limitations. Co-solvent evaporation method is simple, effective, and
widely used for encapsulation of small hydrophobic drugs. ®> We adopted it to induce aqueous self-
assembly of MP1 and TA-MP2, which were expected to form micelles as the hydrophilic-to-total
mass ratios were 50% or above. *> Dynamic light scattering analyses revealed that MP1-based
NPs (thereafter known as MP1-micelles) were slightly larger than those from TA-MP2 (thereafter
known as TA-MP2-micelles), with mean hydrodynamic diameters (Dn) of 62 nm and 57 nm,
respectively (Table 2. 1, Figure 2. 23). Transmission electron microscopy (TEM) analyses showed
spherical micelles, with similar trend in size, with larger diameter for MP1-micelles (48 nm) than
TA-MP2-micelles (40 nm, Figure 2. 24). The sizes obtained from TEM were smaller in general
than those from DLS, most likely due to dehydration of the micellar solution during TEM sample
preparation. However, DLS provides a better estimation of the changes in hydrodynamic diameters
of NPs. Nevertheless, Du and size evaluations using TEM clearly suggested that these NPs have
dimensions ideally suited for applications in biology. Smaller sizes for the assemblies from AB2
polymer with a hydrophobic tertiary amine at the terminus of polycaprolactone (arm A) than the
one without it, suggested tighter packing at the core in these systems. Next, CMCs of MP1 and
TA-MP2 were evaluated using pyrene, a classic fluorophore in such studies. ®-*® Upon introduction
into bloodstream, NPs undergo extensive dilution, and low CMC is desired for formulation
stability. The ratio of fluorescent intensities at 338 nm and 333 nm were calculated and the
intersection at which a spike in intensity was seen was determined as the CMC (Figure 2. 25). The
CMC of MP1 at 3.43 ug mL"!' was found to be slightly higher than TA-MP2 (3.25 ug mL™").
Nevertheless, both CMCs were quite low, thus implying that such assemblies are stable and are

expected to stay intact upon extensive dilution during circulation.

Evaluation of stimuli-responsive behavior of TA-MP2 using NMR and DLS
We examined the responsivity of TA-MP2 towards dissolved CO2 and CO2 + H20: using 'H NMR
in D20. 0.45 mL of D20 was treated with respective stimulus for 0.5 h before adding TA-MP2 to

it, and then the mixture was allowed to equilibrate for another 0.5 h. We chose this small 1 h
window to note changes taking place on the tertiary amine. Under these conditions, we expected

protonation or oxidation of the tertiary amine to begin, which could be observed through a
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downward shift of the protons on the amine. In D20, both PCL and tertiary amine showed broad,
convoluted peaks (Figure 2. 26), which can be attributed to the non-selective and insoluble behavior
of both segments in aqueous media. As expected, the change in polarity on the nitrogen atom of
the tertiary amine due to CO:2 bubbling was reflected with a downward chemical shift of CHs
marked a (Scheme 2. 2) from 0.88 to 0.99 ppm; and b CH (from 1.65 to 2.12 ppm); ¢ CHz from
around 2.30 (which overlapped with PCL protons in the original spectrum of TA-MP2) to 3.30
ppm; and d CHz from ~3.40 (overlapped with PEG-OCH3 protons) to 4.20 ppm. ® In both CO2 and

COz2 + H202 spectra, almost identical chemical shifts were observed.

We subsequently determined responsivities of MP1-micelles and TA-MP2-micelles upon CO:2
bubbling using DLS. CO2 was bubbled into micellar solutions for 0.5 h at the same rate of 3 bubbles
per second as mentioned above. Under these conditions, we expected the tertiary amine to get
positively charged (quaternized), and our goal was to examine if the latter induces changes within
the micellar core, which may be reflected with an enlargement in size. As expected, MP1-micelles
showed no change in the hydrodynamic diameter, whereas TA-MP2-micelles swelled to about 63%
larger than its original size. A similar trend with increase in size upon CO2 bubbling was observed

using TEM (Figure 2. 27).

Cur-loading into NPs

Cur, a flavonoid polyphenol, was chosen as a model drug for encapsulation due to its excellent
antioxidant and anti-inflammatory properties. ’% 7! The low bioavailability and rapid elimination of
Cur are common reasons for its limited administration, therefore drug delivery technologies such
as micellar formulations become paramount in increasing its efficacy. DL% and EE% for Cur
loaded into MP1-micelles (Cur-MP1) and TA-MP2 micelles (Cur-TA-MP2) are summarized in
Table 2. 1 (Figure 2. 28-29). It is interesting to note that Cur-TA-MP2 showed an overall higher
DL% and EE% compared to Cur-MP1, which may suggest a stronger drug-polymer interaction due
to additional hydrophobicity in the core environment of Cur-TA-MP2. Cur-TA-MP2 had EE% of
>80%, which was significantly higher than the Cur-loaded micelles from a linear triblock co-
polymer, poly[2-(dimethylamino)ethyl methacrylate-b-lauryl methacrylate-b-(oligo ethylene
glycol)methacrylate] of about 12%. 2
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Cur release studies

Release of Cur from both MP1- and TA-MP2-micelles was examined using the dialysis method.
Although both Cur-MP1 and Cur-TA-MP2 showed slow and sustained release at room temperature
over 72 h, there were noticeable differences between these NPs (Figure 2. 1). Cur-MP1 showed
almost 35% Cur release in the first 4 h but it was only 10-12% in Cur-TA-MP2, which in general
displayed much slower and sustained release than Cur-MP1. This may once again suggest better
overall packing and interactions of the drug with the core containing tertiary amine, leading to slow

diffusion of the drug from a well-packed hydrophobic shell in TA-MP2-micelles.
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Figure 2. 1: Cur-release from (A) Cur-MP1 and (B) Cur-TA-MP2 in the absence and presence of
COqz. All studies were conducted in 0.01 M PBS buffer with 1% v/v Tween 80 at pH 7.4. Error bars

represent a standard deviation of n=3.

Dissolved COz-induced Cur release

Leveraging on the fact that majority of CO: exists as HCOs™ in the body, we were intrigued to
examine COz bubbling-induced pH variations in Milli-Q water and PBS buffer. NPs were prepared
in water and the solution was placed in a dialysis tubing for drug release studies, where PBS buffer
constitutes the outside medium. CO2 was bubbled into Milli-Q water (without any NPs) and PBS
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solution (0.01 M, pH 7.4, +1% v/v Tween-80) separately, at a rate of 3 bubbles per second and
changes in pH over a period of 72 h were recorded (Figure 2. 30, Table 2. 3). Dissolution of CO2
in an aqueous medium established an equilibrium with carbonic acid. The initial pH of Milli-Q
water was slightly acidic at 6.11, possibly owing to some atmospheric CO: that dissolves naturally
in it. Upon COz2 bubbling at a constant rate, the pH dropped to 4.84 over 0.5 h, coming very close
to the pH of 10 mM H2COs. In PBS, the original pH at 7.40 gradually dropped to only 6.53 after
12 h. Further CO2 bubbling did not bring any reduction in the pH. Interestingly, with the addition
of 200 mM H20:2 to PBS buffer, the initial pH at 7.4 decreased only slightly to 7.36, and upon
continued bubbling of CO: it dropped to 6.98 in 2h and plateaued at 6.79 in § h.

The COz-induced changes in Cur release profiles of the formulations were then examined with two
different strategies: i) bubbling CO: directly into the dialysis tubing (with expected higher CO2
concentrations with pH dropping to 4.84 in just 0.5 h, as described above); ii) in the external PBS
buffer (with lower CO2 concentrations with change in pH from 7.4 to 6.53 in 12 h). At higher COz
concentrations, we observed no changes in the release profile for Cur-MP1 (Figure 2. 1A), while
Cur-TA-MP2 with the tertiary amine at the core showed a highly accelerated release of Cur (Figure
2. 1B). In the first 4 h we noticed a 45% Cur release, which continued to increase to 55% in 8 h,
and 75% in 12 h. Thereafter, Cur followed a sustained release with most of the drug released in 72
h. This is consistent with changes in the hydrophobic core of the micelles by protonation of tertiary
amine in the highly acidic environment created by dissolved COz. The quaternized amine creates
a hydrophilic/hydrophobic imbalance in the core where the drug is encapsulated, which eventually
expedites Cur expulsion from the hydrophobic interior. We compared cargo release upon CO2
bubbling from the only example of polymeric NPs containing tertiary amines in the polymer
backbone repeat units that we could find in the literature. Rhodamine B (RhB) was loaded into
polymeric  vesicles from a linear triblock co-polymer, polyacrylamide-b-poly(2-
(dimethylamino)ethyl methacrylate)-b-polyacrylamide (PAAm70-b-PDMAEMA 100-b-PAAm7o).
Upon CO:z bubbling into the formulation solution, an accelerated cargo release was observed with
40% of RhB released in 30 min. % Cur release profiles of NPs from Cur-MP1 and stimuli-
responsive Cur-TA-MP2 were subsequently examined by bubbling CO2 into the PBS medium
(lower CO2 concentrations as described above). Under these conditions, Cur-TA-MP2 had

approximately 15% increase in Cur release over 48 h. For the non-responsive Cur-MP1, an almost
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identical release pattern to CO2-free conditions was observed. These experiments highlight the
control such a system offers through tuned CO: concentrations, sensitivity to varied amounts of

COgz, and its potential to deliver Cur with a desired dose under hypercapnia conditions.

It was expected that Cur release from stimuli-responsive formulation will follow the mechanism
of amine protonation, followed by swelling. We examined the changes different CO2
concentrations bring to the overall morphology and stability of Cur-loaded micelles using DLS and
TEM (Figure 2. 2 and Figure 2. 31-32). Under high CO2 concentration conditions, hydrodynamic
diameters of Cur-TA-MP2 increased from 57 nm to 134 nm in 6.5 h, and to 188 nm in 12 h. A
similar increase in hydrodynamic diameters from the original 20-200 nm to >680 nm has been
reported in vesicles from the linear triblock co-polymer, PAAm7o-b-PDMAEMA 100-b-PAAm7o
used for RhB loading. 7 Our results were also supported by TEM, in which a size increase over
6.5 h was observed. At longer time intervals (12 h) TEM micrographs showed the formation of
large aggregates, which suggested micelle disassembly. This may be triggered by the slightly
positively charged core that makes it more susceptible to aqueous solvation, thereby inducing a
shift to the outer polar phase and affecting the stability of the micelles. Nevertheless, we could
still observe a large population of micelles after 12 h (Figure 2. 2D), which may be due to the bulk
of the core that consists of hydrophobic PCL that impedes such hydration. Collectively, both DLS
and TEM showed expansion of micelles upon protonation, and eventual slow disassembly under
these conditions. Such controlled release and micelle transformations could help tune desired drug

dosage release from NPs in a timely manner.
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Figure 2. 2: TEM of Cur-TA-MP2 showing small increments in size after continuous CO2
bubbling: (A) CO2 0 h, D=40 nm; (B) CO2 0.5 h, D= 53 nm; (C) CO2 6.5 h, D= 68 nm; (D) CO2
12 h, aggregation.

pH-responsive Cur release

Cur release from Cur-TA-MP2 was then examined under different biological environments: pH:
7.4, normal physiological; 6.5, tumor extracellular; and 5.5-4.0 tumor lysosomes. 7+7¢ To attain the
desired pH, we used PBS and sodium acetate solutions to ensure that the buffering capacity was
within the desired range. As seen in Figure 2. 3A, Cur-TA-MP2 exhibited pH-dependent release,
with small increments as the pH decreased. At pH 7.4, nearly 43% of Cur was released within 72
h; 48% at pH 6.5; 54% at pH 5.5, and 60% at pH 4.0. These results are consistent with slow
diffusion of protons from the outside medium into the dialysis tubing and then into the micellar
core, followed by protonation of the tertiary amine. The latter leads to micelle core destabilization

due to electrostatic repulsion, promoting accelerated Cur release. It is important to highlight the
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comparative analysis of the responsive NPs reported here, to the commonly developed pH-
responsive systems which generally contain amine functional group in each repeat unit of the
polymer precursors. In such systems, an increase of 40% in drug release is reported with decreasing

pH 53
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Figure 2. 3: Cur-release profiles from Cur-TA-MP2 (A) at room temperature under different pH:
pH 7.4 (in 0.01 M PBS), pH 6.5 (in 0.01 M PBS), pH 5.5 (in 0.01 M PBS), and pH 4.0 (in 0.01 M
sodium acetate buffer); (B) in the absence and presence of H2Oz; (C) with the combination of CO2
+ H20: + tertiary amine. All studies were conducted in buffers with 1% v/v Tween 80. Error bars

represent a standard deviation of n=3.

In a recent study, dual-pH responsive polymeric micelles from poly(2-diisopropylamino)ethyl
methacrylate-b-poly(4-formylphenyl methacrylate-co-polyethylene glycol monomethyl ether
methacrylate) were investigated for doxorubicin (DOX) release.”” DOX release at pH 7.4 increased
from 20% after 30 h to >50% at pH 6.5. This system had tertiary amine units in each repeat unit of
the pH responsive block (poly(2-diisopropylamino)ethyl methacrylate, and an additional pH-
sensitive imine bond which gets cleaved at low pH. These will contribute to an additional increase
in DOX release at low pH. TA-MP2 in comparison has a single amine per polymer chain, and our
system is designed to remain intact by swelling to adjust any disparity in hydrophobic/hydrophilic
ratios and provide slow and sustained release over time. To ascertain this and determine any
morphological changes, DLS and TEM analyses were carried out (Figure 2. 33-34). At 12 h, we

observed a gradual increase in hydrodynamic diameter from 57 nm to 87 nm as the pH dropped
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from 7.4 to 4.0. TEM showed intact micellar structures that were also expanding slowly in acidic

media, confirming pH-responsive stability of the micelles.

ROS-responsive Cur release

Sensitivity of the micelle core-based tertiary amine to ROS and its influence on drug release was
then examined with 200 mM H20:, a widely used concentration for such studies (Figure 2. 3B). 7
7 With H20z, tertiary amines are known to form amine N-oxides, which are widely employed as
stoichiometric oxidants as well as stabilizers in topical pharmaceuticals. 3 8! As expected, we
observed an increase in Cur release from Cur-TA-MP2 upon incubation with H202, which
accelerated to ~72% after 72 h, compared to 40% without any stimulus. As noted earlier, the
addition of H20: to buffer solution did not bring any noticeable change in pH. It clearly suggests
that the increase in Cur release noted above is consistent with slow oxidation of tertiary amine
under non-catalytic conditions. TEM evaluation of the changes in morphology/stability of micelles
in response to ROS was impeded by the instability of TEM grids. It caused etching of the grid
surface upon exposure to H202, a strong oxidizing agent (Figure 2. 35). We thus followed such
changes with DLS instead (Figure 2. 36) and observed a 30% increase in size from 57 nm at 0 h to
84 nm after 12 h. This suggests that the micelle formulation is stable and undergoes expected

expansion upon exposure to ROS.

CO2/ROS (H202)-combined Cur release

Dissolved CO: is known to catalyze oxidation of tertiary amines with H2O2, which should influence
Cur release with the combination of CO2 and ROS (H202) environments. Considering the
abundance of ROS and HCOs™ in tumor microenvironments, a nanocarrier that responds to such a
mixture present at disease sites to deliver suitable therapeutic agents is especially interesting. In
addition, CO2 accelerated oxidation of tertiary amines by H20: leading to the formation of N-

oxides avoids the formation of N-nitrosamines that are known carcinogens. %2

To the best of our knowledge, this is the only system reported to utilize this unique pathway in
designing smart polymeric formulations. As reported above, efficiency of Cur release was
enhanced under both low and high CO2 concentrations, as well as with the addition of H202. With

the CO2 + H20: pairing, we expected increased Cur release from the catalytic oxidation of tertiary
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amine. However, under high CO: concentrations, Cur release was found to be too rapid, which
makes partitioning its effect of stimuli-pairing from COz2 alone a difficult task. To avoid rapid
release under high CO:2 concentrations, we examined catalytic oxidation of amine by H202 under
low CO2 concentrations. As expected, it led to an increase in Cur release with CO2/ H202 combined
stimuli. For example, upon comparing Cur release at 12 h interval and beginning with 20% Cur
release with no stimulus, it increased to 30% with CO2, 35% with H202, and 50% with combined

CO2/ H202 (Figure 2. 3C).

Dissolution kinetics

Drug kinetic models provide an understanding of several critical properties in pharmaceutical
formulations. ® Important details such as drug diffusion coefficient and release behavior can be
predicted to help in formulation optimization. ®* We evaluated several well-known mathematical
models of zero order, first order, Higuchi, and Korsmeyer-Peppas to understand the mechanism of
drug transport out of our systems. By comparing the correlation coefficients (R?) for different
models, we determined that our system fits the Higuchi model the best with the highest R* for Cur-
TA-MP2 under all conditions (Table 2. 2, Figure 2. 37-40). This indicates that Cur release follows
the Higuchi pattern driven by Fickian diffusion.
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Table 2. 2: Kinetic parameters of Cur-TA-MP2.

Model Parameter

Zero-order Ko
(mg h™)
RZ
First-order Ki
(h™Hx
1073
RZ
Korsmeyer kk-p
-Peppas (h™)
n
RZ
Higuchi kn
(mg!3
11—1/2)
RZ
Best fit

Biological evaluation

No

stimuli

(pH
7.4)

0.551

0.832

38.2

0.466

2.787

0.727
0.844

5.295

0.986

High
CO:

conc

1.173

0.637

322

0.314

10.757

0.617
0.580

14.306

0.937

Low
CO;

conc

0.579

0.678

27.2

0.304

7.932

0.516
0.554

7.537

0.934

Cur-TA-MP2

pH
6.5

0.526

0.748

26.3

0.352

7.596

0.478
0.538

6.562

0.946

Higuchi

pH
5.5

0.609

0.793

27.6

0.345

7.989

0.487
0.538

7.210

0.961

pH
4.0

0.743

0.872

29.5

0.420

7.471

0.521
0.586

7.818

0.984

H,0;

0.926

0.918
44.2

0.500

2.976

0.818
0.862

7.936

0.990

Low
CO,+
H20;

0.794

0.743

27.9

0.299

10.442

0.503
0.492

9.860

0.947

Cell viability assessment of PMA-differentiated human THP-1 macrophages after exposure to free

Cur and to Cur-TA-MP2 was performed using an MTT assay that quantifies mitochondrial activity
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by colorimetry. The results of different conditions were normalized to control cells without
treatment. 1 h-exposure to both caused no significant alteration of cell viability (p=0.068, Figure
2.4A). A longer 24 h stimulation using a low concentration (10 uM) of free Cur or Cur-TA-MP2
did not modify the adjusted mean cell viability (95% confidence intervals (95%CI) are reported for
adjusted means using the format 95%CI[LL; UL] where LL is the lower limit of the confidence
interval and UL is the upper limit): 1.05 95%CI1(0.93; 1.16) (p=0.96) and 1.08 95%CI(0.96; 1.21)
(p=0.56), respectively, compared to control cells (1.05 95%CI(0.93; 1.16)). Cur at 50 uM and 100
uM, however, significantly reduced cell viability to 0.42 95%CI(0.31; 0.53)(p<0.0001) and 0.01
95%CI(-0.13; 0.15)(p<0.0001). At this exposure duration, encapsulation of Cur within TA-MP2-
micelles protected cells against cell death when compared to using the highest concentrations of
Cur (p<0.0001 at 50 pM and p<0.0001 at 100 uM of Cur and Cur-TA-MP2) (Figure 2. 4B). It has
been shown that in THP-1 monocytic cells, a 24 h-stimulation at 30, 40 and 50 uM of Cur caused

apoptosis in a concentration-dependent manner. *°
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Figure 2. 4: Upper panels A and B: MTT assessment of cell viability of THP-1 human
macrophages following (A) 1 h or (B) 24 h exposure of Cur or Cur-TA-MP2 at 10, 50 or 100 uM.
Lower panels C-E: Flow cytometry assessment using propidium iodide and Annexin V labeling of
(C) viable cells and (D) apoptotic cell percentages of the THP-1 human macrophages following 24
h exposure of Cur or Cur-TA-MP2 at 50 uM. (E) Dot plot graphs of flow cytometry. Results are
expressed as mean + SEM of 3 to 9 biological replicates. aaa: comparison with control, bbb:

comparison with the same concentration of Cur when p<0.001, ***: p<0.001.
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To assess the anti-inflammatory activity of Cur, we used nigericin as an activator of the
inflammasome. Nigericin is well-known to activate the inflammasome signaling pathway and
stimulate inflammatory responses in cells, especially macrophages. 3¢ A specific response to
nigericin is the increased secretion of the pro-inflammatory cytokine interleukin-1p (IL-1p). IL-18
secretion was quantified by immunoblotting. The results were normalized using total protein “in
gel” quantification of each sample and expressed as a ratio of the nigericin-treated cells. As
expected, 30-minutes exposure with 10 pM nigericin significantly increased IL-1f secretion in the
media compared to unexposed control cells (p<0.05, Figure 2. SA-C). Relative to control cells
exposed to nigericin, after a short 1 h-pretreatment of Cur 50 uM, IL-1p secretion was markedly
decreased (0.09 95%CI(0.00; 0.18)) whereas the equivalent concentration of Cur-TA-MP2 did not
cause a noteworthy reduction (0.81 95%CI(0.46; 1.17), which clearly depicts a significant
difference between free Cur and its nanoformulation in TA-MP2-micelles (p=0.02). After a longer
24 h-pretreatment, both Cur and Cur-TA-MP2 reduced IL-1f secretion (0.04 95%CI(-0.02; 0.09)
and 0.15 95%CI(-0.11; 0.42), respectively, relative to control cells exposed to nigericin alone, and

these two forms of Cur were no longer different from each other (p=0.25).
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Figure 2. 5: Upper panels A-C: Anti-inflammatory activity of Cur assessed by quantification of
interleukin-1p (IL-1B) secretion using western blotting analysis after (A) 1 h or (B) 24 h exposure
of THP-1 cells to Cur and Cur-TA-MP2 at 50 uM and inflammasome activation using nigericin
(Figure 2. 41). THP-1 cells were treated with Cur or Cur-TA-MP2 for 1 h or 24 h before nigericin

10 uM exposure for 30 minutes. (C) Nigericin induced THP-1’s secretion of IL-1p in culture media.
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Lower panels D-F: (D) Anti-inflammatory activity of Cur and Cur-TA-MP2 assessed by
polarization of THP-1 macrophages into CD68 "HLA-DR" (M1 phenotype) or (E) CD68 " HLA-DR"
(M2-like phenotype) cells using flow cytometry analysis as represented by dot plots (F). To induce
M1 polarization, THP-1 cells were co-treated with LPS-IFNy and Cur or Cur-TA-MP2 at 10, 30
or 50 uM for a 24 h exposure. Results are expressed as mean = SEM of 4 to 5 biological replicates.
a: comparison with control, b: comparison with the same concentration of Cur when p<0.05, c:

comparison with nigericin-exposed control when p<0.05. ***: p<0.001, aa: p<0.01, aaa: p<0.001.

PMA-differentiated THP-1 macrophages can be polarized as M 1-, pro-inflammatory, or M2-, anti-
inflammatory, macrophages. We studied the impact of a 24 h treatment with Cur and Cur-TA-MP2
on THP-1 macrophage polarization. THP-1 macrophages were exposed to the M1 inducers LPS
and interferon (IFN)-y in presence of different concentrations of Cur, Cur-TA-MP2 or in control
condition. At the end of the treatment, macrophage polarization was evaluated by flow cytometry
according to the protocol of Zhou et al. using fluorescent labeling of CD68 and HLA-DR to
quantify the cell surface expression of these proteins (Figure 2. 5D-F). >! CD68 is a macrophage
marker whereas HLA-DR is used here as a marker of macrophage activation. Cur treatments at 30
and 50 uM resulted in a significant decrease of HLA-DR'CD68" M1 phenotype proportion
(p=0.003 and p<0.001, respectively compared to control, Figure 2. 5D) without significant
modification of HLA-DR'CD68" M2-like phenotype (p=0.072 and p=0.912, Figure 2. 5E). Cur-
TA-MP2 treatments at 30 and 50 pM also resulted in a decrease of M1 macrophage phenotype
proportion (p<0.001 and p<0.001, respectively compared to control, Figure 2. 5D) and a tendency
to increased M2 phenotype (p=0.058 and p=0.057, respectively compared to control, Figure 2. 5E).
Moreover, at 50 uM, Cur-TA-MP2 produced a higher increase of M2-like phenotype compared to
Cur (p=0.046, Figure 2. 5E). These results are in accordance with Zhou et al., and indicate an
improved anti-inflammatory effect of Cur-TA-MP2 compared to free Cur. The improvement of the
anti-inflammatory phenotype observed at 50 uM of Cur-TA-MP2 could result from the lower

toxicity of this Cur formulation compared to free Cur on M2-like cells after 24h treatment. ¥’
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2.6. Conclusions

We have developed a strategy to simplify the design of stimuli-responsive formulations, which
utilize a single chemical entity to interact with varied endogenous markers for sustained delivery
of small-molecule therapeutics. Such NPs have low CMCs, excellent stability, high loading of Cur,
and tuned release in response to multiple stimuli prevalent at several disease sites, namely dissolved
COg, varied pH, ROS, and the combination of CO2/ROS. Depending on the microenvironment,
Cur release could be accelerated to up to 80% within 12 h, which offers a broad spectrum to its
applicability. We demonstrated lower toxicity and sustained anti-inflammatory efficacy of nano-
formulated Cur in macrophage cell models. This work highlights 1) the potential of a single
chemical entity (tertiary amine) in facilitating the design of smart nanoformulations which offers a
platform for further elaboration; and ii) remarkable ability of the Cur-loaded NPs to slowly release
Cur and preserve its efficacy while abolishing its toxicity at high concentrations. Such formulations

could provide a new avenue to improve preclinical and clinical issues associated with Cur.
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2.8 Appendix A: Supporting Information for Chapter 2

Characterization

Nuclear Magnetic Resonance (NMR)
All NMR spectra were recorded either on a Bruker AVIIIHD 500 MHz or Varian VNMRS

500 MHz spectrometer at ambient temperature. The residual undeuterated solvent in
chloroform-d and deuterium oxide was used as the internal standard and were calibrated at

7.26 ppm (‘H NMR) and 77.16 ppm (}*C NMR), and 4.79 ppm (\H NMR), respectively.

Matrix-assisted Laser Desorption Ionization- Time of Flight (MALDI-ToF)

Mass spectra were acquired in linear positive ion mode using a Bruker MALDI Autoflex

IIT TOF mass spectrometer controlled by Flex Analysis.

Attenuated Total Reflectance- Fourier-transform Infrared Spectrometer (ATR-FTIR)

An ATR-FTIR spectrometer equipped with a single bounce diamond crystal and a LiTaOs3
detector was used to confirm the structure of MePEG2000-N3. Measurements were

conducted with dry polymer samples at room temperature from 400 to 4000 cm™’.

Gel Permeation Chromatography (GPC)

The number-average molecular weight (Mn) and polydispersity index (D) were determined
using GPC with THF as an eluent. Measurements were performed on a Waters Breeze
system equipped with 3 Waters Styragel HR columns (HR1 with a molar mass range of
100-5000 g mol™!, HR2 with a molar mass range of 500-20000 g mol™', HR4 with a molar
mass range of 5000-600000 g mol!) and a guard column. The flow rate was 0.3 mL min™!
(40 °C) while the standards used were polymethyl methacrylate (PMMA) standards (PSS
Polymer Standards Service GmbH, molar masses ranging from 682 to 1520000 g mol™).
Sample detection and quantification were conducted with a differential refractive index

detector (RI 2414).
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Dynamic Light Scattering (DLS)

The hydrodynamic diameters and distribution of blank and drug-loaded micelles were
measured by DLS using a Brookhaven Instrument NanoBrook Omni equipped with a 40

mW diode laser operating at 640 nm at room temperature.

Transmission Electron Microscopy (TEM)

The morphologies of blank and drug-loaded micelles were examined with a FEI Tecnai 12
BioTwin 120 kV microscope equipped with an AMT XR80 CCD Camera System located
at the Facility for Electron Microscopy Research (FEMR) at McGill University. The

solutions were stained with 2% uranyl acetate prior to analysis.
Fluorescence
The fluorescence spectra were measured using a Varian Cary Eclipse fluorescence

spectrometer at room temperature.

pH measurements

pH measurements were carried out at room temperature using the Fisherbrand™ 13-636-
AE150 accumet AE150 pH meter equipped with a Fisherbrand™ accumet™ AE series

single junction gel pH electrode.

Ultraviolet-visible spectroscopy (UV-Vis)

The Cur standard curve and drug release studies were recorded on an Agilent UV-Vis
spectrophotometer Cary50 operating with a Xenon lamp at room temperature. All

measurements were done in triplicates.

Application of drug release kinetic models on release data

Zero-order model: The drug release was represented by the equation:

Cy = Cy + kot
where Ct = amount of drug released at time t, Co = initial concentration of drug at time t=0, ko =
zero-order rate constant. Here, a %cumulative drug release vs. time graph was plotted to obtain ko
(slope of graph) and the correlation coefficient (R?) value.
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First-order model: The drug release was represented by the equation:

log C = logCy — k4 5303

where C= % drug remaining at time t, Co= initial concentration of the drug, ki= first order rate
constant, expressed in h'. Here, a log %cumulative drug release vs. time graph was plotted to

obtain R?, while Ki = slope of the graph * 2.303.

Higuchi model: The drug release was represented by the equation:
Mt
Mo

N| =

== kHt

where MyM..= fraction of drug released at time t, M= amount of drug released at time t, M=
amount of drug released after time ©°, ku= Higuchi release kinetic constant. Here, a %ocumulative

drug release vs. square root of time graph was plotted to obtain ki (slope of graph) and R?.

Korsmeyer-Peppas model: The drug release was represented by the equation:

-
M. K-P

where My/M..= fraction of drug released at time t, M= amount of drug released in time t, M=
amount of drug released after time o°, kx.p= the Korsmeyer release rate constant, n is the

diffusional exponent. Here, a log %cumulative drug release vs. log time graph was plotted to obtain

n (slope of graph) and R?, while kx-p was obtained by inverse log (graph intersection).
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Synthesis
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Scheme 2. 3: Synthesis of MP1 and multi-responsive miktoarm polymer TA-MP2.

Synthesis of 3.5- bis(prop-2-ynyloxy)benzyl methanol (1)

To a stirred solution of propargyl bromide (3.18 mL, 35.69 mmol, 2.5 eq) and 3,5-dihydroxybenzyl
alcohol (2.00 g, 14.27 mmol, 1 eq) in acetone (50 mL), K2COs, (2.56 g, 18.52 mmol, 1.3 eq) and
18-crown-6 (0.15 g, 0.57 mmol, 0.04 eq) were added and the reaction mixture was refluxed at
65 °C under nitrogen for 24 h with magnetic stirring. After cooling down to room temperature,
any residue from the reaction mixture was removed by vacuum filtration. The filtrate was then
evaporated to dryness under reduced pressure and partitioned between water and dichloromethane
(DCM). The aqueous layer was extracted with DCM three times and the combined organic extracts
were dried with anhydrous Na2SO4 and then dried under reduced pressure. The crude product was
purified by column chromatography using 1:1 hexane and ethyl acetate. After evaporation of
solvents, the product was recovered as an off-white solid (2.7 g, 87% yield). '"H NMR (CDCl3, 500
MHz): & (ppm) 1.93 (br s, 1H, -OH), 2.53 (t, 2H, -OCCCH), 4.63 (s, 2H, -CH20H), 4.67 (d, 4H, -
OCH»), 6.53 (t, 1H, Ar H), 6.62 (s, 2H, Ar H). BC{'H} NMR (CDCls, 125 MHz): § (ppm) 56.1,
65.2,75.8,78.5,101.6, 106.3, 143.7, 158.9.
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Synthesis of 3.5- bis(prop-2-ynyloxy)benzyl polycaprolactone (2)

1 (0.1 g, 0.46 mmol, 1 eq) was dissolved in dry toluene and heated to 100 °C under nitrogen
with magnetic stirring. e-caprolactone (1.8 mL, 67 mmol, 35 eq) was subsequently added
to the mixture and heated to 110 °C. Tin(II) 2-ethyl hexanoate (0.015 mL, 0.67 mmol, 0.1
eq) was then added and the reaction mixture was refluxed at 115 °C for 24 h. After cooling
down to room temperature, the solvent was removed under reduced pressure. The crude
product was purified by dissolving in minimal DCM and precipitated in ice cold methanol.
The product was collected under vacuum filtration and dried in a dessicator (1.8 g, 90%
yield). "TH NMR (CDCls, 500 MHz): & (ppm) 1.34- 1.40 (m, 67H, (-OC-CH2-CH2-CH>-CH2-
CH2-0)33), 1.60- 1.67 (m, 140H, (-OC-CH2-CH>2-CH2-CH>-CH2-0)33), 2.31 (t, 66H, (-OC-
CH>-CH2-CH2-CH2-CH2-0)33), 2.52 (t, 2H, -C=CH), 4.04 (t, 67H, (-OC-CH2-CH2-CH2-
CH2-CH2-0)33), 4.66 (d, 4H, CH2-C=C), 5.04 (s, 2H, CH2-OH), 6.56 (t, 1H, Ar-H), 6.59
(d, 2H, Ar-H). *C{'H} NMR (CDCl;3, 125 MHz): § (ppm) 24.7, 25.7,28.5,34.2, 56.1, 62.8,
64.2,65.9,75.9, 78.4, 101.9, 107.6, 158.9, 173.7. MS: MALDI-TOF Mn = 3635.30; Mw =
3743.79; PDI = 1.03; DP = 32.

Synthesis of tosyl PEG2000 monomethyl ether (MePEG2000-OT's)

MePEG2000 monomethyl ether (3 g, 1.5 mmol, 1 eq) was added to a 3-neck flask and dissolved in
THF under nitrogen. Subsequently, a solution of NaOH (0.18 g, 4.5 mmol, 3 eq) dissolved in 0.5
mL H2O was added. A separate solution of p-toluenesulfonyl chloride (0.858 g, 4.5 mmol, 3 eq)
in THF was added slowly dropwise to the reaction mixture. After letting it stir overnight, the
solvent was removed from the flask under reduced pressure, and the product was extracted with
DCM thrice from water. The organic extracts were combined and dried with MgSOa. The solution
was then filtered, concentrated, and then precipitated into ice cold diethyl ether under vigorous
stirring. The pure precipitated product was obtained by filtration as a white solid (2.6 g, 79% yield).
"HNMR (CDCls, 500 MHz): § (ppm) 2.43 (s, 3H, CH3), 3.36 (s, 3H, OCH3), 3.63 (m, 182H, PEG),
4.14 (t, 2H, CH2-OTs), 7.33 (d, 2H, H-Ar), 7.78 (d, 2H, H-Ar). *C{'H} NMR (CDCls, 125
MHz): ¢ (ppm) 21.8, 59.2,70.7, 127.2, 128.1, 129.9, 130.4.
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Synthesis of azido PEG2000 monomethyl ether (3)
MePEG2000-OTs (2.4 g, 1.14 mmol, 1 eq), NaN3 (0.592 g, 9.11 mmol, 8 eq) and anhydrous ethanol

were added to a 3-neck flask under nitrogen. The reaction mixture was heated to 90 °C and stirred
for 24 h. The ethanol was then removed under reduced pressure and the mixture was extracted 4
times with DCM from water before drying with MgSOa4. The product was then concentrated in
DCM and precipitated by dropwise addition to ice cold diethyl ether. After filtration and drying
under reduced pressure, a white solid product was obtained (2.1 g, 94% yield). '"H NMR (CDCls,
500 MHz): § (ppm) 3.37 (s, 3H, OCH3), 3.49 (t, 2H, CH2-0), 3.63 (m, 181H, PEG). 3C{'H}
NMR (CDClIs, 125 MHz): é (ppm) 50.8, 59.1, 61.8, 70.6, 72.0, 72.6.

169



Chapter 2

Supplementary Figures
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Figure 2. 6: 'H NMR spectrum of 3,5-bis(prop-2-ynyloxy)benzyl methanol (1).
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Figure 2. 7: 1°C NMR spectrum of 1.
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Figure 2. 13: '"H NMR spectrum of azido PEG2000 monomethyl ether (3).

173



Chapter 2

72.57
72.00
70.63
—61.78
~59.10
—50.74

pd
N

cDcl;

a
1| || |

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm
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Figure 2. 17: '3C NMR spectrum of MP1.
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Figure 2. 22: GPC traces of 3 (blue P=1.06), 2 (red, B=1.15), MP1 (orange, P=1.20), and TA-
MP2 (black, P=1.19).
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Figure 2. 23: Size changes of MP1-micelles and TA-MP2-micelles upon bubbling COa.
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Figure 2. 24: TEM images and analyses of (A) MP1-micelles and (B) TA-MP2-micelles.
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Figure 2. 25: CMC determination of (A) MP1 and (B) TA-MP2. (Pyrene (6 uM) was used as the

fluorescent probe. Error bars represent a standard deviation of n=3.

179



Chapter 2

A

o a
PEG;PCL,
(A) CO, + H,0, n \oJ'\df“/\'i

b

c

(B) €O,

b e

(C) No stimuli PEG PCL+c PCL

PEG PCL +b
a
A J |l

4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

>
Q
c
E
o
e
w
0 20 40 60 80 100 120 140 160 180 200
Size (nm)
60 -
50 -
D,,g=52nm

40
oy

c 304
o
3
T

2 20
w

10

oI 0

100 nm 0 20 40 60 80 100 120 140 160 180 200

Size (nm)

Figure 2. 27: TEM images and analyses of (A) MP1-micelles and (B) TA-MP2-micelles after
CO2 bubbling for 0.5 h.

180



Chapter 2

(A) (B)

- MP1 = TA-MP2
100+ ; == MP1 + Cur 1004 A == TA-MP2+ Cur
80 - 80 4

2 2
% 604 % 60
(= i=4
2 g
£ £
40 4 404
20 4 20 4
- 0 4+——rrrmt — .y
10 100 1000 10 100 1000
Hydrodynamic diameter (nm) Hydrodynamic diameter (nm)

Figure 2. 28: Size distribution upon Cur loading into (A) MP1-micelles and (B) TA-MP2-
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Figure 2. 29: TEM image and analysis of Cur-MP1.
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Figure 2. 30: pH (black) and CO2 concentrations (red/blue) measurements of: (A) Milli-Q water
+ COz2; (B) Milli-Q water + CO2 + H202; (C) PBS + COz; and (D) PBS + CO2 + H20:2. Values of

pH and COz concentrations are listed in Table S1. Error bars represent a standard deviation of n=3
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Table 2. 3: pH values and CO:2 concentrations from Figure 2. 30.

Ti " Milli-Q water+ CO: | Milli-Q water + CO2+ H20: PBS + CO: PBS + CO:+ H202
me® pH | [CO:l/ pM pH [CO:]/ pM pH [ [CO2)/pM | pH | [CO:l/ pM
0 611 0.8 6.48 0.3 24 | 003981 | 54| 0.04365
05 | 434 145 454 28.8 739 | 0.04074 | 55, [ 0.0598
) 467 214 4.49 324 238 | 004201 | 5, [ 0.07703
) 440 38.0 439 40.7 608 | 005248 | cog | 0.10471
4 438 417 439 40.7 73 | 011482 | 44 | 0.12589
g 436 437 435 44.7 656 | 016469 | o9 | 0.16343
12 | 436 45.7 434 45.7 653 | 018337 [ g7g | 0.16343
| 433 46.8 431 48.9 650 | 01792 | gg7 | 0.13386
43 | 436 43.7 434 45.7 652 | 018337 |79 | 016218
72 | 425 36.2 4.42 38.0 6.66 | 021878 | ggq | 0.14454
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Figure 2. 31: DLS analysis of Cur-TA-MP2 upon treatment with CO2 over time: 0 h (no COz,
black, 57 nm), 0.5 h (purple, 71 nm), 6.5 h (green, 134 nm), and 12 h (blue, 188 nm).
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Figure 2. 32: TEM analysis of Cur-TA-MP2 with CO2 over time: (A) 0 h (no CO2), (B) 0.5 h, (C)
6.5 h, and (D) 12 h.
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Figure 2. 33: DLS study of Cur-TA-MP2 after 12 h in varied pH media: pH 7.4 (black, 57 nm),
pH 6.5 (blue, 72 nm), pH 5.5 (red, 79 nm), and pH 4.0 (purple, 87 nm).
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Figure 2. 34: TEM of Cur-TA-MP2 solution after 12 h in varied pH media: (A) pH 6.5; (B) pH
5.5; and (C) pH 4.0.
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Figure 2. 35: TEM grid upon depositing Cur-TA-MP2 solution containing H20-.
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Figure 2. 36: DLS of Cur-TA-MP2 in 200 mM H20:2 solution at various time intervals: 0 h (black,
57 nm), 0.5 h (blue, 67 nm), 6.5 h (red, 69 nm), and 12 h (purple, 84 nm).
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Figure 2. 37: Drug release data of Cur-TA-MP2 fitted to zero-order model. (A) No stimuli (pH
7.4), (B) high CO: conc, (C) low CO2, (D) pH 6.5, (E) pH 5.5, (F) pH 4.0, (G) H202, (F) low CO2+
H20:.
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Figure 2. 38: Drug release data fitted to first-order model. (A) No stimuli (pH 7.4), (B) high CO2
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Figure 2. 39: Drug release data fitted to Higuchi model. (A) No stimuli (pH 7.4), (B) high CO2
conc, (C) low CO2, (D) pH 6.5, (E) pH 5.5, (F) pH 4.0, (G) H202, (F) low CO2+ H20:.

190



Chapter 2

(A) (8) @
3.0 3.0 3.0
s 25 = 25 g 25
& 20 y =0.7274x + 0.4452 g 20 R % 20 y = 0.5155x + 0.8994
2 et w = i
g e g T 2 45 m_oe
5 18 . om S 18 T Y= 0.6171x + 1.0317 v P
2 bt z = e
LT R S g 1ol R
: = : :
3 0.5{.--" B No stimuli (pH 7.4) 5 0.5 W High CO, conc 3 0.5 M LowCO,conc
g oo . . . g oo . . . g oo
= 0.0 0.5 1.0 15 20 — 0.0 0.5 1.0 15 2,0 0.0 0.5 1.0 1.5 2.0
(D) log time (h) (E) log time (h) (F) log time (h)
3.0 3.0 3.0
5 25 s 25 £ 25
E 20 g 20 =0.4867x + 0.9003 8 20 =0.5213x + 0.8734
s y = 0.4776x + 0.8806 3 y =0 U b ¥ e .
g 15 S 2 s s P 2 s g
@ SR . o | _.me-- @ emT
2 eemen H - 2z, .-
B 1.0 ® 1.0 K] 1.0
2 £ £
E o5 W pH6ES5 3 08 W pHS55 z 0 W pH40
Q
g o0 " . . g oo g oo v T T
= 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
log time (h) log time (h) log time (h)
6 5, H) 4,
T 25 S 25
g o y=0.5031x + 1.0188
@ 20 3 20 3
o L1} JUPEEL
L i [ Bl |
2 15 S 15 . m_ET
“’é' z ] e -
® 10 & 1047
E E
E o5 )
3 X 3 05 M Low CO,+H_O,
2 00 . . . g oo . : :
= 0.0 05 1.0 15 20 0.0 0.5 1.0 1.5 20
log time (h) log time (h)

Figure 2. 40: Drug release data fitted to Korsmeyer-Peppas model. (A) No stimuli (pH 7.4), (B)
high COz conc, (C) low COz, (D) pH 6.5, (E) pH 5.5, (F) pH 4.0, (G) H202, (F) low CO2+ H20.
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Figure 2. 41: Raw images for Western blot data.
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Chapter 3: Soft Nanoparticles as Antimicrobial
Agents and Carriers of Microbiocides for

Enhanced Inhibition Activity

3.1. Opening remarks

We demonstrated the utility of our core modification methodology to simplify the development of
multi-stimuli responsive polymeric nanoparticles (NPs) for controlled and environment selective
drug delivery in Chapter 2. Given the ongoing threat of bacterial infections to global health, there
is an urgent need to develop alternative platforms for bactericidal agents. To address this critical
issue, we considered a macromolecular platform that utilizes surface modification and strategically
integrating charged amine entities onto the hydrophilic shell of soft NPs, into which active small
molecule antibacterial agents could be physically encapsulated. Our design strategy confers NPs
with intrinsic antimicrobial properties, while preserving their ability to deliver potent antibacterial
cargo. We demonstrate the efficacy of these NPs against known bacterial strains, and their potential

in combination therapy: intrinsic bactericidal efficacy, as well as delivery of antibacterial agents.

This chapter is adapted from a manuscript that has been accepted for publication in the Journal of

Materials Chemistry B.

Yong, H. W.: Ojagh, S. M. A.; Théberge-Julien, G.; Castellanos, L. S. R.; van de Ven, T.;
Rhéaume, E.; Tardif, J.-C.; Kakkar, A. Soft Nanoparticles as Antimicrobial Agents and Carriers
of Microbiocides for Enhanced Inhibition Activity. J. Mat. Chem. B 2024, DOL:
10.1039/D4TB01200C.
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3.2. Abstract

Antibiotic resistance continues to pose significant health challenges. Considering severe
limitations in the discovery and supply of new antibiotics, there is unmet need in designing
alternative and more effective strategies in addressing this global issue. Polymeric NPs with
cationic shell surface offer a highly promising approach in coupling their inherent bactericidal
action with sustained delivery of small lipophilic microbiocides. We have utilized this platform in
assembling multi-tasking soft core-shell NPs from star polymers with the desired asymmetric arms
composition. These stable NPs with low critical micelle concentration (CMC) are imparted
intrinsic antimicrobial potency due to high positive charge density in the corona, as well as loading
of active biocidal agents (curcumin and terbinafine) for potential dual and coadjuvant inhibition.
The strategic combination allows for both immediate (direct contact) and extended (drug delivery)
bacterial activity for better therapeutic efficacy. Micellar NPs with and without therapeutic cargo
were highly efficient against both Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis),
representative Gram-negative and Gram-positive bacteria, respectively. Interestingly, we observed
bacteria- and concentration-dependent effects, in which higher concentration of charged NPs were
more effective against E. coli, whereas B. subtilis were inhibited only at lower concentration. This
work highlights a valuable platform to work towards combination therapy through NPs with

charged coronaes and delivery of potent therapeutics to overcome antimicrobial resistance.

3.3. Introduction

Bacterial infection is a surging health concern affecting millions of people worldwide. It can lead
to life-threatening conditions including sepsis, bacteraemia, tuberculosis, and endocarditis if left
untreated. 2 Patients who are immunocompromised for a variety of reasons such as cancer, organ
transplant, or HIV, are especially vulnerable to bacterial infections. ° Antibiotics have
traditionally played a crucial role; however, the emergence of drug-resistant pathogens is alarming
and severely threatens our ability to intervene. The latest World Health Organization (WHO)
global priority pathogens list has highlighted the need for new antibiotics to address this urgency,

which further stresses the gravity and research efforts necessary to curb this problem. ©
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Current therapeutic agents used to combat bacterial infections can be classified as either
bacteriostatic or bactericidal. ” The former work by interfering with bacterial protein synthesis to
inhibit growth, while the latter involve inhibition of bacterial cell wall synthesis or disruption of
cell wall structure to induce nutrient loss, which eventually leads to cell death. ® Some
bacteriostatic agents include sulphonamides like sulfamethoxazole or macrolides such as

clarithromycin, - 1°

whereas fluoroquinolones namely ciprofloxacin or glycopeptides including
vancomycin possess bactericidal activity. !'! With the increasing instances of drug-resistance
strains, and deficiency in discovery and supply of new antibiotics, there is pressing need to develop

alternative strategies in designing effective microbial agents.

Cationic polymers which can disrupt bacterial cell wall have been explored for their activity in
preventing cell growth. '>?? These materials disrupt the negatively-charged bacterial cell wall
through electrostatic interactions with the polymeric cationic moieties. This interaction impairs
cell wall integrity, leading to leakage of cytoplasmic contents and eventual cell lysis. 2* For
example, polyethyleneimine (PEI) and integrated PEI-based hybrid polymers have been
extensively explored for antibacterial activity. >*?® Recently, branched PEI-crosslinked cellulose
(BC-PEI) was used to prepare antibacterial face masks, 2 which were effective in inhibiting
Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa) growth. To work

30.31 mannose-modified PEIs

around high toxicity of such polymers towards mammalian cells,
were prepared which showed low cytotoxicity against HeLa cells but excellent effectiveness
against E. coli. 3 Several studies on PEI-grafted polyurethane ureteral stent surfaces have also
shown to reduce growth of Klebsiella pneumonia (K. pneumonia), Proteus mirabilis (P. mirabilis),

and E. coli without significant cytotoxicity against L929 cells. 3% 34

To enhance our efficacy in addressing escalating antibiotic resistance, we were intrigued to
engineer soft NPs with cationic shell surface, which could also efficiently encapsulate biocidal
agents. These nanoscale alternatives offer opportunities in disrupting cell growth through multiple
actions, including electrostatic interactions with the cell membrane; entering cells and interfere
with their components; and sustained delivery of active bactericides (Scheme 3. 1). Towards this
goal, we report herein an AB2 miktoarm (mikto, Greek meaning different; A = polycaprolactone

(PCL), B = polyethylene glycol (PEG) with terminal end amine functionality) polymer-based
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micelles with positively-charged PEG shell and a hydrophobic PCL core. Branched star polymers
offer opportunities in designing NPs of small sizes, low CMCs, high encapsulation efficiencies,
and rendering balanced high charged density to hydrophilic shell surfaces. 3> * Such a
multifunctional approach presents an efficient platform to address current challenges of bacterial

infections using combination therapy.

Nanoscale micellar formulations were evaluated for their ability to inhibit microbial growth of E.
coli and B. subtilis. We explored the potential to combine intrinsic-antimicrobial activity of NPs
with physically encapsulated drugs for additive effects. Curcumin (CUR) and terbinafine (TBF)
were selected as the antimicrobial agents for this study. CUR is a naturally occurring polyphenol
extracted from the rhizome of Curcuma longa. 3’ It has been widely shown to possess anti-
inflammatory, antioxidant, anticancer properties, as well as antibacterial efficacy on several
persistent Gram-negative and Gram-positive bacteria, including P. aeruginosa, S. aureus, B.
subtilis, Bacillus cereus (B. cereus), and E. coli.>** However, poor pharmacokinetics of CUR,

including poor aqueous solubility and stability have restricted its versatile usage. **

TBF is a lipophilic allylamine that has a wide spectrum fungicidal activity. ** As one of the drugs
listed under the WHO’s model list of essential medicines, the potency of TBF and its efficiency
over several other antifungals have been demonstrated in clinical studies. ** Nevertheless, low
penetration rates and poor aqueous solubility of TBF limit its application, and require the need for
repeated treatments. *¢ In addition, there has been an increase in clinical failures as certain
pathogenic fungi develop resistance to TBF, * which governs the need for a solution to overcome
this hurdle. Although TBF is a well-known antifungal agent, some studies have shown potency
against bacterial strains such as S. aureus. *® We examined if TBF alone and loaded into NPs was
effective as antibacterial agents for E. coli and B. subtilis. Our studies present a multifaceted
approach in designing alternative antibacterials agents, and we demonstrate that NPs i) inhibit
growth of both E. coli and B. subtilis, and i1) can be further utilized as drug nanocarriers to achieve

sustained inhibition of bacteria.
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Bacterial cell death

\ntrinsic antimicroblal activity %&;ﬁ”
WS

Positively-charged NP from D
(*H,N-BA-PEG, ),-PCL .., TUg encapsulation

2050)2
Intrinsically antibacterial NPs loaded with antimicrobial drugs

Scheme 3. 1: Schematic overview of the dual-purpose polycationic NPs for targeting bacteria and

drug delivery.

3.4. Experimental Section

Reagents
Poly(ethylene glycol) (2050 g/ mol, Sigma Aldrich), silver nitrate (AgNO3, >99.0%, Sigma-

Aldrich), sodium hydroxide (NaOH, >97%, ACP chemicals), sodium azide (NaNs, >99.5%,
Sigma-Aldrich), N-(tert-Butoxycarbonyl)-4-aminobutyric Acid (Boc-GABA-OH, >98%, TCI
America), N,N’-dicyclohexylcarbodiimide (DCC, 99%, Sigma-Aldrich), 4-
(dimethylamino)pyridine (DMAP, ReagentPlus®, >99%, Sigma-Aldrich), propargyl bromide
(~80% in toluene, Sigma-Aldrich), 3,5-dihydroxybenzyl alcohol (99%, Sigma-Aldrich),
potassium carbonate (K2CO3, >99.0%, Sigma-Aldrich), 18-crown-6 (99%, Sigma-Aldrich), tin(II)
2-ethylhexanoate (Sn(Oct)2, 92.5-100.0%, Sigma-Aldrich), copper (I) bromide (CuBr, 98%,
Sigma-Aldrich), N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA, 99%, Sigma-
Aldrich), ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, 99.0-101.0%, Sigma-
Aldrich), trifluoroacetic acid (TFA, ReagentPlus®, 99%, Sigma-Aldrich), curcumin (CUR, >95%,
Oakwood Products), terbinafine HCI (TBF) were used as received. p-toluenesulfonyl chloride
(>98%, Sigma-Aldrich) was recrystallized from petroleum ether before use. e-caprolactone
monomer (99%, ACROS Organics) was distilled over CaHz before use. 13 mm PVDF filters (0.22
um, non-sterile) were purchased from SyringeFilter.com.
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Synthesis of (Boc-GABA-PEG2000)2-PCL3900 (P6)

Synthetic details for the hydrophilic PEG (P3) arm and hydrophobic PCL core (P5) can be found
in Appendix B. P5 (0.186 g, 0.0439 mmol, 1 eq), P3 (0.200 g, 0.0894 mmol, 2 eq), CuBr (0.0162
g, 0.113 mmol, 2.5 eq) were dissolved in dry toluene under nitrogen with magnetic stirring. A
solution of PMDETA (0.0194 g, 0.112 mmol, 2.5 eq) in dry toluene was then added, and the
solution was allowed to react at room temperature for 48 h. The mixture was then concentrated
and dialysed once with EDTA and twice with deionized water for 24 h each. The solution was then
concentrated and precipitated in cold diethyl ether. The product was collected with vacuum
filtration and dried in the desiccator. Yield: 87% (0.32 g). '"H NMR (500 MHz, CDCls): § (ppm)
1.34- 1.41 (m, 71H, (-OCCH2CH.CH>CH2CH20)35), 1.43 (s, 18H, -C(CHz3)3), 1.60- 1.67 (m,
157H, (-OCCH2CH>CH2CH>CH20)35), 1.81 (m, 4H, -NHCH2CH>CH2CO), 2.29 (t, 69H, (-
OCCH:CH2CH2CH2CH20)35), 238 (t, 4H, -NHCH.CH2CH:CO), 3.15 (t, 4H, -
NHCH>CH2CH2CO0), 3.49 (t, 4H, -OCCH2CH2(CH2CH20)46), 3.63 (s, 370H, -(CH2CH20)46), 3.88
(t, 4H, -OCCH2CH2(CH2CH20)46), 4.05 (t, 67H, (-OCCH2CH2CH2CH2CH20)33), 4.22 (t, 4H, -
(CH2CH20)46CH2CH200C), 4.58 (t, 4H, -(CH2CH20)4CH2CH>00C), 5.03 (s, 2H, -ArCH20),
5.16 (s, 4H, -ArOCH>), 6.59 (s, 3H, -ArH), 7.83 (s, 2H, triazole). 3*C NMR (125 MHz, CDCl3): §
(ppm) 24.7,25.7, 28.5, 34.2, 63.7, 64.3, 69.2, 70.7, 173.7.

Synthesis of ("H3N-BA-PEG2000)2-PCL3900 (P7)

P6 (0.136 g, 0.017 mmol, 1 eq) was dissolved in DCM (0.5 mL) with magnetic stirring.
Trifluoroacetic acid (0.5 mL) was added into the solution and allowed to react for 5 min. The
solutions were then removed under vacuum and washed extensively with methanol. The product
was then precipitated in cold diethyl ether, collected, and dried in the desiccator. Yield: 80% (0.11
g). 'H NMR (500 MHz, CDCls): § (ppm)1.34- 1.41 (m, 70H, (-OCCH2CH2CH>CH2CH:0)35),
1.60- 1.67 (m, 147H, (-OCCH2CH>CH2CH>CH20)35), 1.81 (m, 4H, -CH2CH2CH2NH3"), 2.29 (t,
72H, (-OCCH>CH>CH2CH2CH20)35), 2.38 (t, 4H, -CH>CH:CH:NH3"), 3.06 (t, 4H, -
CH2CH2CH>NH3"), 3.49 (t, 4H, -OCCH2CH2(CH2CH20)45), 3.63 (s, 364H, -(CH2CH20)45),), 3.88
(t, 4H, -OCCH2CH2(CH2CH20)45), 4.05 (t, 67H, (-OCCH2CH2CH2CH2CH20)33), 4.27 (t, 4H, -
(CH2CH20)4sCH>CH200C), 4.55 (t, 4H, -(CH2CH20)4sCH2CH200C), 5.03 (s, 2H, -ArCH20),
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5.16 (s, 4H, -ArOCH>), 6.59 (s, 3H, -ArH), 7.83 (s, 2H, triazole). *C NMR (125 MHz, CDCI3): &
(ppm) 24.7,25.7, 28.5, 34.3, 64.3, 70.7, 173.7.

Preparation of blank and drug-loaded polymeric micelles

To prepare blank NPs, the desired polymer (P6 or P7, 5 mg) was dissolved in 2 mL of HPLC-
grade acetone in a vial. The polymer solution was then dropped into Milli-Q water (2 mL) at a rate
of 1 drop s™! while stirring. The acetone was allowed to evaporate overnight in the dark with
continuous stirring. The solution was then passed through a 0.22 um PVDF filter. Milli-Q water

was added (if needed) to obtain a final volume of 2 mL.

To prepare the CUR-loaded NPs, the desired polymer (P6 or P7, 5 mg) was dissolved in 2 mL of
HPLC-grade acetone in a vial. In another vial, CUR (0.5 mg) was dissolved in HPLC-grade
acetone (1 mL). The CUR solution was then mixed with the polymer solution and dropped into
Milli-Q water (2 mL) at a rate of 1 drop s™! while stirring. The acetone was allowed to evaporate
overnight in the dark with continuous stirring. The solution was then centrifuged for 10 min at
1000 rpm and passed through a 0.22 um PVDF filter. Milli-Q water was added (if needed) to
obtain a final volume of 2 mL. TBF-loaded NPs were also prepared using the same protocol but

with HPLC-grade DCM instead of acetone.

CMC Determination

A series of polymer concentrations ranging from 0.000122 mg ml™! to 1.0 mg ml"! in HPLC-grade
acetone were prepared. A 6 uM pyrene in HPLC-grade acetone solution was also prepared
separately. Each polymer and pyrene solution were dropped concurrently into Milli-Q water (1
mL) at a rate of 1 drop s’ while stirring. The acetone was allowed to evaporate overnight in the
dark with continuous stirring. Milli-Q water was added to obtain a final volume of 1 mL. The
fluorescence spectra were recorded, and the CMC was examined by using a plot of A33s/ A333
intensity against polymer concentration to determine the concentration at which the intensity ratios

increased.
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Drug Loading and Release

The drug-loaded NP solution was transferred to a Spectra/Por 3 dialysis membrane (standard RC,
3.5 kDa MWCO). The solution was dialyzed against 140 mL of phosphate-buffered saline (PBS,
0.01 M, pH 7.4) containing 1% v/v Tween 80 at 37 °C. At desired intervals, 20 pL aliquots were
collected from the dialysis membrane and diluted 100 folds with methanol (for CUR) or DMSO
(for TBF) for analysis. The absorption intensities (425 nm for CUR and 285 nm for TBF) were
measured at room temperature. The results were referred to a standard drug curve to obtain the
mass of drug remaining at each interval. Drug loading (DL %) and encapsulation efficiencies
(EE %) were then calculated using the following equations:

DLOG — Mass of drug encapsulated % 100%
® ™ Mass of drug and polymer added °

EE% — Mass of drug encapsulated x 100%
®~ " Mass of drug added °

Drug Release Kinetic Studies

The drug release kinetic studies were examined by applying model equations as follows:
Zero-order model: Ci = Cy + kot

where Ct = amount of drug released at time t, Co = initial concentration of drug at time t=0, ko =
zero-order rate constant. A graph of %cumulative drug release vs. time was plotted to obtain the

slope of graph (ko) and correlation coefficient value (R?).

First-order model: log C = logCy — k; ﬁ
where C= % drug remaining at time t, Co= initial concentration of the drug, ki= first order rate

constant, expressed in h'!. A graph of log %cumulative drug release vs. time was plotted to obtain

R?, whereas ki = slope of the graph * 2.303.

1
Higuchi model: % = kytz

where My/Mow= fraction of drug released at time t, M= amount of drug released at time t, Moo=

amount of drug released after time oo, kn= Higuchi release kinetic constant. A graph
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of %cumulative drug release vs. square root of time was plotted to obtain the slope of the graph

(ku) and R?.

Korsmeyer-Peppas model: % = kg_pt"

where MyMe= fraction of drug released at time t, M= amount of drug released in time t, M«=
amount of drug released after time oo, kx.p= Korsmeyer release rate constant, n= diffusional
exponent. A graph of log %cumulative drug release vs. log time was plotted to obtain slope of the
graph (n) and R?, while kx-p was obtained from the inverse log (intersection point). Cumulative

release data up to 60% was utilized.

Assessing the Antimicrobial Activity

To determine the antimicrobial efficiency of P6- and P7-micelles on E. coli ATCC 25922 and B.
subtilis ATCC 6633, two-fold serial dilutions were conducted. The bacterial cultures were diluted
with LB broth to achieve an optical density of 0.05 at 600 nm (ODsoo). In parallel, blank P6- and
P7-micelles were prepared according to the procedure mentioned previously. The stock micellar
solution was then diluted with Milli-Q water to obtain six different concentrations ranging from
78-2500 ng mL™!. Next, 160 uL of bacterial suspension was then added to the wells of a 96-well
microplate followed by 40 uL of micellar solutions. The positive control was a bacteria suspension
treated with PBS and the negative control was a mixture of LB broth and PBS that did not contain
any bacteria. The ODgsoo of each well was assessed every hour up to 24 h at 37 °C using a
SynergyH4 multimode plate reader (BioTek, USA). Three replicates were performed for each
concentration. The ODeoo obtained at each interval was subtracted with the OD of LB media.
Thereafter, a graph of corrected OD over time was plotted to observe the change in bacterial
growth over 24 h. The effectiveness of P6-CUR, P7-CUR, P6-TBF, and P7-TBF on both E. coli
and B. subtilis were also analysed with the same protocol but with drug-loaded micelles. To
examine the inhibition of CUR and TBF on both bacteria strains, a similar procedure was applied
but the drugs were dissolved in 0.75% DMSO due to their poor aqueous solubility. The drug

concentrations prepared ranged from 25-300 pg mL™'.
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3.5. Results and Discussion

Synthesis and characterization of cationic miktoarm polymers

Cationic star polymers containing PEG and PCL were synthesized as shown in Scheme 3. 2. PEG
offers several unique properties that make it suitable for biomedical applications, including
excellent biocompatibility, low toxicity and stealth that minimizes protein adsorption for
prolonged circulation half-life. * PCL is a hydrophobic polyester that confers biodegradability and
biocompatibility to NPs. > The branched polymer was prepared via a combination of arm-first and
core-first methods. First, an asymmetric functionalization of PEGa20s0 via the Ag:O-mediated
monotosylation was carried out to obtain a-tosyl-m-hydroxyl PEG2oso (P1). Monotosylation is
essential in achieving a positively charged micelle as the free -OH group is then used for
esterification with Boc-GABA-OH. The '"H NMR spectrum of the heterobifunctional polymer
contained characteristic tosyl peaks (Figure 3. 7). Tosyl group was then displaced using NaN3 to
yield a-azido-m-hydroxyl PEG2os0 (P2). Introduction of azide group to PEG would allow us to
attach the hydrophilic arm onto the hydrophobic core through robust click chemistry. '"H NMR
spectrum of P2 showed the disappearance of distinct peaks for the tosyl group seen in P1, while
the remaining OH group shifted slightly upfield (Figure 3. 9). The presence of the azide group was
further confirmed by the band at 2102 cm™ in the IR spectrum (Figure 3. 21). Subsequently, a
Steglich esterification was conducted to link P2 to commercially available Boc-GABA-OH. 'H
NMR spectrum showed peaks distinct for Boc groups and the adjacent amide group (Figure 3. 11);
while the IR spectrum showed retention of the azide peak at 2102 cm’!, confirming successful
heterofunctionalization of PEG. The dipropargylated core without (P4) and with PCL (P5) were
synthesized according to a previously published procedure. >' The degree of polymerization (DP)
was calculated by comparing the integral of the benzyl protons between 6.57-6.60 ppm to that of
the methylene protons in PCL at 4.06 ppm (Figure 3. 13), and the hydrophobic arm was determined

to have a DP of 34, with a number-average molecular weight of 4100 Da.
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Scheme 3. 2: Synthesis details utilizing a mix of arm- and core-first methods to obtain cationic

amphiphilic copolymer P7.

We subsequently carried out copper-catalysed azide-alkyne cycloaddition to obtain the miktoarm
polymer P6. "H NMR spectrum of P6 showed successful addition of characteristic peaks from PEG
and Boc onto P5 (Figure 3. 16), while GPC traces confirmed the synthesis without any residual
hydrophilic or hydrophobic arms (Figure 3. 20). Lastly, Boc groups in P6 were removed by
addition of trifluoroacetic acid to confer hydrophilicity and positive charge to the miktoarm
polymer P7. Complete deprotection of P6 was confirmed by '"H NMR that showed absence of Boc

groups, confirming successful formation of P7 copolymer (Figure 3. 18).

Preparation and characterization of micelles

The size and CMC of NPs are important parameters that can significantly influence their
performance in biological applications. > In the NP assemblies, PCL is expected to aggregate to
form the particle core and be shielded from the aqueous medium by the hydrophilic PEG. A
hydrodynamic diameter of 20-200 nm has been consistently highlighted to be the ideal window in
minimizing nonspecific uptake by the reticuloendothelial system while maximizing delivery
through the enhanced permeation and retention effect. >3 NPs from AB: polymers (P6 and P7) were
prepared with continuous stirring to facilitate solvent/ polymer dispersion and solvent evaporation.
Both P6 and P7 self-assembled into spherical NPs, subsequently known as P6-micelles and P7-
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micelles, which were analysed using DLS and TEM (Figure 3. 1, Table 3. 1, Figure 3. 22). DLS
showed monomodal size distribution of particles for both, in which hydrodynamic diameters were
approximately 44 and 92 nm, respectively. Since both polymers possess hydrophobic PCL with
similar molecular weight and composition, difference in size suggests that it is related to the
hydrophilic shell which is charged at the termini in P7-micelles, compared to the one without (P6-
micelles). The added electrostatic surface repulsion in P7-micelles led to enlargement and increase
in micelle size. Such an expansion has also been observed in other lysine/ polyphosphoester/
primary amine systems. >*3® TEM analyses showed uniform micelles with average size smaller
than those determined using DLS, approximately 42 nm for P6-micelles and 87 nm for P7-
micelles. Zeta ({)-potential values suggest that P7-micelles have a positive charge of about 15 mV,

while P6-micelles were slightly negative.
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Figure 3. 1: (A) TEM image and (B) DLS analyses of P6-micelles, (C) TEM image and (D) DLS
analyses of P7-micelles. Growth curves of (E) E. coli and (F) B. subtilis incubated with P6-
micelles, growth curves of (G) E. coli and (H) B. subtilis treated with P7-micelles. Graph legends:
P6 represents P6-micelles whereas P7 represents P7-micelles. Letter following sample represents

bacterial strains, while the numbers that follow suit represent concentration of micellar solutions

(e.g., P6E2500 contains 2500 pg mL™! of P6-micelle added to E. coli, P7B2500 contains 2500 ug
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mL! of P6-micelle added to B. subtilis). For additional concentrations tested, see Appendix B

(Figure 3. 24-27).

Table 3. 1: Polymer and micelle characterization of P6 and P7.

Blank-micelles CMC
Sample My xmr?* (Da) Db
Dy (nm)© ¢ (mV)* (ng mL )¢
P6 8200 1.38 44 + 8 -5.69 +£2.07 4.66
P7 8000 1.54 92+ 10 15.66 +3.07 7.75

“Number-average molecular weight of polymers estimated from '"H NMR. ® Dispersity of polymers
obtained from THF GPC. ¢ Hydrodynamic diameter (Dn) and zeta potential () obtained by DLS.

dCMC determined by pyrene fluorescence studies.

CMC reflects the stability of a nanocarrier when introduced into blood circulation. Low CMC is
advantageous to ensure retention of micellar structure and drug solubility in biological media even
under extensive dilutions. >’ To evaluate the CMC of our system, we encapsulated the fluorescence
probe, pyrene, into our polymers as detailed previously (Figure 3. 23). The transition from unimers
to well-defined polymeric micelles created different microenvironments for the partition of pyrene
that can be easily detected by fluorescence. CMC of P6 was determined to be 4.66 ug mL,
whereas that for P7 was 7.75 ug mL™!, approximately 1.7-fold higher than P6. This increase is

consistent with the increase in size observed in DLS.

Evaluation of antibacterial properties of P6- and P7-micelles

The positively-charged shell on NPs facilitates their adhesion to the negatively-charged bacteria
surface through electrostatic interactions. *® Gram-negative bacteria exhibit a negative charge due
to the presence of a lipopolysaccharide layer on the outer leaflet of their membrane, while the
negative charge on Gram-positive bacteria stems from the teichoic acid embedded within the

peptidoglycan layer. °° Despite Gram-negative bacteria having a thinner peptidoglycan layer, the
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additional outer membrane serves as an additional diffusion barrier, rendering them more resistant

against antibiotic treatments.

Gram-positive B. subtilis and Gram-negative E. coli were chosen to investigate the antibacterial
activity of our NPs. E. coli are renowned as prevalent bacteria in wound infections and hold clinical
significance. Meanwhile, the inclusion of B. subtilis stemmed from its genetic affinity with diverse
pathogens, notably B. cereus, a bacterium commonly associated with wound infections. ®! We
performed 96-well plate method to evaluate effects of blank P6- and P7-micelles on bacterial
growth. Optical density measurements at 600 nm were taken hourly over a 24 h period. In all cases,
constant or minimal/ decreasing optical densities over time indicated limited bacterial growth or
no bacterial growth. Conversely, an increase in optical density suggested enhanced bacterial
growth. Given the positive charge of P7-micelles, which enables interaction with the negatively-
charged bacterial cell membrane, we anticipated these NPs to possess intrinsic antibacterial
properties. Consequently, minimal inhibitory effect from P6-micelles that lack specific
interactions with the bacterial cell membrane is expected. The growth curves for both bacterial
strains are summarised in Figure 3. 1E-1H, and additional concentrations tested are presented in
Figure 3. 24-27. As shown in Figure 3. 1E-F and as expected, P6-micelles demonstrate no
inhibitory effect on the growth of E. coli and B. subtilis, even at concentrations up to 2500 ug mL"

!, aligning with our hypothesis regarding their lack of specific bacterial cell membrane interactions.

Subsequently, we examined the inhibitory efficacy of P7-micelles on E. coli and B. subtilis
bacteria, which was found to be both bacteria- and NP concentration-dependent. Notably, while
E. coli inhibition was only evident at higher concentration of P7-micelles (2500 ug mL™!, Figure
3. 1G), inhibition of B. subtilis was pronounced even at lower concentrations (156 ug mL™!, Figure
3. 1H). These results are in agreement with previous reports on cationic polymers, which have
shown greater effectiveness against Gram-positive bacteria. %> The growth rates of B. subtilis also
displayed several distinct logarithmic, stationary, and death phases. In the absence of P7-micelles,
B. subtilis followed a logarithmic phase between 0-7 h, and a relatively stationary phase until 24
h. Treatment with P7-micelles altered this growth curve, with variations depending on NP

concentration. At lower concentrations of 156 pug mL!, B. subtilis exhibited a logarithmic phase
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between 0-5 h, stationary phase between up to 10 h, and a steady increase in cell density until 15
h, before entering the death phase. Conversely, concentrations of 625 and 2500 pg mL!
demonstrated a very similar but more stable stationary phase before entering death phase at about
14 h, indicating that higher concentrations are more efficient in consistently inhibiting bacterial
growth compared to lower concentrations. These results clearly suggest that P7-micelles exhibit
intrinsic antimicrobial activity, with the inhibitory activity dependent on NP concentration. The
concentration-dependent biocidal activity has also been shown earlier for cationic polymers. For
example, Lim and Hudson examined antimicrobial activity of S. aureus (Gram-positive bacteria)
relative to the concentration of O-acrylamidomethyl- N-[(2-hydroxy-3-
trimethylammonium)propyl]chitosan chloride (NMA-HTCC). ® Their study revealed that
cationic chitosan effectively inhibited E.coli and S. aureus growth, with the peak antimicrobial
activity observed at the lowest tested concentration of 10 ppm. The inverse relationaship observed,
wherein higher concentrations of chitosan (200 ppm) exhibited diminished antimicrobial activity,
was attributed to the coating of bacterial cell membranes which prevents leakage of intracellular
components. Nevertheless, our research highlights the efficacy of cationic P7-micelles against

various bacterial strains, demonstrating its versatility in addressing diverse microbial threats.

SEM analyses of bacteria

The inhibition of bacterial growth by cationic NPs is typically through electrostatic attractions with
the negatively-charged bacterial membrane. ** Morphological changes of E. coli and B. subtilis in
response to NP solutions were analysed using SEM (Figure 3. 2). The bacterial cells incubated
without any NP treatment were used as blank controls. Figure 3. 2A shows intact and rod-shaped
E. coli, with lengths ranging from 1.5-3.0 pm. Following incubation with P6-micelles for 24 h, the
bacterial cells remained intact and were approximately 2.0 um long (Figure 3. 2C). In contrast,
treatment with P7-micelles induced deformations in E. coli, resulting in hollow and ruptured
structures (Figure 3. 2E). These observations are indicative of E. coli inhibition upon treatment
with P7-micelles, which may induce cell leakage by disrupting the bacterial membrane.
Chakraborti et al. have reported analogous disintegration of E. coli structures, achieved through
treatment with PEI-functionalized ZnO. % This treatment disrupted bacterial membrane, leading

to leakage of cellular proteins.
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E. coli B. subtilis

1000 nm

1000 nm

Figure 3. 2: SEM images of untreated (A) E. coli and (B) B. subtilis, E. coli incubated with (C)
P6-micelles, (E) P7-micelles, and B. subtilis with (D) P6-micelles, (F) P7-micelles. Bacteria were
incubated with P6-/P7-micelles (2500 pg mL™) for 24 h prior to fixing.

In studies with B. subtilis, we observed slightly shorter rod shapes of 1.0-2.5 um (Figure 3. 2B).
Due to neutral hydrophilic shell, P6-micelles displayed no effect on B. subtilis inhibition as the
bacteria still appeared long and were approximately 1.5-2.5 pm (Figure 3. 2D). However, when B.
subtilis was incubated with P7-micelles, several distorted, ruptured, and irregular bacteria were

observed (Figure 3. 2F). These results suggest cell membrane rupture, leading to leakage of
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cytoplasmic contents, resulting in cell death. Such observations have also been reported by
Tanganini et al., who utilized SEM to visualize the damage induced by self-assembled lignin NPs
on B. subtilis, and similar deformed structures in bacterial cell morphology were noted,

demonstrating the potential of NPs as antimicrobial agents.

Drug loading into P6- and P7-micelles

The deformations observed in both E. coli and B. Subtilis highlighted the potential of P7-micelles
as promising alternatives to antibiotics. Additionally, their core-shell structure provides additional
advantages beyond their intrinsic antimicrobial properties. This design enables encapsulation and
controlled delivery of antibiotics, potentially offering additive or synergistic effects to enhance the
overall antimicrobial efficacy of NPs. This feature presents a multifaceted approach in combatting
microbial infections. To ascertain these advantages, CUR and TBF were first loaded into micelles
from P6 and P7 at a polymer:drug ratio of 10:1. Drug loading capacity (DL%) and encapsulation
efficiency (EE%) of CUR-loaded NPs were determined to be i) 6.6% and 72.4% for P6-micelles
(P6-CUR); and 3.4% and 36.9% for P7-micelles (P7-CUR, Table 3. 2). We noted that the loading
in P6-CUR was almost twice as much compared to P7-CUR. This disparity in CUR encapsulation
may be due to a drop in pH when P7 was introduced into water during self-assembly (pH 4.3),
which created an acidic environment that further suppressed aqueous solubility of CUR and
subsequently reduced its encapsulation. ®’ In contrast, the pH of P6 in water was 6.8, which helped
prevent crystallization of CUR. NP sizes of P6 and P7-based micelles were examined by DLS and
TEM (Figure 3. 3, Figure 3. 28). In general, hydrophobic drugs such as CUR may provide
additional driving force for self-assembly to give denser and smaller micelles, which was observed
in both P6-CUR (45 nm) and P7-CUR (54 nm) compared to their blank counterparts. °® {-potential
experiments revealed values of 3.4 mV (P6-CUR) and 7.14 mV (P7-CUR). Due to the dehydration
process, TEM revealed marginally smaller sizes than DLS, 44 nm (P6-CUR) and 52 nm (P7-CUR).

209



Chapter 3

Table 3. 2: Drug-loaded micelle characterization.

Samples P6-CUR P7-CUR
DL%? 6.6 +0.1 34+0.6
EE%?*? 72.4+1.3 36.9+6.7

Dy (nm)® 45+13 54+7
¢ (mV)P 34+0.6 7.14+£0.73

P6-TBF
6.6 0.8
72.7+ 8.8
134 £ 10

417 +1.55

P7-TBF
8.7+0.6
95.7+6.1
11511
16.04 + 10.04

aDrug loading (DL%) and encapsulation efficiencies (EE%) obtained by UV-Vis.® Hydrodynamic

diameter (Dn) and zeta potential ({) obtained by DLS.
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Figure 3. 3: DLS analyses of (A) P6-CUR and P6-TBF, and (B) P7-CUR and P7-TBF. TEM
images of (C) P6-CUR, (D) P6-TBF, (E) P7-CUR, and (F) P7-TBF.

DL and EE for TBF-encapsulated self-assemblies were found to be i) 6.6% and 72.7% for P6-
micelles (P6-TBF) and i1) 8.7% and 95.7% for P7-micelles (P7-TBF), suggesting better
encapsulation of TBF than CUR for P7. This is, to our knowledge, the first study examining TBF
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loading into miktoarm polymer based micellar assemblies. DLS showed particle sizes of 134 nm
for P6-TBF and 115 nm for P7-TBF, and {-potential values were determined to be 4.17 mV (P6-
TBF) and 16.04 mV (P7-TBF). TEM revealed smaller particle sizes of 70 nm and 74 nm for P6-
TBF and P7-TBF, respectively, due to dehydration effects during sample preparation.

Drug release studies from P6- and P7-micelles

Drug release from nanoformulations was evaluated under simulated physiological conditions (0.01
M PBS, pH 7.4, 37 °C). We noted that the introduction of positively-charged corona did not
impede drug release significantly. As depicted in Figure 3. 4A, CUR release over time was
marginally faster from P7-micelles. The most significant differences were observed in the early
hours of drug release (0-8 h), where CUR release was higher from P6-CUR than cationic P7-CUR
NPs; beyond 8 h, the cumulative differences periodically diminished. For instance, within the first
hour, the release from P6-CUR was 27%, whereas it was slightly slower at 19% for P7-CUR. At
2 h, the release was at 38% for P6-CUR and 29% for P7-CUR; 4 h, 45% for P6-CUR and 37%
with P7-CUR; at 8 h, 51% for P6-CUR and 51% for P7-CUR. These differences were, however,
quite miniscule, and suggest that the cationic shell did not cause any significant delay in CUR
release. In subsequent time period, CUR release from P7-CUR was found to be slightly faster than
P6-CUR: 24 h: 59% for P6-CUR, and 66% for P7-CUR; 48 h: 75% for P6-CUR and 74% for P7-
CUR; and finally 72 h: 80% for P6-CUR and 83% for P7-CUR.
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For TBF-loaded micelles, P6-TBF exhibited slightly faster release rates than P7-TBF over the
observed time period (Figure 3. 4B). The disparity in release rates between the two systems
generally increased in the first 8 h. For example, 1 h: TBF release was 23 % for P6-TBF and 21%

for P7-TBF; 2 h, 29% for P6-TBF and 27% for P7-TBF, indicating a trend of slightly faster release
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of P6-TBF. This trend continued with 36% release for P6-TBF and 31% for P7-TBF at 4 h, 52%
for P6-TBF and 64% for P7-TBF at 8 h. From 8 h, minimal differences were noted between P6-
TBF and P7-TBF. Specifically, at 24 h, the release was 66% for P6-TBF and 64% for P7-TBF; at
48 h, 72% for P6-TBF and 68% for P7-TBF; and finally at 72 h, 78% for P6-TBF and 70% for P7-
TBF. These results further highlight that the positively-charged shell in P7-micelles did not
interfere with the release of varied drugs with different pharmacokinetics. It also suggests that the
multifunctional P7-micelles are promising candidates not only for their intrinsic antimicrobial
properties but also as effective antibiotic delivery vehicles, showcasing their versatility and

potential in combating microbial infections.

Drug release kinetic studies

To investigate the mechanism of drug release, we assessed the release curves to several standard
mathematical models. These models offer insights into whether drug release is primarily diffusion-
based or dissolution-driven, which can facilitate the formulation of pharmaceutics and predict drug
bioavailability in the body. ®7° We evaluated the zero order, first order, Higuchi, and Korsmeyer-
Peppas models by comparing the correlation coefficients (R?) (Table 3. 3, Figure 3. 30-33). For
CUR release from P6-micelles, the Higuchi model demonstrated the best fit, yielding an R* and a
ku value of 0.914 and 12.075, respectively. This result suggests that drug release was governed
by Fickian diffusion. P7-CUR also exhibited the best fit with the Higuchi model; however,
corresponding results from the Korsmeyer-Peppas model yielded comparatively good R? values of
0.950 compared to 0.951. This evaluation is indicative that drug release was controlled by more
than one process (i.e., anomalous transport), which was further confirmed as the n value was 0.586.
In general, spherical particles are said to follow anomalous transport when 0.43 <n <0.85.7! The
Korsmeyer-Peppas model was also the most suited to describe delivery of TBF from both P6- and
P7-micelles, with the highest R* values of 0.957 and 0.964, respectively. TBF release from P6-
micelles was driven by non-Fickian diffusion (n= 0.454), whereas TBF delivery from P7-micelles

was diffusion controlled (n< 0.43).
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Table 3. 3: Kinetic parameters of drug-loaded micelles.

Model Parameter P6-CUR | P7-CUR | P6-TBF P7-TBF
ko (mg h’l) 0.903 0.987 0.907 0.825
Zero order
R? 0.654 0.744 0.714 0.699
ki (h_‘) x 1073 27.6 31.6 29.5 28.8
First order
R? 0.268 0.339 0.313 0.312
kkp (h™) 24.362 16.669 19.738 18.919
Korsmeyer-
n 0.417 0.586 0.454 0.418
Peppas
R? 0.909 0.950 0.957 0.964
ku (mg”3 h‘”z) 12.075 11.491 11.116 10.264
Higuchi
R? 0.914 0.951 0.939 0.935

Evaluation of antibacterial properties of CUR and TBF loaded P7-micelles

We were intrigued in exploring potential antibacterial properties of our intrinsically active NPs
which were loaded with small molecule antimicrobial agents, and focused our investigation on P7-
CUR and P7-TBF for this purpose. CUR is known for its ability to inhibit bacterial growth by
interfering with membrane proteins and disrupting cellular processes. ** 72 It has been shown that
CUR can easily permeate bacterial membranes, rendering bacteria more susceptible to antibiotics.
E. coli inhibition studies with free CUR are presented in Figure 3. 5A. CUR exhibited
concentration-dependent antimicrobial activity against E. coli: concentrations of CUR at 200-300
ug mL' were found to be much more potent in inhibiting E. coli growth, while lower

concentrations of 50-150 pg mL™! displayed reduced efficacy.
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Figure 3. 5: Growth curves of E. coli treated with (A) CUR and (B) TBF, B. subtilis treated with
(C) CUR and (D) TBF, E. coli treated with (E) P7-CUR and (F) P7-TBF, and B. subtilis treated
with (G) P7-CUR and (H) P7-TBF. Graph legends: P7C represents P7-CUR whereas P7T
represents P7-TBF. Letter following sample represents bacterial strains, while the numbers that
follow suit represent concentration of micellar solutions (e.g., P7CE2500 contains 2500 pg mL"!
of P7-CUR added to E. coli, P7TB2500 contains 2500 ug mL"' of P7-TBF added to B. subtilis).
For additional concentrations tested, see Appendix B (Figure 3. 34-37).

As noted above, empty P7-micelles showed intrinsic antibacterial activity against E. coli only at
higher concentrations (2500 pg mL!, Figure 3. 1G). Inhibition of E. coli with P7-CUR
nanoformulations became prominent after 16 h at concentrations as low as 156-625 pug mL'!
(Figure 3. 5E), which contained only 5.7 to 23.0 ug mL™! of CUR. When P7-CUR concentrations
were increased to 1250 to 2500 pg mL™! (containing 46.1 to 92.2 ug mL™! of encapsulated CUR),
E. coli growth was inhibited as early as 3 h. These results clearly suggest that i) P7-CUR shows
much better efficacy against E. coli than empty P7-micelles, which show intrinsic antibacterial
activity only at concentrations of 2500 pg mL™! or higher; and ii) CUR encapsulated in P7-micelles
is effective in the onset of E.coli growth inhibition with concentrations of encapsulated CUR lower
or comparable to free CUR. The onset of inhibition with P7-CUR is related to gradual diffusion
and delivery of CUR from P7-CUR. These findings highlight advantages offered by P7-micelles
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as a nanocarrier: intrinsic biocidal activity, coupled with delivery of a potent lipophilic
antibacterial agent. By leveraging on these properties, P7-CUR collectively provides better
efficacy in impeding E. coli growth, and offers a promising approach for combating bacterial

infections.

Subsequently, we analysed growth curves of E. coli upon treatment with TBF and P7-TBF. The
reported mode of action of TBF involves inhibition of squalene epoxidase that is responsible for
converting squalene to squalene epoxide, a key precursor in ergosterol biosynthesis. > 7 As
ergosterol synthesis is impeded, integrity of the cell membrane is compromised and subsequently
weakened. In addition, intracellular accumulation of squalene results in rapid cell death, as it is
toxic to fungal cells. ”> TBF showed concentration-dependent antimicrobial activity against E. coli
(Figure 3. 5B), with concentrations of TBF at 250-300 ug mL™! proving to be more efficient in
inhibiting E. coli growth than lower concentrations (50-200 ug mL™).

The inhibition of E. coli with P7-TBF was also found to be concentration dependent (Figure 3.
5F), with an onset of inhibition at 4 h, which increased with an increase in concentration of 156-
2500 ug mL! of P7-TBF. The time-related inhibitory effect was particularly pronounced at the
highest concentration of 2500 pg mL™!, which contained 240 pg mL! of TBF. Comparatively, at
P7-TBF concentrations of 156-625 pg mL™' (containing 15-60 pg mL! of TBF), lower amounts
led to lesser TBF-induced activity. As noted above for CUR, the inhibitory effect of P7-TBF on
E. coli growth is relatively higher than empty P7-micelles (without encapsulated TBF); and the
onset of inhibition from encapsulated TBF in P7-TBF is related to its time-dependent release.
These results demonstrate once again potential dual action applications of these nanoformulations:

direct intrinsic bactericidal activity and timely release of antimicrobial agents.

As for E.coli, CUR showed concentration-dependent inhibitory activity against B. subtilis (Figure
3. 5C). Concentrations of CUR at 200-300 ug mL™! were found to effectively arrest B. subtilis
growth, whereas CUR at lower concentrations (50-150 ug mL™) only slowed down bacterial
growth. At 50 pg mL! of CUR, B. subtilis exhibited a logarithmic growth phase between 0-9 h,
followed by a relatively stationary phase persisting until 24 h. With an increase in concentration

to 100 ug mL!, the logarithmic phase extended to 14 h before transitioning into the stationary
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phase; at 150 ng mL!, the logarithmic phase was further prolonged to 24 h, with no discernible

stationary phase observed.

Inhibition by P7-CUR against B. subtilis was also concentration-dependent (Figure 3. 5G). With
P7-CUR concentrations in the range of 156- 625 ug mL™!, which contained 5.7-23.0 pg mL™! of
CUR, B. subtilis exhibited exponential growth in the first 4 h before entering the death phase. This
earlier onset of the death phase clearly suggests that P7-CUR is more effective at inhibiting B.
subtilis growth than P7-micelles, in which cells entered death phase only at 16 h. It was also
evident that CUR encapsulated in P7-micelles effectively inhibited B. subtilis growth at
concentrations lower than free CUR (Figure 3.5 C and G). Additionally, at lower P7-CUR
concentrations, nanoformulations were found to be more efficient at inhibiting B. subtilis growth
than E. coli. This disparity in efficacy may be attributed to structural differences in the bacterial
cell membrane, as reported by Ngwabebhoh et al.. /® As noted for empty P7-micelles, higher
concentration of P7-CUR (2500 pg mL™!, containing 92 ng mL™!' of CUR) was not as effective in
inhibiting growth of B. subtilis. This suggests that at higher concentrations, NPs likely coat the
external bacterial surface, which prevented cell leakage and reduced its potency. ®* It leads to
additive effects of P7-CUR being observed only at lower concentrations. Our findings suggest that
the combined efficacy of P7-micelles and CUR against B. subtilis can be optimally realized at

lower concentrations of drug loaded antibacterial formulation (P7-CUR).

In a similar study with TBF and P7-TBF on B. subtilis, it was noted that free TBF efficacy was
also concentration dependent (Figure 3. 5D). Between 50-100 pg mL™, B. subtilis showed a
logarithmic growth phase between 0-9 h, followed by a relatively stationary phase persisting until
24 h. Upon increasing the concentration to 150-250 ug mL™!, the logarithmic phase extended to 24
h, resulting in no discernible stationary phase; at 300 pg mL"!, TBF effectively impedeed B. subtilis

growth from the onset until 8 h, beyond which it entered the logarithmic phase.

In contrast, lower concentrations of P7-TBF were more efficient against B. subtilis (Figure 3. SH).
With P7-TBF concentrations of 156-625 pg mL! (containing 15-60 ug mL™"! of TBF), the bacteria
experienced a logarithmic growth in the first 4 h. Subsequently, optical density at 600 nm gradually

decreased, indicating a reduction in the population of B. subtilis in the presence of P7-TBF. In
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comparison to empty P7-micelles, for which cells entered death phase at 16 h, the earlier onset of
the death phase suggests that P7-TBF is more effective at inhibiting B. subtilis growth, and at
encapsulated TBF concentrations lower than free TBF (Figure 3.5 D and H). However, at 2500 pg
mL! (containing 240 pg mL™! of encapsulated TBF), the effectiveness of P7-TBF in inhibiting B.
subtilis growth diminished when compared to blank P7-micelles. Similar to P7-CUR, it is possible
that higher concentrations of nanoformulations formed a protective coating on the external
bacterial surface, subsequently preventing leakage of cell contents and reducing its efficacy.
Therefore, additive effects of P7-micelles and TBF were observed only at lower concentrations.
Nevertheless, inhibition seen at lower concentrations highlights the potential of encapsulating TBF
into intrinsically antimicrobial P7-micelles to impede B. subtilis growth, providing promising
avenues for utilizing P7-micelles as dual-action formulations to inhibit bacterial growth and

deliver therapeutic agents.

SEM analyses of bacteria

SEM was used to gain visual insights into the morphology of both E. coli and B. subtilis after
exposure to CUR, TBF, P7-CUR, and P7-TBF (Figure 3. 6). Upon exposure to CUR, E. coli
retained their rod-like shapes, measuring approximately 2-3 um in length (Figure 3. 6A). However,
closer inspection of the images revealed much rougher surfaces compared to untreated E. coli,
which are indicative of the disruptive effects of CUR on membrane integrity. Similarly, treatment
with P7-CUR also resulted in wrinkly surfaces (Figure 3. 6B), affirming the inhibitory efficacy of
P7-CUR against E. coli growth.
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Figure 3. 6: SEM images of E. coli incubated with (A) CUR, (B) P7-CUR, (C) TBF, (D) P7-TBF
and B. subtilis incubated with (E) CUR, (F) P7-CUR, (G) TBF, (H) P7-TBF. Bacteria were

incubated with samples (2500 ug mL!) for 24 h prior to fixing.
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In E. coli incubated with TBF (Figure 3. 6C), the most noticeable difference compared to untreated
E. coli were the elongated structures, with lengths ranging from 3-7 um. Notably, a slight pinch
was also seen in the middle of the bacterial cells, similar to those reported by Rivas-Marin et al. in
Gemmata obscuriglobus.”” These abnormalities suggest that TBF likely slowed down the division
and growth of E. coli cells. Non-uniform surfaces were also observed which suggested membrane
damage. E. coli exposed to P7-TBF resulted in similar non-uniform structures that were
approximately 3-8 um (Figure 3. 6D). These observations suggest effective inhibition of E. coli

growth induced by P7-TBF, complementing results obtained from the growth curve measurements.

The morphology of B. subtilis incubated with varied formulations were subsequently evaluated.
Treatment with CUR resulted in deformed, perforated structures, accompanied by debris likely
originating from dead bacteria (Figure 3. 6E). These observations suggest weakened bacterial cell
membrane, and a more pronounced effect of CUR on B. subtilis compared to E. coli. The absence
of an outer membrane in B. subtilis may allow less obstructed diffusion of CUR, which could lead
to an improvement in bacterial inhibition. Similarly, when B. subtilis was incubated with P7-CUR,
analogous misshaped, punctured structures were observed, clearly suggesting effectiveness of P7-
CUR in impeding B. subtilis growth (Figure 3. 6F). The observed morphological deformations
collectively provide evidence for the disruptive impact of P7-TBF on B. subtilis, further

emphasizing its potential in addressing microbial infections.

Morphology of B. subtilis exposed to TBF is shown in Figure 3. 6G, and it shows several
interesting observations such as wrinkled surfaces, shrunken bacteria contents, and ruptured
bacteria. These results suggest damage to the bacterial membrane upon TBF exposure. Moreover,
when B. subtilis was treated with P7-TBF (Figure 3. 6H), the bacterial membrane appeared
significantly damaged as no distinct boundaries could be observed. In addition, we observed
several ruptured structures, all of which suggested effectiveness of P7-TBF to inhibit B. subtilis
growth. These collectively highlight the potent antimicrobial activity of P7-TBF to disrupt
bacterial membrane and impede bacterial growth effectively. In 2017, Mukherjee et al. synthesized
a leucine-based poly(2-hydroxyethyl methacrylate) for treatment B. subtilis. ’® They noted fusion

of B. subtilis cell membrane upon polymer treatment, which caused surface collapse in the bacterial
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cells. Ding et al. also reported a quinine-based quarternized polymer that induced adhesion of

individual B. subtilis cells, revealing the potent effect of their polymer on bacterial cells. ”°

3.6. Conclusions

Cationic NPs offer a promising multifunctional platform in the ongoing battle against
antimicrobial resistance. We have capitalized on the dual functionality of such NPs, which not
only inhibit bacterial growth through their cationic shell but also serve as vehicles for the targeted
delivery of antimicrobial agents. A pivotal aspect of our strategy involves the synthesis of
miktoarm polymers with cationic amine moieties (P7), achieved through a meticulous combination
of arm- and core-first methods. The polymer self-assembles into well-defined micelles with a
positively-charged hydrophilic shell, thus imparting intrinsic antimicrobial properties to the NPs.
Cationic P7-micelles are particularly effective against the Gram-positive bacterium, B. subtilis,
which could be attributed to favourable interactions between the positively-charged amines of P7-
micelles and the oppositely charged bacteria membrane. However, P7-micelles are less effective
against the Gram-negative bacterium, E. coli, possibly due to additional lipopolysaccharide layer
that impededes penetration. Nanoformulations reported in this study extend beyond their intrinsic
antimicrobial properties, as they also serve as proficient nanocarriers to deliver antimicrobial
agents such as CUR and TBF. P7-CUR and P7-TBF exhibit inhibitory activity against E. coli at
higher concentrations, whereas their effectiveness against B. subtilis is optimized at lower
concentrations. This versatility highlights the potential of P7-micelles as a multifaceted approach
to combat microbial infections. By leveraging their intrinsic antimicrobial properties and adeptness
as efficient nanocarriers for antimicrobial agents, cationic NPs offer an advantageous avenue in

the quest to address antimicrobial resistance.
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3.8 Appendix B: Supporting Information for Chapter 3

Characterization

A Bruker AVIIIHD 500 MHz spectrometer was used to record all NMR spectra at ambient
temperature. The spectra were calibrated at 7.26 ppm (‘H NMR)/ 77.16 ppm ('*C NMR)
respectively in relation to the residual undeuterated solvent in chloroform-d. A Bruker MALDI
Autoflex III TOF mass spectrometer controlled by Flex Analysis was used to acquire the mass
spectra in linear positive ion mode. The presence of the azide group in PEG2050-N3 was confirmed
using an Attenuated total reflectance- Fourier-transform infrared spectrometer (ATR-FTIR)
spectrometer equipped with a single bounce diamond crystal and a LiTaOs; detector. All
measurements were conducted at room temperature from 400 to 4000 cm™'. The number-average
molecular weight (Mhn) and polydispersity index (D) were determined using GPC with THF as an
eluent. Measurements were performed on a Waters Breeze system equipped with 3 Waters
Styragel HR columns (HR1 with a molar mass range of 100-5000 g mol!, HR2 with a molar mass
range of 500-20000 g mol™!, HR4 with a molar mass range of 5000-600000 g mol™') and a guard
column. The flow rate was 0.3 mL min"' (40 °C) while the standards used were polymethyl
methacrylate (PMMA) standards (PSS Polymer Standards Service GmbH, molar masses ranging
from 682 to 1520000 g mol'). Sample detection and quantification were conducted with a
differential refractive index detector (RI 2414). A Brookhaven Instrument NanoBrook Omni
equipped with a 40-mW diode laser operating at 640 nm was used to obtain the hydrodynamic
diameters, polydispersity index and zeta potential of micelles at room temperature. A Varian Cary
Eclipse fluorescence spectrometer was used to measure the change in fluorescence intensities of
pyrene at room temperature. A FEI Tecnai 12 BioTwin 120 kV transmission electron microscope
(TEM) equipped with an AMT XR80 CCD Camera System located at the Facility for Electron
Microscopy Research (FEMR) at McGill University was used to examine the morphologies of
micelles. All solutions were stained with 2% uranyl acetate and left to dry overnight prior to
analysis. The CUR and TBF standard curves, as well as the release studies were examined on a
Varian Cary50 Ultraviolet-visible (UV-Vis) spectrophotometer equipped with a Xenon lamp at
ambient temperature. A FEI Quanta 450 Environmental Scanning Electron Microscope (SEM)

located at the FEMR was used to image the bacteria in the absence/ presence of micellar solutions.
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In general, the bacteria solutions were centrifuged at 14,000 rpm for 5 mins and the supernatant
was replaced with 0.5 mL of 2.5% glutaraldehyde in PBS (0.1 M, pH 7.4). After dispersing the
bacteria in the fixative at 4 °C for 1 day, the bacteria were washed with 0.5 mL PBS twice before
embedding on a poly(L-lysine) coated 12 mm glass slide. The samples were then dehydrated by
immersing in increasing ethanol concentrations of 30%, 50%, 70%, 80%, 90%, 95% for 10 min
each, and twice at 100% for an additional 10 min each. The solution was then dried in a Leica
Microsystems EM CPD300 Critical Point Dryer before coating with platinum (5 nm) using a Leica
Microsystems EM ACE600 High-Resolution Sputter Coater at room temperature.

Synthesis

Synthesis of a-tosyl-o-hydroxyl PEG2os0 (P1)

Fresh Ag20 was first prepared by adding a 9 mL aqueous solution of NaOH (0.120 g, 3.00 mmol)
at 85 °C to a separate 2 mL aqueous solution of AgNOs3 (0.700 g, 4.12 mmol) at 85 °C. The brown
solid formed was collected and washed extensively with hot water and methanol before drying
overnight under reduced pressure. PEG20s0 (2.50 g, 1.22 mmol, 1 eq), Ag20 (0.433 g, 1.87 mmol,
1.5 eq), KI (0.042 g, 0.25 mmol, 0.2 eq) and dry DCM were added into a 3-neck flask under
nitrogen and cooled in an ice bath. In another flask, p-toluenesulfonyl chloride (0.250 g, 1.31
mmol, 1.05 eq) was dissolved in dry DCM before adding dropwise into the PEG20s0 solution via
an addition funnel. The reaction was stirred continuously under a nitrogen atmosphere and allowed
to proceed at room temperature for 14 h. The final reaction mixture was then centrifuged at 3000
RPM for 10 min. The supernatant was concentrated and dropped in excess cold diethyl ether to
precipitate the product. The product was filtered and dried under reduced pressure to yield a white
powder. Yield: 92% (2.46 g). '"H NMR (500 MHz, CDCI3): § (ppm) 2.43 (s, 3H, -CH3), 2.74 (br s,
1H, OH), 3.62 (m, 180H, -(CH2CH20)44), 3.70 (t, 2H, -CH2CH20H), 4.14 (t, 2H, CH20Ts), 7.32
(d, 2H, -ArH), 7.77 (d, 2H, -ArH). *C{'H} NMR (125 MHz, CDCl3): dc (ppm) 21.8, 61.8, 68.8,
69.4,70.4,70.7,70.9, 72.7, 128.1, 129.9, 133.2, 144.9.

Synthesis of a-azide-w-hydroxyl PEGaoso (P2)
P1(2.500 g, 1.11 mmol, 1 eq), NaN3 (0.616 g, 9.48 mmol, 8 eq) and anhydrous ethanol were added

to a round bottom flask under a nitrogen atmosphere. The reaction mixture was then refluxed at
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85 °C with continuous stirring for 24 h. All the solvent was removed, and the crude product was
dissolved in DCM. The solution was then washed 2 times with brine and another 2 times with
water before drying with MgSOa. After removing the drying agent, the product was concentrated
using a rotary evaporator and precipitated by dropwise addition to ice cold diethyl ether. The
precipitate was then filtered before drying under reduced pressure to obtain a white solid product.
Yield: 95% (2.2 g). '"H NMR (500 MHz, CDCl3): § (ppm) 2.69 (s, 1H, -OH), 3.38 (t, 2H, -
CH2CH:2N3), 3.64 (s, 180H, -(CH2CH20)43), 3.71 (t, 2H, -CH2CH2N3), 3.77 (t, 2H, -CH2CH20H).
BC{'H} NMR (125 MHz, CDCI3): § (ppm) 50.8, 61.9, 70.2, 70n.5, 70.7, 72.7.

Synthesis of Boc-NH-PEG20s50-N3 (P3)
P2 (2 g, 0.956 mmol, 1 eq), N-(tert-Butoxycarbonyl)-4-aminobutyric acid (Boc-GABA-
OH, 0.308 g, 1.43 mmol, 1.5 eq), DMAP (0.247 g, 1.91 mmol, 2 eq) and dry DCM were

added into a round bottom flask under nitrogen. The flask was chilled to 0 °C. A separate
solution of DCC (0.833 g, 3.82 mmol, 4 eq) in dry DCM was then added dropwise slowly
into the flask under nitrogen. The reaction mixture was left to react for 24 h. Afterwards,
dry DCM was removed completely, and the crude product was dissolved in acetone (10
mL). Any precipitate was then removed by vacuum filtration and the solution was
concentrated and precipitated by dropwise addition to ice cold diethyl ether. The product
was filtered before drying under reduced pressure to obtain a white solid product. Yield:
75% (1.60 g). '"H NMR (500 MHz, CDCI3): & (ppm) 1.42 (s, 9H, -C(CH3)3), 1.81 (m, 2H, -
NHCH2CH2CH2CO0), 2.38 (t, 2H, -NHCH2CH2CH2CO), 3.15 (t, 2H, -NHCH2CH2CH2CO),
3.38 (t, 2H, -OCH2CH2N3), 3.49 (t, 2H, -OCH2CH2N3), 3.63 (m, 180H, -(CH2CH20)43),
3.77 (t, 2H, -OCCH2CH>2(CH2CH20)43), 4.22 (t, 2H, -OCCH2CH2(CH2CH20)43), 4.72 (br
s, 1 H, NH). PC{'"H} NMR (125 MHz, CDCI3): & (ppm) 28.5, 31.6, 50.8, 63.7, 69.2, 70.2,
70.8, 79.3, 156.1, 173.5.

Svynthesis of 3.5- bis(prop-2-ynyloxy)benzyl polycaprolactone (P5)

P4 was synthesized as reported in Chapter 2. To a flask containing P4 (0.1 g, 0.463 mmol,
1 eq), dry toluene was added and heated to 100 °C under nitrogen with magnetic stirring.

g-caprolactone (1.8 mL, 16.2 mmol, 35 eq) was then added and the flask was further heated
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to 110 °C. Next, tin(II) 2-ethyl hexanoate (0.015 mL, 0.469 mmol, 0.1 eq) was added and

the reaction mixture was refluxed at 115 °C for 24 h. Toluene was first evaporated off under

reduced pressure and the crude product was dissolved in minimal DCM followed by

precipitation in ice cold methanol. The product was collected and dried in a desiccator.
Yield= 83% (1.95 g). 'H NMR (500 MHz, CDCl:): 6 (ppm) 1.35- 1.41 (m, 70H, (-
OCCH2CH2CH2CH2CH2-0)33), 1.61- 1.68 (m, 136H, (-OCCH2CH2CH2CH2CH20)33),
2.30 (t, 66H, (-OCCH>CH2CH2CH2CH20)33), 2.54 (t, 2H, -C=CH), 4.06 (t, 68H, (-
OCCH2CH2CH2CH2CH20)33), 4.68 (d, 4H, -CH2C=C), 5.06 (s, 2H, -ArCH20), 6.57 (t, 1H,
-ArH), 6.60 (d, 2H, -ArH). *C{'H} NMR (125 MHz, CDCI3): § (ppm) 24.7, 25.7, 28.5,
34.4,56.1,62.8, 64.3,65.9,75.9,78.4,101.9, 107.6, 158.9, 173.7. MS: MALDI-ToF Mx =
3411.83; Mw = 3478.16; PDI = 1.02; DP = 30.
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Figure 3. 7: '"H NMR spectrum of P1.
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Figure 3. 21: FTIR spectrum of (A) P2, (B) P3 and (C) P6. The presence of the azide in P2 and

P3 was confirmed by the appearance of a peak at 2120 cm™.
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Figure 3. 24: Growth curve analyses of E. coli in the presence of P6-micelles. Graph legends: P6
represents P6-micelles. Letter E following sample represents E. coli, while the numbers that follow
suit represent concentration of micellar solutions (e.g., P6E1250 contains 1250 ug mL™! of P6-

micelle added to E. coli).

0.5 0.5 0.5
—l-P6B 1250 —l-P6B312 P6B78
0.4 —@—B.subtilis 0.4 @ B.subtiis 0.4] —@— B subtilis
g 03 g 0.3 o 0.3
a’ o o
© o2 O 0.2 O (2
0.1 0.1 0.14
0.0 ¥F—v—v—vr—Tr"-"rT"T"T"T"T"1 00+ 0.0 +=—¥—v—v—""—"T""T"T"T"T"T7
0 246 81012141618202224 2 4 6 81012141618 20 22 24 0246 81012141618202224
Time (h) Time (h) Time (h)

Figure 3. 25: Growth curve analyses of B. subtilis in the presence of P6-micelles. Graph legends:
P6 represents P6-micelles. Letter B following sample represents B. subtilis, while the numbers that
follow suit represent concentration of micellar solutions (e.g., P6B1250 contains 1250 pg mL™! of

P6-micelle added to B. subtilis).
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Figure 3. 26: Growth curve analyses of E. coli in the presence of P7-micelles. Graph legends: P6
represents P7-micelles. Letter E following sample represents E. coli, while the numbers that follow
suit represent concentration of micellar solutions (e.g., P7E1250 contains 1250 ug mL™! of P7-

micelle added to E. coli).
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Figure 3. 27: Growth curve analyses of B. subtilis in the presence of P7-micelles. Graph legends:
P7 represents P7-micelles. Letter B following sample represents B. subtilis, while the numbers that
follow suit represent concentration of micellar solutions (e.g., P7B1250 contains 1250 pg mL™! of

P7-micelle added to B. subtilis).
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Figure 3. 28: TEM analyses of (A) P6-CUR, (B) P6-TBF, (C) P7-CUR, and (D) P7-TBF.
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Figure 3. 30: Drug release data fitted to zero-order model: (A) P6-CUR, (B) P7-CUR, (C) P6-
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Figure 3. 32: Drug release data fitted to Korsmeyer-Peppas model: (A) P6-CUR, (B) P7-CUR,
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Figure 3. 33: Drug release data fitted to Higuchi model: (A) P6-CUR, (B) P7-CUR, (C) P6-TBF
and (D) P7-CUR.
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Figure 3. 34: Growth curve analyses of E. coli in the presence of P7-CUR. Graph legends: P7C
represents P7-CUR. Letter E following sample represents E. coli, while the numbers that follow
suit represent concentration of micellar solutions (e.g., P7CE1250 contains 1250 ug mL™! of P7-

CUR added to E. coli).
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Figure 3. 35: Growth curve analyses of E. coli in the presence of P7-TBF. Graph legends: P7T
represents P7-TBF. Letter E following sample represents E. coli, while the numbers that follow
suit represent concentration of micellar solutions (e.g., P7TE1250 contains 1250 pg mL™! of P7-

TBF added to E. coli).
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Figure 3. 36: Growth curve analyses of B. subtilis in the presence of P7-CUR. Graph legends:
P7C represents P7-CUR. Letter B following sample represents B. subtilis, while the numbers that
follow suit represent concentration of micellar solutions (e.g., P7CB1250 contains 1250 pg mL!

of P7-CUR added to B. subtilis).
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Figure 3. 37: Growth curve analyses of B. subtilis in the presence of P7-TBF. Graph legends: P7T
represents P7-TBF. Letter B following sample represents B. subtilis, while the numbers that follow
suit represent concentration of micellar solutions (e.g., P7TB1250 contains 1250 ug mL™! of P7-

TBF added to B. subtilis).
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Chapter 4: Soft Nanoparticles with Induced
Reversible Morphological Transitions through
Upper Ciritical Solution Temperature for

Controlled Drug Release

4.1. Opening Remarks

In Chapters 2 and 3 we explored post-polymerization modification methods to design NPs with
varied core and shell structures, and demonstrated that such structures provide a versatile platform
for applications in stimuli-directed controlled drug delivery, and co-adjuvant antibacterial
applications. In Chapter 4, we explore polymer precursor design strategies for stable in situ
nanoparticle (NP) morphology transformations. It is based on a model ABC (A = poly(acrylamide-
co-acrylonitrile) (P(AAm-co-AN)), B = polyethylene glycol (PEG), C = polycaprolactone (PCL))
triblock copolymer, in which functions of each polymeric segment are pre-determined. This design
strategy yields NPs exhibiting upper critical solution temperature (UCST)-behavior, which was
utilized in facilitating temperature-controlled reversible morphological transitions. We
subsequently demonstrate that such dynamic transitions can be leveraged in drug delivery for
controlled and sustained cargo release rates, offering a versatile tool in the design and optimization

of next-generation drug delivery systems.

This chapter is forming the basis of a manuscript being prepared for submission.

Yong, H. W.; Kakkar, A. Soft Nanoparticles with Induced Reversible Morphological Transitions
through Upper Critical Solution Temperature for Controlled Drug Release, 2024, Manuscript in

preparation.
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4.2. Abstract

Well-defined polymeric nanoparticles (NPs) continue to play a pivotal role in the advancement of
nanomedicine. Soft NPs have employed diverse functional groups that facilitate drug release in
response to various stimuli within microenvironments. In general, nanocarriers often collapse or
lose their distinctive structural integrity due to modifications induced by the environmental stimuli.
Consequentially, the controlled release of pharmaceutical cargo poses serious challenges,
impeding their progresion towards clinical translation. To overcome these issues, we report the
design and exploration of an ABC (A = poly(acrylamide-co-acrylonitrile) (P(AAm-co-AN)), B =
poly(ethylene glycol) (PEG), C = polycaprolactone (PCL)) triblock copolymer that upon self-
assembly, undergo stable, reversible and controlled temperature-induced morphological
transformations. Owing to the upper critical solution temperature (UCST) properties conferred by
poly(AAm-co-AN), NPs undergo morphology transitions above the cloud point of 39 °C
(concentration = 5.0 mg mL™). The latter can be reversed below the cloud point through
incorporation of non-thermoresponsive PEG and PCL chains that ensures stable NP morphologies
under varied conditions. A detailed evaluation of these NP structural characteristics using
turbidity, dynamic light scattering and transmission electron microscopy measurements was
utilized to explore the potential of dynamic interplay of NP morphologies in developing a
temperature-controlled delivery platform using curcumin (CUR) as a model drug. By harnessing
temperature as a trigger for structural transformations, CUR release can be easily controlled

without diassembly of NPs.

4.3. Introduction

Stimuli-responsive polymers represent an emerging class of innovative materials that exhibit
changes in their physical and chemical properties in response to varied environments. ' The key in
designing these polymers lies in integrating chemical functional groups that could respond to
common stimuli including pH, temperature, redox states, light, and specific enzymes. > The
advances in designing stimuli-responsive polymers have led to nanomaterials with diverse

applications such as biosensors, >4 bioimaging, > ¢ drug delivery, ”-® and self-cleaning membranes.
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9 Thermoresponsive polymers have been widely studied for a myriad of applications due to their
fast and efficient response to temperature variations. '°!> Amongst these, polymers exhibiting
temperature responsivity in an aqueous medium are of particular interest as they have great
potential in biomedical applications. '*!7 Such polymers undergo phase transitions which impart
controlled solubility behavior in response to temperature. '® The point at which this phase transition
is observed is defined as the critical solution temperature (Tc). These polymers can be separated
into two distinct groups: those that exhibit an 1) upper critical solution temperature (UCST), and
ii) a lower critical solution temperature (LCST). ! Polymers with UCST properties are insoluble
below Tc, but their solubility gradually increases with increasing temperature; while LCST
polymers exhibit the exact opposite behavior: soluble below Tc and insoluble above it. These
reversible transitions make these polymers highly attractive for designing temperature sensitive

smart materials. 2022

LCST polymers have been widely investigated as their thermoresponsivity is more achievable
under physiologically relevant conditions. A prominent example of this is poly(N-isopropyl
acrylamide) (PNIPAM). 2*28 In contrast, UCST polymers have been relatively sparsely studied,
and much less for biological applications. 2> UCST properties are typically driven by either
hydrogen bonds or coulombic interactions. ** For hydrogen bonded systems, strong polymer-
polymer interactions, such as those formed between the carbonyl and amine groups in poly(/N-
acryloylglycinamide) (PNAGA), facilitate the transition from insoluble to soluble with
temperature. This trait has been utilized in inducing photothermal properties and enables
spatiotemporal control over doxorubicin release. ** ¥ Coulombic interactions have also been
observed to promote UCST behavior, exemplified by polybetaines. ***® For instance, Sponchioni
et al. reported on a poly(sulfobetaine-co-sulfabetaine)-block-poly(caprolactone-2-hydroxyethyl
methacrylate) that has tunable UCST values, nanoparticle (NP) size, and biodegradation rate. *°
With a wide range of adjustability, they synthesized polymers with UCST under physiological
conditions (30 < 7'< 45 °C) and examined their drug delivery potential using pyrene as a probe,
demonstrating the possibility of controlled release by changing the phase state of the NPs in situ.

However, most ionic UCST polymers have limited biomedical applications due to their sensitivity
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to electrolytes, which affects their phase transition behavior. *> 4! Hence, there has been greater
emphasis on non-ionic UCST polymers, such as PNAGA or poly(acrylamide-co-acrylonitrile)
(P(AAm-co-AN)), due to their broader applicability in biomedical settings. *

Soft NP drug delivery systems are typically composed of diblock amphiphilic copolymers, such
as AB (linear) or ABn (branched), where A represents the hydrophobic segment and B represents
the hydrophilic segment. **** Typically, these NPs adopt a star-like hydrophobic core/hydrophilic
shell micelle morphology. *¢ The hydrophobic core facilitates encapsulation of poorly water-
soluble drugs, making them promising candidates for drug delivery applications. When an
additional hydrophobic block is added to form linear ABA or even ABC-type copolymers, triblock
copolymers can assume different conformations, wherein the central B blocks loop to adopt a
flower-like structure, contrasting the extended state seen in star-like micelles. “7*° In this
configuration, both A and C polymers contribute to the core. > Flower-like micelles share similar
characteristics with conventional star-like micelles such as small size and low critical micelle
concentration. Additionally, flower-like micelles typically yield NPs that are compact and dense,
which enhance their stability under physiological conditions, mitigate premature drug release and
ensure targeted drug delivery at intended sites of action. " °> Flower-like micelles can also be
engineered to undergo responsive behavior for controlled and triggered drug release. -
However, most flower-like micelles contain stimuli-responsive hydrophobic blocks that undergo
cleavage upon stimulus activation, triggering disassembly. >’ °® This mechanism limits controlled
drug release from the system once dissolved. NPs that maintain stability upon stimuli trigger have
significant potential in providing multiple dose dependent-release events while ensuring controlled

release at intended sites.

Herein, we report a UCST-responsive ABC (A = P(AAm-co-AN), B = polyethylene glycol (PEG),
C = polycaprolactone (PCL)) triblock copolymer, the first demonstration of its self-assembly into
stable NPs that undergo reversible transitions with temperature; and an evaluation of its potential
in controlled drug release. We adopted poly(AAm-co-AN) as the polymer segment for UCST

behavior, that is expected to induce transition from flower- to star-like morphology in soft NPs.
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This choice was motivated by its non-ionic thermoresponsive and easily tunable phase behavior.
59 Hydrophilic PEG and hydrophobic PCL were used as components of amphiphilic co-polymer
composition. In our design strategy, we incorporated PEG between the P(AAm-co-AN) and PCL
blocks, with PEG confined to a loop conformation within the hydrophilic shell surrounding the
hydrophobic core composed of poly(AAm-co-AN) and PCL (Scheme 4. 1). This conformation
would likely yield flower-like micelles with a stable interface between the core and aqueous
environment below UCST. As temperature rises beyond the cloud point, changes in poly(AAm-
co-AN) solubility, would induce stable reorganization with PEG and poly(AAm-co-AN) as the
hydrophilic shell, and PCL remaining in the core. This would enable retention of the stable self-
assembly structure even beyond the phase transition temperature. Conversely, as the temperature
decreases, poly(AAm-co-AN) will undergo phase separation, leading to the reinforcement of the
hydrophobic core in conjunction with PCL, and possibly restoring the initial morphology. These
reversible morphological changes enable fabrication of self-assemblies undergoing in situ
transformations, which are leveraged to examine their potential in designing dose-specific drug
delivery nanocarriers. In the initial structure, the larger core size formed from P(AAm-co-AN) and
PCL will promote enhanced encapsulation and retention of water-insoluble drugs. Consequently,
during the transition at higher temperatures, drug release is anticipated due to changes in
hydrophobic core composition. Conversely, as the self-assembly reverts to its initial structure, drug
release is expected to be attenuated. In comparison to traditional systems that undergo complete
disassembly under stimuli, the carefully designed reversible morphological changes can offer
precise temporal and spatial control over drug delivery. This approach holds great promise for
achieving efficient drug delivery and minimize off-target effects for efficient therapeutic
outcomes. We used curcumin (CUR), a naturally occurring polyphenol extracted from a turmeric
plant, as the model drug to evaluate the drug delivery capability of our system. ¢° It has been shown
that CUR possesses antioxidant, anti-inflammatory, antibacterial, and anticancer properties. °!
Nevertheless, its poor aqueous solubility and stability have hindered its applications.
Additionally, owing to the unique molecular structure and photophysical properties, CUR is also
widely employed as a probe to monitor the environmental changes in self-assembly structures, **

64 and we also utilized it to investigate the morphological transitions in our studies.
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Scheme 4. 1: Schematic illustration of P(AAm-co-AN)-b-PEG-b-PCL-based self-assembly and

its reversible transition in response to temperature.

4.4. Experimental Section

Materials

4-hydroxybenzyl alcohol (99%, Sigma-Aldrich), propargyl bromide (~80% in toluene, Sigma-
Aldrich), potassium carbonate (K2COs3, >99.0%, Sigma-Aldrich), 18-crown-6 (99%, Sigma-
Aldrich), tin(I) 2-ethylhexanoate (Sn(Oct)2, 92.5-100.0%, Sigma-Aldrich), 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl|pentanoic  acid (CDTPA, 97%, Sigma-Aldrich),
acrylamide (AAm, >99%, Sigma-Aldrich), 4,4’-azobis(4-cyanovaleric acid) (V-501, >98.0%,
Sigma-Aldrich), sodium carbonate (Na2COs3, >99.5%, Sigma-Aldrich), polyethylene glycol (4000
g/mol, Sigma-Aldrich), silver nitrate (AgNOs3, >99%, Sigma-Aldrich), sodium hydroxide (NaOH,
>97.0%, ACP Chemicals), potassium iodide (KI, American Chemicals Ltd), sodium azide (NaN3,
>99.5%, Sigma-Aldrich), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, >97.0%,
Sigma-Aldrich), N-hydroxysuccinimide (NHS, 98%, Sigma-Aldrich), cupric sulfate pentahydrate
(CuSO4+5H20, Fisher Chemical), (+)-sodium L-ascorbate (NaASc, >98%, Sigma-Aldrich),
ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA) (99.0-101.0%, Sigma-Aldrich),
curcumin (CUR, 95%, Oakwood Chemical) were used as received. p-toluenesulfonyl chloride

(>98%, Sigma-Aldrich) was recrystallized from petroleum ether before use. e-caprolactone
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monomer (99%, ACROS Organics) was distilled over CaH2 before use. Acrylonitrile (AN, >99%,
Sigma-Aldrich) was passed through aluminum oxide (activated, basic, Brockmann I, 150 mesh,

58 A, Sigma-Aldrich) before use.

Synthesis

Synthesis of (4-(prop-2-yn-1-yloxy)phenyl)methanol (4PBA)

To a stirred solution of propargyl bromide (0.540 mL, 6.04 mmol, 1.5 eq) and 4-hydroxybenzyl
alcohol (0.5 g, 3.93 mmol, 1 eq) in acetone (22 mL), K2COs3 (0.724 g, 5.24 mmol, 1.3 eq) and 18-
crown-6 (0.043 g, 0.163 mmol, 0.04 eq) were added and the reaction mixture was refluxed at 65
°C under nitrogen for 24 h with magnetic stirring. After cooling to room temperature, any residue
from the reaction mixture was removed by vacuum filtration. The filtrate was then evaporated to
dryness under reduced pressure and partitioned between water and dichloromethane (DCM). The
aqueous layer was extracted with dichloromethane (3 x 50 mL) and the combined organic extracts
were dried with anhydrous MgSO4 and subsequently solvent was removed under reduced pressure.
The crude product was purified by column chromatography using 1:1 hexane/ethyl acetate
mixture. After evaporation of solvents, the product was recovered as a brown oil. Yield: 87% (2.69
g). 'H NMR (500 MHz, CDCl3): § (ppm) 2.07 (br s, 1H, -OH), 2.53 (t, 2H, -C=CH), 4.58 (s, 2H,
-CH>OH), 4.67 (d, 2H, -OCH>), 7.27 (d, 2H, Ar-H), 7.29 (d, 2H, Ar-H). *C {'"H} NMR (CDCl3,
125 MHz): 6 (ppm) 55.9, 64.9, 75.7, 78.6, 115.0, 128.7, 134.2, 157.1.

Synthesis of 4- (prop-2-ynyloxy)benzyl polycaprolactone (4PB-PCL)

4PBA (0.15 g, 0.926 mmol, 1 eq) was dissolved in dry toluene (24 mL) and heated to 100 °C under
nitrogen with magnetic stirring. e-caprolactone (2.88 mL, 25.9 mmol, 28 eq) was subsequently
added to the mixture and heated to 110 °C. Tin(II) 2-ethyl hexanoate (0.03 mL, 0.09 mmol, 0.1
eq) was then added and the reaction mixture was refluxed at 115 °C for 24 h. After cooling to room
temperature, the solvent was removed under reduced pressure. The crude product was purified by
dissolving in minimal DCM and precipitated in ice cold methanol. The product was collected under

vacuum filtration and dried in a desiccator. Yield= 88% (1.8 g). 'TH NMR (500 MHz, CDCl3): §
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(ppm) 1.36- 1.43 (m, 54H, (—-OC-CH2—CH2>—CH>—CH2—-CH2-0)25), 1.61- 1.66 (m, 108H, (—OC—
CH>—CH>—CH2>—CH>—CH2-0)325), 2.30 (t, 53H, (—OC-CH>—CH>—CH2—-CH2>—CH2-0)25), 2.52 (t,
2H, -C=CH), 4.05 (t, 51H, (—-OC-CH2—CH2—CH2—-CH2>-CH>—0)z2s5), 4.69 (d, 2H, CH2-C=C), 5.04
(s, 2H, CH2-OH), 6.95 (d, 2H, Ar-H), 7.29 (d, 2H, Ar-H). 1*C {'H} NMR (CDCl3, 125 MHz): §
(ppm) 24.7,25.7, 28.5, 34.3, 55.9, 64.3, 65.9, 75.8, 115.1, 129.25, 130.10, 173.7.

Synthesis of poly(acrylamide-co-acrylonitrile) (P(AAm-co-AN))
CDTPA (0.05 g, 0. 124 mmol, 1 eq), AAm (1.07 g, 15.1 mmol, 122 eq), V-501 (0.009 g, 0.032
mmol, 0.26 eq), and Na2CO3 (0.005 g, 0. 047 mmol, 0.38 eq) were added into a Schlenk tube with

a magnetic stir bar. Milli-Q water (10 mL) was added into the Schlenk tube, and the solution was
degassed by vigorous purging with nitrogen. In a separate flask, excess AN was degassed with
vigorous nitrogen purging. The AN (0.513 g, 9.67 mmol, 78 eq) was then transferred under airtight
conditions into the Schlenk flask. The mixture was then placed into a pre-heated oil bath at 65 °C
and allowed to react for 24 h. The crude product was precipitated by dropwise addition into excess
ice-cold methanol three times. The precipitate was then collected and dried under vacuum. Yield=
72% (1.18 g). 'H-NMR (500 MHz, DMSO-ds): 0.85 ppm (t, 3H, =(CH.)1CHs), 1.24 ppm (s, 17H,
—S—CH~-CH:—(CH:)s—), 1.25-1.95 ppm (m, 2H,—CH>— in the backbone), 1.96-3.00 ppm (m, 1H, —
CH- in the backbone), 6.60-7.90 ppm (m, 2H, NH.CO-).

Synthesis of poly(acrylamide-co-acrylonitrile)-block-poly[(ethylene glycol)] (P(AAm-co-AN)-b-

PEG)
HO-PEGoo-N3 was synthesized according to the procedure outlined in Chapter 3. The synthesis of

P(AAm-co-AN)-b-PEG was conducted by referencing a previous procedure, with minor
modifications. % In brief, P(AAm-co-AN) (0.300 g, 0.024 mmol, 1.1 eq), EDC (0.011 g, 0.071
mmol, 3.2 eq), and Milli-Q water (20 mL) were added to a 3-neck flask under nitrogen gas. In a
separate round bottom flask, HO-PEGoo-N3 (0.1 g, 0.022 mmol, 1 eq), NHS (0.009 g, 0.747 mmol,
3.4 eq), and Milli-Q water (10 mL) were added. The latter PEG solution was added into the EDC-
containing 3-neck flask, and the reaction was allowed to react at 25 °C for 48 h. The solution was

concentrated and precipitated three times in methanol. The product was then collected and dried
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under vacuum. A yellow product was obtained. Yield= 84% (0.35 g). 'H-NMR (500 MHz, DMSO-
ds): 0.85 ppm (t, 3H, =(CH:)1CH:), 1.24 ppm (s, 19H, —=S-CH—CH-—(CH:)s—), 1.25-2.20 ppm (m,
2H,—CH>— in the backbone), 2.08-3.00 ppm (m, 1H, —CH- in the backbone), 3.51 ppm (s, 369H,
—(CH>—CH2)90—), 6.60—-7.90 ppm (m, 2H, NH2CO-).

Synthesis of poly(acrylamide-co-acrylonitrile)-block-poly[(ethylene glycol)]-block-

polycaprolactone (P(AAm-co-AN)-6-PEG-b-PCL)

4PB-PCL (0.027 g, 0.009 mmol, 1.5 eq), P(AAm-co-AN)-b-PEG (0.100 g, 0.006 mmol, 1 eq),
CuS04:5H20 (0.003 g, 0.012 mmol, 2 eq), and NaASc (0.005 g, 0.025 mmol, 4.2 eq) were added
to a 3-neck flask under nitrogen gas. Milli-Q water (50 mL) was added, and the reaction was
allowed to react at 45 °C for 48 h. The solution was concentrated and then washed with methanol,
followed by acetone, and then THF, three times each. The product was further dialyzed with EDTA
and Milli-Q water, then collected and dried under reduced pressure to obtain a yellow solid. Yield=
51% (0.06 g). 'H-NMR (500 MHz, DMSO-ds): 1.20-1.30 ppm (m, PCL H, -OC—-CH>—CH>-CH>—
CH>—CH2-0), 1.30-2.05 ppm (m, 2H,—~CH>— in the backbone), 1.40-1.54 ppm (m, PCL H, —OC-
CH>—CH>—-CH>—CH2>—CH>-0), 2.08-3.00 ppm (m, 1H, —CH- in the backbone), 2.23 ppm (t, PCL
H, -OC-CH>—CH2>—CH2—CH2—CH2-0), 3.48 ppm (s, 354H, -(CH>—CH2)90—-), 3.89-3.94 ppm (t,
37 H, -OC—CH2—CH>-CH>—-CH2>—CH>-0), 6.60-7.90 ppm (m, 2H, NH2CO-).

Preparation of blank and drug-loaded NPs

The self-assemblies were prepared via the cosolvent evaporation method. The polymers P(AAm-
co-AN)-b-PEG or P(AAm-co-AN)-b-PEG-b-PCL (5 mg) were dissolved in a 1:1 acetone: water
mixture (1 mL). The solution was stirred, and the acetone was allowed to evaporate overnight. The
aqueous solution was then passed through a 0.22 um PVDF filter and used immediately for
analysis. CUR-encapsulated micelles were prepared with the same procedure but with drug (0.5
mg) dissolved in acetone together with the polymer, before introduction to an aqueous medium.

The amount of CUR encapsulated into NPs was measured by studying the UV-Vis absorption at
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426 nm and comparing it to a standard calibration curve. The drug loading (DL%) and

encapsulation efficiency (EE%) were then calculated as follows:

DLOG — Mass of drug encapsulated % 100%
° ™ Mass of drug and polymer added 0

EE% = Mass of drug encapsulated % 100%
0T Mass of drug added °

Drug Loading and Release

Drug release studies were conducted by transferring the drug-loaded micellar solution to a
Spectra/Por 3 dialysis membrane (standard RC, 3.5 kDa MWCO). The solution was dialyzed
against 140 mL of phosphate-buffered saline (PBS, 0.01 M, pH 7.4) containing 1% v/v Tween 80
at specified temperatures (25 °C /37 °C / 25-37 °C). At desired intervals, 20 uL aliquots were
collected from the dialysis bag and diluted 100 folds with methanol for analysis. The absorption
intensities at 426 nm were measured at room temperature. The results were referred to a standard

drug curve to obtain the mass of drug remaining at each interval.

4.5. Results & Discussion

Synthesis and characterization of polymers

The methodology to synthesize ABC copolymer is detailed in Scheme 4. 2. For example, 4-
hydroxybenzoic acid was propargylated according to a previously reported procedure to introduce
an alkyne moiety (4PBA, Figure 4. 8- 4.9). ° 4PBA was subsequently used as an initiator for the
ring-opening polymerization (ROP) of e-caprolactone to obtain 4PB-PCL. The degree of
polymerization (DP) was calculated by comparing the integral of the benzyl protons between 6.95-
6.96 ppm to that of the methylene protons in PCL at 4.05 ppm (Figure 4. 10- 4.13). Thus, the
hydrophobic arm has a DP of 25 and a number-average molecular weight (M) of 3000 Da (Table
4. 1).
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Scheme 4. 2: Synthesis of polymeric precursors for thermoresponsive polymer, P(AAmiii-co-

AN?70)-b-PEGoo-b-PCLos.

Polymers with UCST behavior were prepared via reversible-addition-fragmentation chain transfer
(RAFT) polymerization to obtain P(AAm-co-AN). The use of trithiocarbonate, CDTPA, as a
RAFT agent ensures hydrolytic stability while having high transfer constants to facilitate
polymerization of both “more activated” monomers, AAm and AN. ®’ The cloud point of P(AAm-
co-AN) is known to vary depending on the copolymer composition and concentration. ® The ratio
of AAm to AN is frequently adjusted to tailor the cloud point by controlling the monomer feed
ratios during synthesis. ® A higher AN content or copolymer concentration typically results in
elevated phase transition temperatures due to increased polymer-polymer interactions. However,
predicting the exact cloud point has proven to be challenging: for example, Seuring and Agarwal
first reported the UCST behavior of P(AAm-co-AN) in water, noting a phase transition
temperature of approximately 57 °C with 16.9 mol% AN content (concentration, ¢ = 1 wt%). %
Chen et al. found a UCST of 55 °C with 67.5 % AN content (c = 1 mg mL™); 7 Du et al. reported
a UCST of 33 °C with 18.8 mol% AN (c = 1 mg mL™"). "' Additionally, Otsuka et al. observed
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UCSTs of 6.5 °C and 56 °C when AN contents were 15.0 % and 31.8%, respectively (¢ = 1
w/v%).”! The significant variations in cloud points, even with similar AN contents, may stem from
differences in polymerization techniques and reagents employed. ®® 7> Nevertheless, several
P(AAm-co-AN) systems that have been reported with phase transition behaviors suitable for
biomedical applications (< 45 °C) had AN content between 7.5-30%.%> 7> 7* Therefore, we
developed the copolymer close to this limit (7.5-30%) for a preliminary investigation, anticipating
that the cloud points would decrease as the AN content decreases when P(AAmii1-co-AN7) is

attached to PEGoo and PCL2s.

P(AAm-co-AN) was characterized using 'H NMR and FT-IR. The '"H NMR displayed methylene
protons in the backbone at approximately 1.25-3.00 ppm. The characteristic peak for the amine
protons from AAm was broad at about 6.60-7.90 ppm (Figure 4. 14). 111 units of AAm and 70
units of AN were estimated from 'H NMR by integrating resonances at 0.85 ppm from the end
CHs group of the RAFT agent, 1.32-3.01 ppm from the polymer backbone, and 6.60-7.90 ppm
from AAm. This corresponds to a number-average molecular weight of 12200 Da and an AAm:AN
molar ratio of 69: 31. Additionally, FT-IR was used to verify the presence of characteristic peaks
in AAm and AN (Figure 4. 15). The distinct bands of -CN (from AN) and C=0 (from AAm) were
observed at 2245 cm™! and 1662 cm™, respectively. Limited solubility of the polymer restricted its
characterization using routine techniques such as gel permeation chromatography. Subsequently,
P(AAmii1-co-AN70)-b-PEGoo was synthesized by attaching heterofunctionalized HO-PEGoo-N3 to
P(AAmii1-co-AN79). 'H NMR spectrum of P(AAmiii-co-AN70)-b-PEGoo showed characteristic
PEG peaks at 3.51 ppm (Figure 4. 16). Finally, the products were clicked via a copper-catalyzed
azide-alkyne cycloaddition to obtain P(AAmii1-co-AN70)-b-PEGoo-PCL2s. The distinct peaks for
PCL were seen in the '"H NMR (Figure 4. 17).
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Table 4. 1: Characteristics of samples 4PB-PCL, P(AAmii1-co-AN70), P(AAmii1-co-AN70)-b-
PEGoo, P(AAmii1-co-AN70)-b-PEGoo-b-PCLos.

M, AN content Hydrophobic content
Polymer
(g/ mol)? by mass (%) by mass (%)

4PB-PCL 3000 -- 100%
P(AAm)11-co-AN7o) 12200 31 31
P(AAm111—CO—AN70)—b—PEG90 16000 23 23
P(AAI’I’I1 11 -CO-AN70)-b-PEG90-b-

19000 20 35
PCLos

a Estimated from 'H NMR.

Thermal responsivity of copolymers in water

To investigate the phase transition behavior of the copolymers in water, we initially investigated
their transmittance in response to temperature. P(AAmiii-co-AN70), comprising 69 mol% of AAm
and 31 mol% of AN exhibited UCST behavior, as detailed below. The cloud points of P(AAmi1i-
co-AN70) solutions at various concentrations were studied, which were defined as the point at
which 50% transmittance was reached. P(AAmii1-co-AN70) was placed in water and sonicated to
allow dispersion. In general, the aqueous solution of P(AAmiii-co-AN70) showed turbid to
transparent change upon heating, and subsequently return to an opaque suspension upon cooling
(Figure 4. 1). The visual transitions observed were reflected in the transmission changes, which
increased with a rise in temperature and decreased when cooled. This transition was in accordance
with the expected UCST-type behavior. Additionally, we noted decreased transmittance with
increasing P(AAmi11-co-AN70) concentrations (Figure 4. 2). In a 0.625 mg mL™! aqueous solution
of P(AAmiii1-co-AN7o), the relative transmittance was high (25%). With a further increase in
concentration (up to 20.0 mg mL™), transmittance decreased to approximately 2-10% due to
incorporation of more water-insoluble P(AAmiii-co-AN70) in solution. Moreover, we noted
intriguing patterns in the cloud points with temperature (Table 4. 2). At a concentration of 0.625

mg mL"!, the cloud point was measured at 28 °C. As the concentration increased to 1.25 mg mL-
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!, the cloud point rose by 5 °C, then by 2 °C from 1.25 to 2.5 mg mL"!, and by 1 °C from 2.5 to 5
mg mL!. Subsequently, it decreased by 2 °C from 5.0 to 10.0 mg mL! and by 1 °C from 10.0 to
20.0 mg mL!. These observations suggest an influence of polymer concentration, and
consequently, hydrogen bonding, on polymer phase separation. Similar concentration-dependent
transitions have been reported by Hou and Wu. 7 In their studies, they observed that the cloud
point of P(AAm-co-AN) decreased by 5 °C when the concentration decreased by a factor of 10.
This decrease was accompanied by broadening of the transition at lower concentrations,
demonstrating the concentration-dependency of P(AAm-co-AN)-based systems. Nevertheless, the
reversible thermoresponsive nature of P(AAmiii-co-AN70) with 31 mol% of AN, and its cloud
points close to physiological relevance suggest that our design strategy is suitable for UCST-based

NPs for biomedical applications.

36 °C (heat)/
30 °C (cool) >40°C

Heating

—
-~—

Cooling

Heating

—h
e

Cooling

(5% transmission) (50% transmission) (99% transmission)

Figure 4. 1: Optical images of P(AAmiii-co-AN70) dispersed in water showing turbidity

transitions with temperature (c = 5.0 mg mL ™).
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Figure 4. 2: Transmittance studies with temperature of various samples at different concentrations.
The first column represents P(AAmiii-co-AN70) with increasing concentrations, middle column
represents P(AAmiii-co-AN70)-b-PEGoo with increasing concentrations, last column represents
P(AAmiii-co-AN70)-b-PEGoo-b-PCL2s with increasing concentrations. Red curves represent

heating phase and blue curves represent cooling phase.
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Table 4. 2: Cloud points of samples P(AAmiii-co-AN7), P(AAmiii-co-AN70)-b-PEGoo
P(AAmii1-co-AN70)-b-PEGoo-b-PCL2s upon heating and cooling at different concentrations. Data

points were extracted from Figure 4. 2 when 50% transmittance was reached.

Cloud point (°C)
Concentration P(AAmjiii-co-AN79)-b- P(AAmji1-co-AN79)-b-
(mgmLy | AAmeoAN) e G PEGoo-b-PCL1s
Heat Cool Heat Cool Heat Cool

0.625 28 21 -- 21 -- -

1.25 33 29 27 27 34 32

2.5 35 30 33 32 34 34

5.0 36 30 32 33 39 37

10.0 34 30 32 32 40 39

20.0 33 33 32 32 44 42

Subsequently, we investigated the UCST behavior of P(AAmiii-co-AN70) conjugated to
hydrophilic PEGoo (P(AAmi11-co-AN70)-b-PEGoo) at the same concentrations. PEG was chosen to
constitute the corona in the flower-like micelle due to its biocompatibility and ease of
functionalization. ® The integration of PEG has been shown to reduce interactions between
P(AAm-co-AN) segments, leading to lower transition temperatures, such as those reported by
Huang et al. 7 They reported a 5.1 °C decrease in cloud point after attaching PEGas (¢ = 1.0 mg
mL™). In our studies, the incorporation of PEGoo reduced the AN content from 31% to 23%. The
incorporation of PEGoo also enhanced solubility as the hydrophobic content also decreased from
31% to 23%, as observed in the higher transmittance at 0.625 and 1.25 mg mL!, in comparison to

P(AAmi1i-co-AN7o).

Nevertheless, P(AAmi11-co-AN70)-b-PEGoo solutions showed several similarities to P(AAmiii-
co-AN70), such as turning from insoluble to soluble with temperature increments and reverting to

insoluble when temperature decreased. P(AAmiii-co-AN70)-b-PEGoo solutions also displayed
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increased turbidity and elevated cloud points at higher polymer concentrations. For instance, at a
concentration of 0.625 mg mL™!, P(AAmi11-co-AN70)-b-PEGoo exhibited a high transmittance of
57%, rendering it without a measurable cloud point. Upon increasing the concentration to 1.25 mg
mL!, the cloud point was observed at 27 °C. Subsequently, the cloud points remained consistent,
ranging approximately between 31-32 °C when concentration varied from 2.5-20.0 mg mL™.
These transitions are characteristic of UCST-type polymers, demonstrating concentration-
dependent transition behavior. Furthermore, we observed only a small hysteresis of 1-3 °C across
all concentrations tested, suggesting good reversibility in the phase transition. The reversible
UCST properties demonstrated by P(AAmi11-co-AN70)-b-PEGoo within physiological conditions
provide a platform for the development of UCST-based NPs.

The phase transition of P(AAmiii-co-AN70)-b-PEGoo conjugated to hydrophobic PCLas
(P(AAmi11-co-AN70)-b-PEGoo-b-PCL2s) was subsequently examined. PCL was chosen as the
hydrophobic block due to its non-thermoresponsive behavior, ensuring the retention of NP
morphology. Upon attachment of PCL2s, the AN content decreased further to 20% while the
hydrophobic content increased to 35%. P(AAmiii-co-AN70)-b-PEGoo solutions exhibited UCST-
type behavior, as evidenced by the increase in transmittance upon heating, and subsequent decrease
in transmittance upon cooling. The cloud points of P(AAmii1-co-AN70)-b-PEGoo-b-PCL2s also
exhibited concentration-dependent behavior, and an increase of up to 10 °C was observed as the
concentration rose from 1.25 to 20.0 mg mL!. Between 1.25- 2.5 mg mL"!, the cloud points were
identical at 34 °C, then increased by 5 °C at 5.0 mg mL™!, followed by a rise of 1 °C at 10.0 mg
mL!, and finally by 4 °C at 20.0 mg mL"'. Notably, P(AAmi1i-co-AN70)-b-PEGoo-b-PCL2s did
not fully solubilize, reaching peak transmission values of 50-73% at 60 °C. For a 0.625 mg mL"!
aqueous solution of P(AAmi11-co-AN70)-b-PEGoo-PCL2s, the maximum transmission was 73%.
With an increase in concentration, the highest achievable transmittance decreased, with the lowest
being 50% when ¢ = 20.0 mg mL'. Previous analyses from P(AAmiii-co-AN70)-b-PEGoo
suggested that it has been solubilized, but in P(AAmii1-co-AN70)-b-PEGoo-b-PCL2s5, PCL may

have prevented further solvation of the copolymer in water. This intriguing phenomenon is
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advantageous in designing polymeric NPs that possibly do not disassemble completely with

temperature, even beyond the cloud points.

Analyses of blank self-assemblies and temperature-directed morphological transitions

Polymers P(AAmiii-co-AN70)-b-PEGoo and P(AAmiii-co-AN70)-b-PEGoo-b-PCL2s  were
subsequently utilized to prepare NPs separately for the evaluation of their self-assemblies. These
two polymers were chosen to examine the significance of PCL in maintaining stable NP
morphologies. In a typical cosolvent evaporation method used to induce self-assembly in
amphiphilic block copolymers, the entire polymer is dissolved in volatile organic solvents, such
as acetone, before being added into the aqueous medium. Acetone is then allowed to evaporate
slowly over time, leading to the formation of NPs. However, due to limited solubility of both
P(AAmiii-co-AN70)-b-PEGoo and P(AAmiii1-co-AN70)-b-PEGoo-b-PCL2s, we noted that a 1:1
ratio of acetone to water was necessary to completely solubilize the copolymers for self-assembly.
This may be due to a difference in solubility of the individual polymers: acetone dissolves PEG
and PCL, while water dissolves PAAm and PEG. Furthermore, a mixture of acetone-water
improves the solubility of PAN. ”® Therefore, employing a mixture of solvents is necessary to
ensure that all components are solubilized adequately, facilitating the self-assembly process for
NP formation. As we envisioned the use of these systems for drug delivery, we narrowed the
concentration to a value that would exhibit phase transition close to physiological temperature (37
°C). Therefore, P(AAmi11-co-AN7)-b-PEGoo-b-PCL2s at ¢ = 5.0 mg mL! was selected for self-
assembly as the cloud points are closest to human body temperature. Dynamic light scattering
(DLS) and transmission electron microscopy (TEM) were used to evaluate the NP sizes and
visualize their morphologies. The self-assemblies of P(AAmii1-co-AN70)-b-PEGoo (T6NPs) in
water were first evaluated. As depicted in Figure 4. 3A, the size of the micelles generally decreased
with increasing temperatures. TONPs were found to be 142 nm at 20 °C. As the solution approached
the cloud point (32 °C), the NPs drastically shrank below 20 nm. This small particle size stayed
consistent between 35-60 °C. DLS analyses suggested formation of smaller particles beyond the
cloud point, which was possibly due to the solvation of P(AAmiii-co-AN70)-b-PEGoo, as

demonstrated in the transmittance studies. This observation aligns with findings reported by Li et
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al. " In their studies, they found that sizes of the micelles from P(AAm-co-AN)-g-PEG decreased
as the temperature increased from 4 to 43 °C. When the temperature exceeded beyond 43 °C,
micelles disassembled. A clear interpretation of micellar morphology was supplemented by TEM.
Figure 4. 3B-3C depict TEM of solutions of T6NPs before and after heating, respectively. The
aliquot after heating was collected during the third heating cycle at 40 °C, which was frozen
promptly in liquid nitrogen upon collection. During TEM sample preparation, the solution was
gently warmed by hand and drop-casted onto the grid immediately upon thawing. Initially, TONPs
showed spherical micelles, with sizes of approximately 100 nm. However, post-heating, it is
evident that much smaller particles are formed, with several clusters of aggregation. Compared to
spherical structures seen prior to heating, different morphologies observed after heating suggest
that TONPs are not stable with temperature, rendering this system unsuitable for designing NPs

with stable and reversible morphological transitions.
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Figure 4. 3: DLS analyses of NPs derived from (A) P(AAmiii-co-AN70)-b-PEGoo (T6NPs) and
(D) P(AAmiii-co-AN70)-b-PEGoo-b-PCL2s (T7NPs). Studies were done across three cycles of
heating-cooling, where data points shown represent the average particle size from 3 cycles. TEM
image of TONPs (B) before (20 °C) and (C) after heating (40 °C), and T7NPs (E) before (20 °C)
and (F) after heating (40 °C). Samples were stained with 2% uranyl acetate solution prior to

analysis.

Subsequently, we analyzed self-assemblies formed from P(AAmiii-co-AN70)-b-PEGoo-b-PCL2s
(T7NPs) with temperature. The same procedure utilized to self-assemble P(AAmii1-co-AN70)-b-
PEGoo was applied. Overall, T7NPs exhibited a small increase in size from 20 °C to 60 °C, with
the most significant change occurring between 20-25 °C (Figure 4. 3D). At 20 °C, the
hydrodynamic diameter was measured at 216 nm, slightly decreasing to 209 nm at 25 °C. As

temperature rises, the enhanced solubility of P(AAm-co-AN) may trigger reorganization of
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T7NPs, as P(AAm-co-AN) transitions from the hydrophobic core to the hydrophilic shell. This
may result in smaller hydrophobic cores due to the reduced P(AAm-co-AN) content, as well as
P(AAm-co-AN) and PEG arms that are not yet fully extended. Thereafter, T7NPs gradually
expanded with increasing temperatures to 223 nm at 60 °C. These changes in size likely stem from
increase in solubility of P(AAmii1-co-AN70)- b-PEGoo-b-PCL2s, inducing a reorganization of the
NP structure to form a core solely consisting of PCL, alongside a more hydrophilic shell composed
of extended PEG and P(AAm-co-AN) chains (Scheme 4. 3). This reorganization was reflected in
DLS measurements as an increase in particle size, consistent with the potential flower-to-star-like
transformation. In the flower-like structure, PEG chains are confined and restricted, creating a
more compact hydrophilic shell which forms smaller NPs; in the star-like structure, PEG chains
are extended and are more flexible, forming larger NPs. Similar observations were also reported
by Wu et al.,, who reported larger micellar sizes formed from PCL3.4k-PEGuk (star-like) as
compared to PCL1.5«-PEGak-PCL1 5k (flower-like). 8 DLS analyses of the hydrodynamic diameter
upon cooling demonstrated the reversibility of this system, with the size changes closely mirroring
the temperature increase, albeit in reverse. The decrease in temperature likely induces phase
separation of P(AAm-co-AN) to redistribute into the core with PCL, while PEG forms the

hydrophilic shell once again, maintaining stable NPs throughout temperature variations.
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Scheme 4. 3: Schematic illustration of (A) micelle disassembly formed from P(AAm-co-AN)-b-
PEG (T6NPs) and (B) retention of micellar structure formed from P(AAm-co-AN)-b-PEG-b-PCL
(T7NPs). Green polymer represents P(AAm-co-AN), blue represents PEG, and pink polymer

represents PCL.

Given the limitations of DLS in ascertaining morphological changes, we analyzed our samples by
TEM. The collection and preparation of TEM samples closely follow the procedures outlined for
TONPs, as described previously. Figure 4. 3E-3F illustrate representative TEM images of T7NPs
before and after heating. Prior to heating, the diameters of the dried NPs were approximately 205
nm (Figure 4. 18). The smaller diameter, compared with those obtained by DLS, is due to absence
of solvent swelling due to water removal during TEM sample preparation. Interestingly, distinct
domains within the core were observed, as evidenced by the delineated white cores surrounded by
grey domains. This observation suggests immiscibility between the core forming blocks, P(AAm-
co-AN) and PCL, that led to microphase separation within the hydrophobic core. Similar
microphase separation has been reported by Liu and Feng, who observed it in fluorocarbon-
terminated Pluronic F127-based multicompartment micelles. ! Using TEM, they observed two

separated phases within one micellar core, suggesting the incompatibility between the core

276



Chapter 4

forming blocks, propylene oxide, and the fluorocarbon segments. Interestingly, upon heating to 40
°C, the phase separation became less apparent, resulting in more uniform core-shell structures.
This observation is consistent with the expected reorganization of the NP as P(AAm-co-AN)
becomes soluble, resulting in its extension to the corona. Through DLS and TEM analyses of
T7NPs, it is evident that the self-assemblies are stable with temperature. The incorporation of non-
thermoresponsive PCL stabilizes the overall structure across multiple heating-cooling cycles by
preventing complete solubilization of the copolymer. In contrast, the absence of PCL leads to
disassembled micelles, as demonstrated with TONPs. These results showcase the stable, unique
morphological transitions attainable with T7NPs, highlighting their significant potential in

nanomedicine.

Analysis of CUR-loaded NP morphology changes through DLS and TEM

A potential application of T7NPs is the controlled release of cargo. As shown before, the self-
assemblies remained stable with temperature due to the strategic incorporation of PEG, PCL, and
P(AAm-co-AN). This design prevents NP disassembly, which could potentially reduce the chances
of burst release while allowing multiple thermal activations for more precise cargo release. CUR
was used as a model drug to evaluate temperature-controlled release through morphological
changes in the NPs. The photophysical properties of CUR are well documented, which gives us a
good handle in using it as a probe to understand the morphological transitions occurring in T7NPs.
61.62 Dryg-loaded NPs were prepared at 5.0 mg mL!. DL% and EE% were determined by UV-Vis
as 3.4 £ 0.6% and 40.8 + 6.4%, respectively. The CUR-loaded T7NPs (CUR-NPs) were analyzed
by DLS and TEM (Figure 4. 4, Figure 4. 19). With the introduction of CUR, the NPs reduced in
size from 217 nm to 178 nm. Additionally, the NPs became more monodispersed, as evidenced by
the reduced peak widths in the hydrodynamic diameter distribution (Figure 4. 4A). Hydrophobic
drugs such as CUR can provide additional driving force for self-assembly to give denser and

smaller micelles, which explains the smaller size observed. %
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Figure 4. 4: (A) DLS distribution curves of T7NPs (black) and CUR-loaded T7NPs (CUR-NPs,
orange), (B) DLS analyses of CUR-NPs with temperature, (C) TEM image of CUR-NPs before

heating (20 °C), and (D) after heating (40 °C). Samples were stained with 2% uranyl acetate

solution prior to analysis.

Subsequently, we analyzed the particle size change of T7NPs with respect to temperature. To
ensure the stability of CUR throughout the experiment, temperatures ranging from 20-60 °C were
employed. In general, CUR’s stability with temperature varies depending on the solvent. For

instance, CUR remains stable in methanol up to 80 °C. ** However, when introduced into aqueous
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buffer/ methanol mixtures (50:50 (v/v), pH 8.0) between 37-60 °C, CUR undergoes rapid
degradation. 3% Nevertheless, encapsulation of CUR into NPs has been proven to improve its
thermal stability. %7 Upon heating, T7NPs gradually increased in size, reaching 191 nm when
heated to 60 °C (Figure 4. 4B). The NPs then decreased back to approximately the same size upon
cooling (177 nm). This trend was consistent across three cycles of heating-cooling, demonstrating
the stability and reversibility of the CUR-NPs with temperature variations. Our design strategy
with the composition in the model ABC polymer [P(AAm-co-AN), PEG, and PCL] seems to
confer stability to the NPs over a range of temperatures. This design could potentially result in

drug delivery systems with reduced accumulation of drug at unintended sites.

To ascertain the morphology and stability in detail, we performed TEM studies to visualize
changes in CUR-NPs. The NPs were analyzed before (Figure 4. 4C, Figure 4. 19) and after heating
(Figure 4. 4D). As seen in Figure 4. 4C, CUR-NPs formed spherical particles, with diameters of
approximately 148 nm. Interestingly, the NPs showed microphase separation within the core, albeit
being less distinct as compared to the blank counterpart. This observation suggests that CUR
induces reorganization of the internal structure of NPs. Similar observations have been reported
by Schulz et al., who noted a drug-induced morphological switch in poly(2-oxazoline)-based
micelles. ®® In their study, they found that aggregation of an ABA (A = poly(2-methyl-2-
oxazoline), B = poly(2-n-butyl-2-oxazoline)) triblock copolymer changed from worm-like to
spherical micelles when paclitaxel was added. We then examined TEM images of CUR-NPs upon
heating (Figure 4. 4D), using the same procedure as outlined for TONPs, and noticed that CUR-
NPs had an approximate size of 160 nm. Similar to what was observed with empty NPs, more
uniform structures were seen, which suggests morphological transition of NPs with temperature.
It suggests retention of micellar structure from strategically incorporated P(AAm-co-AN), PEG,
and PCL segments, and offers avenues in introducing stable temperature-mediated morphology

changes.
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Evaluation of CUR-NPs morphology changes using UV-Vis

To further understand the microenvironments of CUR-NPs, we turned to UV-Vis to carry out a
detailed evaluation using the emission spectra of CUR at varied temperatures. Since CUR has
photophysical properties sensitive to its environment, the absorption profiles serve as an indication
of the hydrophilic or hydrophobic environment. For instance, CUR absorption shows a notable
shift to longer wavelengths with an increase in solvent polarity, such as 406 nm in hexane and 420
nm in methanol. ¥ As shown in Figure 4. 5A, CUR-NPs showed an absorption peak at
approximately 425 nm, which is slightly red-shifted from well-solvated conditions (methanol).
The appearance of a vibronic structure as indicated by the shoulder at 457 nm implies
crystallization within the NP. In addition, the absorption profile is different from CUR in water,
which shows low intensity peaks at 237, 345, and 419 nm at room temperature. °° These

observations suggest that CUR is in a favorable environment promoted by encapsulation in T7NPs.
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Figure 4. 5: UV-Vis spectra of CUR-loaded T7NP (¢ = 5.0 mg mL) (A) heated from 20 to 60
°C, (B) subsequently cooled from 60 to 20 °C, and (C) heated again to 60 °C.

We subsequently examined the absorption spectra of CUR-NPs at different temperatures. In
general, CUR’s absorption spectra with temperature varies depending on the solvent. For instance,
CUR in methanol exhibits no significant change when heated, whereas in water, the absorption

intensities of CUR at 237, 345, and 419 nm increase at higher temperature due to enhanced aqueous
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solubility. ® When CUR-NPs were first heated from 20-60 °C, we observed decreasing absorption
intensities with temperature (Figure 4. 5A). This may be due to the increased solubility of
P(AAmii1-co-AN70)-b-PEGoo-PCL2s that promotes micelle transition to form a smaller core size
that is able to retain CUR. This reorganization will promote CUR movement, as reflected in the
lower intensities observed. When the system was cooled back to 20 °C, we saw insignificant
changes to the peak intensity at 425 nm (Figure 4. 5B). This attenuation in CUR is likely due to
the decrease in P(AAmii1-co-AN70)-b-PEGoo-b-PCL2s solubility that induced a reorganization of
the NP, which can impede CUR mobility. When the system was reheated to 60 °C, CUR absorption
intensity reduced further, suggesting a second transition of the system that influences CUR
distribution (Figure 4. 5C). These observations are in line with what we expect of the CUR
reorganization with respect to the NP morphology transitioning with temperature. As the
morphology changes, the increased or decreased solubility of P(AAm-co-AN) leads to core size
and packing differences that affect CUR distribution. These results highlight the substantial

potential in utilizing CUR-NPs as nanocarriers for spatiotemporal control over drug release.

Analysis of CUR-NP morphology changes through fluorescence studies

We explored using CUR as a fluorescent probe to investigate the environment it is in when
encapsulated in NPs. It is known that CUR’s fluorescence shows solvent-dependent shifts in the
emission maxima, exhibiting a red shift with increasing solvent polarity. *! For instance, the
observed fluorescence maxima are 439 nm (hexane), 540 nm (methanol), and 550 nm (water). 2
The change in CUR emission profiles in different environments makes it a valuable tool for
examining the environment of NPs, and this was utilized to evaluate potential NP morphological
changes from a flower-to-star-like structure. The absorption profiles could provide information
about the microenvironment of CUR within the NP. Initially, CUR is encapsulated in a
hydrophobic core formed from both P(AAm-co-AN) and PCL, whereas upon heating, the core is
formed solely from PCL. Consequently, we expect the differing core environments to be reflected

in the emission spectra.
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CUR-NPs (¢ = 5.0 mg mL") were excited at Aex = 420 nm in the emission range of 450—700 nm,
and the fluorescence spectra at each temperature point were collected when the solution was heated
from 20 to 60 °C (Figure 4. 6A), and then subsequently cooled from 60 to 20 °C (Figure 4. 6B).
Prior to heating, we observed peak maxima at 533 and 582 nm, suggesting CUR encapsulation in
two different environments. This observation (as noted using TEM analyses) suggests that
immiscibility of P(AAm-co-AN) and PCL would place CUR in different NP environments. When
the solution was heated to 60 °C, a reduction in both peak intensities was noted, suggesting
diffusion of CUR from the NP. Upon cooling, the intensity of both peaks increased, indicating re-
distribution of CUR within the NP. The reversible nature of this transition suggests that
temperature can be utilized to control CUR mobility in CUR-NPs. Furthermore, two noteworthy
observations were made. Firstly, the peak at 582 nm was initially higher in intensity compared to
533 nm. However, upon heating, the intensity diminished to nearly match that of 533 nm; upon
cooling, while the intensity increased, it did not fully restore to surpass that of 533 nm. This implies
that the reorganization of the NP resulted in CUR being re-distributed in the core-shell structures.
The second interesting observation was the absence of any shift in both peak maxima, suggesting
CUR environment remained largely unchanged throughout the temperature cycling process,
highlighting the stability provided to CUR by these environments. Additional experiments, such
as small-angle x-ray scattering studies, could provide invaluable insights into changes in NP core/

shell size and a detailed understanding of these transitions.
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Figure 4. 6: Fluorescence spectrum of CUR-loaded T7NP with temperature (¢ = 5.0 mg mL™") (A)
heated from 20 to 60 °C and (B) subsequently cooled from 60 to 20 °C.

Evaluation of drug release under physiological conditions

CUR release studies were subsequently conducted in phosphate buffer saline (PBS, 0.01 M, pH
7.4) under three different conditions: 25 °C, 37 °C, and alternating between the two (Figure 4. 7).
When comparing the release profiles at 25 °C and 37 °C, we observed a temperature-dependent
behavior, with a 19-38% increase in CUR release at the higher temperature. For instance, CUR
release reached 48% in 2 h at 25 °C, and increased to 69% at 37 °C. At 4 h, the release was 59%
(25°C)/ 83% (37 °C); 63% (25 °C)/ 91% (37 °C) in 6 h, 64% (25 °C)/ 92% (37 °C) in 8 h, 69% (25
°C)/ 93% (37 °C) in 12 h, 74% (25 °C)/ 97% (37 °C) in 24 h, 76% (25 °C)/ 97% (37 °C) in 32 h,
and 80% (25 °C)/ 99% (37 °C) in 50 h. Additionally, there was a significant release of CUR under
physiological conditions (mimicked during drug release studies). It is possible that CUR release
that was subjected to large volume of PBS (140 mL) promoted its diffusion to the external medium
to satisfy the concentration equilibrium, resulting in rapid release of drug. > We also examined
CUR release at alternating temperatures to assess any controllable release patterns. The
temperature was changed as follows: 0-4 h: 25°C, 4-8 h: 37°C, 8-12 h: 25 °C, 12-24 h: 37 °C, 24-
32 h: 25 °C, 32-50 h: 37 °C. While we were able to change temperature periodically and modulate
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CUR release, it was challenging to ascertain controlled release with temperature variations as CUR
release remained consistently high under sink conditions. Specifically, CUR release reached 58%
in2h, 75% in4 h, 80% in 6 h, 81% in 8 h, 86% in 12 h, 91% in 24 h, 94% in 32 h, and 98% in 50
h.
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Figure 4. 7: Drug release of CUR-NP at different temperatures: 25 °C (blue), 37 °C (red), and
alternating temperatures (green, 0-4 h: 25°C, 4-8 h: 37°C, 8-12 h: 25 °C, 12-24 h: 37 °C, 24-32 h:
25 °C, 32-50 h: 37 °C). All drug release studies were conducted in PBS buffer (pH 7.4, 0.01 M)
with 1 wt% Tween 80 added.

4.6. Conclusions

A triblock copolymer with strategic spatial location of individual polymer fragments with pre-
defined tasks, P(AAmi11-co-AN70)-b-PEGoo-b-PCLas, offers a versatile platform in designing soft
NPs that can undergo thermoresponsive phase transitions for sustained and controlled cargo
release. Leveraging the UCST behavior of P(AAm-co-AN), it was conjugated to hydrophilic PEG
and hydrophobic PCL, in this sequence, to design NPs that could undergo reversible morphological

transitions. P(AAm-co-AN) retains its inherent UCST characteristics in the triblock copolymer, as
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evidenced by cloud point measurements, which showed concentration-dependent phase transitions
influenced by chain-chain interactions within the polymer. The cloud point of the triblock
copolymer (c = 5.0 mg mL') was 39 °C (heating)/ 37 °C (cooling), close to the desired
physiological conditions. The strategic placement of each fraction in P(AAm-co-AN)-PEG-PCL
facilitates formation of self-assembled NPs capable of undergoing stable, temperature-directed
morphological transformations. Upon loading CUR into these UCST-responsive NPs, CUR
undergoes temperature-controlled core-shell redistribution driven by these morphological
transitions, which are triggered by temperature variations. CUR release is controlled by
temperature-dependent NP transformations, demonstrating the potential of these NPs as versatile
drug delivery nanocarriers with tunable cargo release profiles. Our results highlight the importance
of structural design in enabling temperature-sensitive nanocarriers, and expanding the scope of

UCST-based morphological transformations in nanomedicine.
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4.8. Appendix C: Supporting Information for Chapter 4

Characterization

All NMR spectra were recorded on a Bruker AVIIIHD 500 MHz spectrometer at ambient
temperature. The spectra were calibrated at 2.50 ppm and 7.26 ppm for deuterated dimethyl
sulfoxide (DMSO-ds) and deuterated chloroform (CDCls), respectively. The IR spectra were
recorded on a Bruker ATR-FTIR infrared spectrometer Alpha II equipped with a single bounce
diamond crystal and a LiTaO3 detector. Measurements were conducted from 400 to 4000 cm™! with
a resolution of 4 cm™! at room temperature. Turbidity measurements, variable temperature UV-
Vis, and drug release studies were recorded on a Cary50 Bio UV-Vis spectrophotometer operating
with a Xenon lamp and equipped with a temperature-controlling unit. All turbidity measurements
were conducted at a heating/ cooling rate of 5 °C min™! and the optical transmittance was recorded
at 670 nm. CUR release studies were measured at ambient temperatures and recording CUR
absorption at 426 nm. Variable temperature UV-Vis studies were conducted at a heating/ cooling
rate 5 °C min"' and the spectra were collected from 200-800 nm. To obtain the particle sizes of
NPs, a Brookhaven Instrument NanoBrook Omni installed with a 40 mW diode laser operating at
640 nm was used. The temperature-dependent measurements were conducted at a heating/ cooling
rate of 5 °C min™!. The solutions were allowed to equilibrate at each temperature point for 3 min
prior to analysis. A FEI Tecnai 12 BioTwin 120 kV TEM equipped with an AMT XR80 CCD
Camera System was used to investigate the morphologies of NPs. The solutions were stained with
2% uranyl acetate before imaging. The variable temperature fluorescence studies were conducted
using a PTI QM4 fluorometer equipped with a rapid Peltier temperature controlled multiple

position sample holder.
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Synthesis
Synthesis of (4-(prop-2-yn-1-yloxy)phenyl)methanol (4PBA)

To a stirred solution of propargyl bromide (0.540 mL, 6.04 mmol, 1.5 eq) and 4-hydroxybenzyl
alcohol (0.5 g, 3.93 mmol, 1 eq) in acetone (22 mL), K2COs3 (0.724 g, 5.24 mmol, 1.3 eq) and 18-
crown-6 (0.043 g, 0.163 mmol, 0.04 eq) were added and the reaction mixture was refluxed at 65
°C under nitrogen for 24 h with magnetic stirring. After cooling down to room temperature, any
residue from the reaction mixture was removed by vacuum filtration. The filtrate was then
evaporated to dryness under reduced pressure and partitioned between water and dichloromethane
(DCM). The aqueous layer was extracted with dichloromethane (3 x 50 mL) and the combined
organic extracts were dried with anhydrous MgSOa4 and then dried under reduced pressure. The
crude product was purified by column chromatography using 1:1 hexane and ethyl acetate. After
evaporation of solvents, the product was recovered as a brown oil. Yield: 87% (2.69 g). '"H NMR
(500 MHz, CDCl): 6 (ppm) 2.07 (br s, 1H, -OH), 2.53 (t, 2H, -C=CH), 4.58 (s, 2H, -CH20H),
4.67 (d, 2H, -OCH>), 7.27 (d, 2H, Ar-H), 7.29 (d, 2H, Ar-H). *C {'H} NMR (CDCl;3, 125 MHz):
6 (ppm) 55.9, 64.9, 75.7, 78.6, 115.0, 128.7, 134.2, 157.1.

Synthesis of 4- (prop-2-ynyloxy)benzyl polycaprolactone (4PB-PCL)

T1 (0.15 g, 0.926 mmol, 1 eq) was dissolved in dry toluene and heated to 100 °C under nitrogen
with magnetic stirring. e-caprolactone (2.88 mL, 25.9 mmol, 28 eq) was subsequently added to the
mixture and heated to 110 °C. Tin(II) 2-ethyl hexanoate (0.03 mL, 0.09 mmol, 0.1 eq) was then
added and the reaction mixture was refluxed at 115 °C for 24 h. After cooling down to room
temperature, the solvent was removed under reduced pressure. The crude product was purified by
dissolving in minimal DCM and precipitated in ice cold methanol. The product was collected under
vacuum filtration and dried in the desiccator. Yield= 88% (1.8 g). '"H NMR (500 MHz, CDCls): &
(ppm) 1.36- 1.43 (m, 54H, (—-OC-CH>-CH>—CH>—CH>—-CH2-0)27), 1.61- 1.66 (m, 108H, (—OC—
CH>—CH>—CH2>—CH>—CH2-0)z27), 2.30 (t, 53H, (—OC-CH>—CH>—CH2>—-CH>—CH2-0)z27), 2.52 (t,
2H, -C=CH), 4.05 (t, 51H, (—-OC—CH>—CH>—CH>—CH>-CH>-0)27), 4.69 (d, 2H, CH2-C=C), 5.04
(s, 2H, CH2-OH), 6.95 (d, 2H, Ar-H), 7.29 (d, 2H, Ar-H). 1*C {'"H} NMR (CDCl3, 125 MHz): §
(ppm) 24.7, 25.7, 28.5, 34.3, 55.9, 64.3, 65.9, 75.8, 115.1, 129.25, 130.10, 173.7. MS: MALDI-
TOF Mn =3143.20; Mw =3351.84; PDI = 1.07; DP = 27.
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Chapter 5: Conclusions and Outlook

5.1. Conclusions

This thesis contributes to the field of nanomedicine by leveraging techniques in polymer synthesis
to engineer functional soft nanoparticles. It demonstrates the utility of polymerization
methodologies including ring-opening polymerization (ROP) and reversible addition-
fragmentation-chain transfer (RAFT); efficient post-polymerization strategies including
bromination, selective monotosylation, azidation etc.; and polymer stitching methods such as
copper-catalyzed alkyne-azide cycloaddition (or ‘click chemistry’), in facilitating the design and
synthesis of amphiphilic miktoarm star and triblock copolymers. Such synthetic design of polymer
precursors is essential in controlling desired characteristics of their aqueous self-assemblies
including nanoparticle size, surface entities, and morphologies to suit diverse biomedical
applications. The potential of our design strategy is elaborated specifically through: (1) core
forming hydrophobic polycaprolactone (PCL) end-group functionalization with tertiary amines in
branched miktoarm star polymers. It simplifies fabrication of nanoformulations that respond to
multiple biological stimuli using a single chemical entity, expanding the scope of polymeric
particles in nanomedicine; (2) incorporation of charged amine groups at the hydrophilic shell
forming PEG termini, which leads to intrinsically active antimicrobial core-shell nanoparticles
upon self-assembly. These nanoformulations concurrently provide an additional function of
delivering antibacterial agents for combination therapy; and (3) design of ABC copolymers
containing UCST responsive polymer strategically located in amphiphilic triblock (P(AAm-co-
AN)-b-PEG-b-PCL) polymer. A detailed evaluation of this model system provides a platform in
assembling temperature-responsive formulations which transition between two distinct and stable

morphologies for controlled and sustained delivery of their cargo.

The design of nanocarriers that could collectively exploit several endogenous stimuli holds great
potential in nanomedicine. However, complexity in synthetic approaches to confer multiple
chemical units for responsivity has resulted in poor clinical translation of such technologies. Our
research has helped simplify the design of polymer precursors to obtain nanocarriers that are

responsive to multiple endogenous stimuli, including CO2, pH, ROS, and CO2+ ROS. This was
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achieved through incorporation of a single tertiary amine at the PCL block terminus within an AB2
(A = PCL, B = PEG) miktoarm polymer. Upon self-assembly, tertiary amine formed an integral
part of the hydrophobic core of the resulting spherical micelles. These nanoparticles exhibited low
critical micelle concentrations, suitable hydrodynamic diameters (<200 nm), and excellent drug
loading efficiencies. Drug-loaded and stable nanoformulations provided environment-selective
release profiles based on the multiple stimuli at disease sites such as, dissolved CO2 concentrations,
variable pH; ROS, and CO2+ ROS combination. /n vitro evaluation demonstrated that curcumin
loading suppresses drug toxicity at high concentrations without compromising its inhibitory
efficacies. This research contributed a simple-by-design strategy in designing stimuli-responsive

polymeric nanoparticles in drug delivery.

Antimicrobial drug resistance continues to pose significant challenges. We have contributed a
macromolecular platform in which incorporation of surface positive charge on the shell of soft
nanoparticles imparted intrinsic antimicrobial properties, as well as provided opportunities to
encapsulate a desired small molecular antimicrobial agent. This dual functional antimicrobial
system could be easily assembled through 1) an elaboration of our methodology to synthesize
miktoarm polymers with charged amino groups at the hydrophilic termini; and i1) their subsequent
aqueous self-assembly. Cationic nanoparticles demonstrated intrinsic antimicrobial properties,
which were shown to inhibit bacterial (E. coli and B. subtilis) growth. Introduction of the positive
charge on the surface of the micelle did not impede drug delivery, and curcumin and terbinafine
loaded formulation exhibited their inhibitory activity. These results expand the utility of soft
nanoparticles in designing multifunctional formulations for better efficacy: antimicrobial agent
(for rapid, direct inhibition) and a nanocarrier for bactericidal agent delivery (for extended
inhibitory activity). Our system offers new avenues for combination therapy and combating

antimicrobial resistance.

In our continued pursuit in designing stimuli-responsive polymeric precursors to cutting-edge
biomedical applications, we further expanded our simple-by-design strategy in developing
thermoresponsive nanoformulations that could undergo temperature-induced morphological
transformations while keeping their overall structural integrity intact. We have demonstrated that

one could achieve this by strategically introducing UCST thermoresponsive block, P(AAm-co-
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AN) into an ABC triblock copolymer (A = PCL, B = PEG, C = P(AAm-co-AN)) triblock
copolymers. The triblock copolymer showed thermoresponsive behavior, transitioning reversibly
between insoluble-to-soluble states induced by temperature. Below the cloud point temperature of
39 °C, spherical micelles were formed, potentially adopting a flower-like structure with PEG in
the outer shell and P(AAm-co-AN) and PCL constituting the core. When the temperature was
raised above the cloud point, a morphological change was observed, likely consisting of PEG and
P(AAm-co-AN) as the shell, and PCL the core. We have examined this behavior on a model ABC
block copolymer utilizing DLS and TEM, which clearly established stability of nanoparticles
across a range of measured temperatures (20-60 °C). UV-Vis and fluorescence spectra of the CUR-
loaded nanoparticles revealed temperature-controlled drug mobility dynamics. Nanoformulations
responded to temperature and drug release was accelerated at higher temperatures. It represents,
to the best of our knowledge, the first example of a UCST responsive P(AAm-co-AN)-based

nanoparticle which exhibits stable and reversible morphological transitions.

5.2. Outlook

This thesis contributes to the field of nanomedicine through polymer micelle core- and shell-
functionalization strategies. However, there still remains a substantial amount of work to facilitate
their bench-to-bedside transition. This thesis research has contributed a simple-by-design strategy
in fabricating smart soft nanoparticles, but a detailed biological evaluation is critical and necessary
to advance these innovations into pre-clinical and clinical trials. We evaluated their in vitro
performance through limited drug and cell lines selection. It establishes their scope, which can be

easily expanded to include varied pharmaceutical agents and cell lines.

As part of our ongoing collaboration with the Montréal Heart Institute, we have also initiated in
vivo studies in mice. In this preliminary investigation, we observed that the multistimuli-
responsive nanocarrier (TA-MP2, noted in Chapter 2) primarily accumulates in the kidney, liver,
salivary glands, and to a certain extent, in the heart, brain, and lungs. Given that the latter areas
are difficult to target with conventional drugs, these results are promising, as one could potentially
deliver therapeutics for cardiovascular diseases such as olmesartan medoxomil (logP=4.31, treats
hypertension) and andrographolide (logP=2.62, regulates inflammation due to atherosclerosis). 3
One could also transport drugs across the blood-brain barrier for treatment of neurological
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disorders such as Alzheimer’s disease with rivastigmine (logP= 2.1) and schizophrenia with
aripiprazole (logP= 4.55). *7 As each drug and nanocarrier is unique, similar self-assemblies
should be carefully examined with the appropriate drugs to work towards these therapeutic goals.
Even with the same nanocarrier, the size, stability, drug loading and release rates are expected to
be different depending on the aqueous solubility, size, and structure of the desired drug, as well as
the drug-polymer interactions. Further in vitro and in vivo studies are warranted to ascertain the
efficacy of these new drug-nanocarrier combinations. This broader exploration will enhance our

understanding of the therapeutic potential of our system to advance it from bench-to-bedside.

Conventional procedures to identify suitable drug-nanocarrier combinations require a trial and
error approach. Extensive time and resources are needed in adjusting parameters such as molecular
weight, size, charge, and drug loading to obtain systems that are suitable for nanomedicine. These
studies are typically preceded by biological evaluations to determine their efficacy in various cell
lines before moving into in vivo experiments. It is evident that the design of nanoformulations is a
complex endeavor, often lacking guaranteed success. Traditionally, the Hansen solubility
parameter (HSP) and Flory-Huggins interaction parameter (y) have been used in predicting the
solubility and miscibility of drug-polymer mixtures. 8 However, HSP calculations are biased
towards non-polar interactions, diminishing specific drug-polymer interactions and yielding
inaccurate predictions. ° In addition, J: calculations rely on the group contribution method (GCM),
which is severely restricted to the most common chemical moities. ' Moreover, the additive nature
of GCM fails to account for geometric variations such as branched polymers. !' To address these
limitations, in silico approaches provide a more precise and rational prediction into formulation
design. It has been shown that y obtained from molecular dynamics (MD) simulation is more
accurate than y obtained from GCM. '> When simulating the intermolecular interactions between
drug and carriers, MD studies consider the local molecular arrangement in calculating the
interaction energy, which is a more accurate estimation of the solvation process. Therefore, MD
simulation is crucial in understanding drug-polymer solubility and miscibility before investing

extensive efforts in evaluating new nanoformulations.

In addition to understanding drug-polymer interactions, it is crucial to explore potential
nanoparticle behavior in biological fluids. Nanoparticles have been shown to spontaneously

interact with biological molecules in the bloodstream, including lipids, proteins, and nucleic acids.
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13.14 Among these biomolecules, the protein corona is one of the most extensively studied due to
its significant impact on nanoparticle properties such as size, shape, and surface characteristics. '
16 This modification can impact the distribution of nanoparticles, their interactions with cell
membranes, cellular uptake, toxicity, and clearance. !> '® Furthermore, the protein corona can also
act as a barrier that impacts drug release, introducing an additional layer of complexity in drug
delivery systems. '° Consequently, nanoparticles may exhibit behavior in biological systems that
deviates from their intended design. In our studies, we utilized PEG to leverage its stealth effect
and enhance the delivery of water-insoluble drugs. PEGylation has been shown to decrease protein
adsorption, minimize uptake by macrophages, and prolong the circulation time of nanoparticles
compared to bare nanoparticles. ° However, it is important to note that PEG cannot entirely
prevent the formation of protein coronas. >! The stealth effect provided by PEG is influenced by
factors including PEG chain length and density. > These variables play a critical role in the drug
loading, release kinetics, and circulation time of nanoparticles. It would be of interest to
deliberately incorporate protein coronas onto our nanoparticles to examine their self-assembly
properties and drug delivery capabilities. This approach will enhance our understanding of how
the protein corona affects nanoparticle functionality in complex biological environments and

improve the prediction of nanoparticle performance in vivo.

The antibacterial nanoparticles developed in this thesis offer great potential which needs to be
further explored. Intrinsic antimicrobial activity of these formulations against E. coli (Gram
negative) and B. subtilis (Gram positive), as well as their prospect as delivery agents has been
evaluated here for potential drug-nanocarrier synergistic effects. SEM images suggest that P7-
micelles inhibit the growth of both bacterial strains through cell membrane disruption. It would be
of interest to further elucidate the mode of antibacterial action with mechanistic studies. For
example, Hoque et al. utilized 3,3’-dipropylthiadicarbocyanine iodide (diSC3(5)) as a fluorescence
dye to track its accumulation in the membranes of S. aureus and E. coli.>* They observed an
increase in fluorescence intensity when the membrane potential was disrupted as the dye was
released into solution, complementing their results obtained from SEM and fluorescence
microscopy. Applying the same dye to our systems would provide a more comprehensive
understanding of the inhibition mechanism. Additionally, Hoque et al. studied the antifungal

activity of their cationic polymers. In general, antifungal activity studies are performed similarly
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to antibacterial activity studies, where the ODsoo of the fungal cells (+ samples) in a 96-well plate
is recorded over a certain period of time. This data can then be used to intepret cell growth, death,
or inhibition. The mechanism of action can also be evaluated similarly by using SEM to observe
structural changes, diSC3(5) to detect loss in membrane potential, and propidium iodide to examine
a fluorescence-based LIVE/ DEAD assay. 2*?6 In essence, we can apply the results from our
antibacterial studies to guide the analysis of our system’s potential antifungal properties, and

potentially expand the scope to biofilm eradication.

Utilizing miktoarm star polymers also gives us flexibility in customizing nanoparticle topology.
By synthesizing P7-derivatives with varying number of polymeric arms, we can correspondingly
alter the charge density and amphiphilicity of derived micelles to determine their structure-
property relationships. Previously, Laroque et al. compared the antibacterial activitiy of several
amphiphilic star copolymers to their linear counterparts. 27 They showed that star architectures
significantly reduce P. aeruginosa PA14 growth in contrast to its linear copolymer equivalent.
Zhao et al. also showed the interplay between charge density and amphiphilicity in promoting the
additive effects of polysulfoniums and the antibiotic rifampicin. *® Although they could accurately
alter the charge density and amphiphilicity, they found that a balance between the two is necessary
for combination treatment. It is of interest to conduct a systematic study to explore the influence
of polymer branching on antimicrobial activity. As the charge densities and hydrophilic/
hydrophobic balance is different, the antibacterial potency and biocompatibility is expected to
differ— using miktoarm polymers allows us to explore such variations. Exploring such structure-
property relationships will benefit the scientific community and inform the design of nanoparticles

for biomedical applications.

The move towards personalized nanomedicine may especially benefit from the UCST-responsive
system reported here, owing to its stable reversible morphological transitions. It is of interest to
delve deeper into the morphology transition using various experimental techniques. For instance,
de Graaf et al. utilized '"H NMR relaxometry to distinguish flower- and star-like micelles formed
from PNIPAM-PEG-PNIPAM and mPEG-PNIPAM, respectively. * Their observations
highlighted several distinguishing features of the looped structure, including rigid PEG segments
near the core and less flexible PEG distal segments. Static light scattering measurements also

revealed lower PEG surface density in the flower-like configuration. Both methodologies serve as
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robust tools for discerning the morphology transitions in our nanoparticles. Employing similar
strategies with varying temperatures is of keen interest. To achieve this, it would be essential to
examine P(AAmiii-co-AN70)-b-PEGoo-b-PCL2s and its corresponding self-assemblies in D20,
akin to those performed in H20, as documented in Chapter 4. Differences in transmission profiles,
cloud points, and nanoparticle morphology are expected due to varied interactions with deuterated
solvents. ** In 2015, Hou and Wu explored the effects of solvent isotopes on the UCST behavior
of P(AAm-co-AN). They reported a 10 °C increase in transition temperature of the same polymer
at the same concentration in D20 than in H20, suggesting stronger polymer-polymer interactions
than polymer-solvent interactions in deuterated solvents. This result was complemented with their
FTIR spectra and DLS analyses that suggested stronger polymer-polymer interactions in D20.
Therefore, prior to any relaxometry studies, it is imperative to assess the changes in transmission
with varying temperatures and concentrations, alongside examining nanoparticle morphology
using both DLS and TEM. Additionally, it is of significant interest to establish an intricate
structure-property relationship for the P(AAm-co-AN)-b-PEG-b-PCL triblock copolymer.
Currently, the nanoparticles derived from P(AAmii1-co-AN70)-b-PEGoo-b-PCL2s slightly surpass
the size threshold preferred for efficient nanocarriers (obtained: 209 nm, preferred: <200 nm).
While the incorporation of CUR reduced the particle size below this guideline, it is advantageous
to design nanoparticles that are consistently below this threshold to optimize their blood circulation
and tissue penetration. A comprehensive exploration encompassing stastical analyses of the
copolymer with different molecular weights, varying AN content, concentration, and exploring
their associated self-assembly characteristics is instrumental in understanding the correlation
between polymer composition and resulting self-assembly characteristics. By systematically
varying these parameters, we can optimize the nanoparticles to meet specific demands, even

beyond the realm of drug delivery.
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