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Abstract

Development of Imine-based pH-responsive Polymeric Drug Delivery Systems

Xiaolei Hu

Block copolymer-based nanoassemblies that can disassemble in response to endogenous
stimuli found in tumor tissues and cancer cells are promising candidates for intracellular drug
delivery exhibiting enhanced release of encapsulated drugs. Owning to excellent colloidal
stability during blood circulation (pH = 7.4) and accelerated drug release ability in tumoral and
endo/lysosomal acidic environments (pH = 4.0-6.8), acid-responsive degradable nanoassemblies
have emerged as promising nanocarriers for advanced drug delivery with precisely controlled
drug release. Benzoic imine bond, which is cleavable at acidic pH while stable under
physiological pH, has been widely explored for the design of novel acid-degradable block
copolymers. A general method to synthesize imine-containing block copolymers involves the
post-polymerization modification. Functional copolymer precursors bearing primary amine or
carbonyl groups are conjugated with hydrophobic moieties, drug molecules, and hydrophilic

species through in situ imine formation reaction.

My master research explores a new approach to synthesize acid-degradable block
copolymers bearing pendant imine groups (ImPs). The approach explores direct polymerization
of a novel imine-containing methacrylate utilizing controlled radical polymerization techniques,
enabling the synthesis of well-controlled ImPs with tunable functionalities. The resultant ImPs
undergo self-assembly to form nanometer-sized micelles, composed of hydrophilic poly(ethylene
glycol) (PEG) corona and acid-degradable hydrophobic core bearing imine linkages. In response
to tumoral and endo/lysosomal acidic environments, they disassemble through a change in
hydrophilic/hydrophobic balance upon the cleavage of imine linkages to the corresponding
aldehyde and primary amine. As a consequence, such acid-catalyzed hydrolysis of imine
linkages in hydrophobic cores leads to the enhanced release of encapsulated doxorubicin (Dox, a

clinically used anticancer drug).

The proof-of-concept results suggest that this robust approach is versatile to further design
advanced nanoassemblies responding to dual/multiple stimuli, thus being more effective to

intracellular drug delivery.

ii



Acknowledgements

I first would like to give my sincere thanks to my supervisor Dr. Jung Kwon Oh for
providing me the great opportunity to work in his research lab. Throughout my master study, he
gives me lots of support and guidance on my experiments, scientific writing, and presentations.
His vast knowledge and passion for research set a great example for me, which will continuously

motivate me in my future research career.

I also would like to take this opportunity to express my appreciation to Dr. Ingo Salzmann,
Dr. Zhibin Ye, and Dr. Xiaolei Wang for their time and effort to serve as the committee members
for my master studies. Their insight questions and helpful discussion during committee meetings

provide me great feedback and inspiration for my research.

I also would like to thank all lab mates in Oh’s group who accompany me during this
fantastic journey. Especially, I would like to thank Arman, Dr. Gandhi, Newsha, Kay, Yuqing,

Hourieh, Twinkle, Bakr, and Kamal for their generous assistance and helpful discussion.

Finally, I would express my greatest love and appreciation to my parents Xiuqgian and
Jinshuang, and sister Lingli for their unwavering love, support, and encouragement at every stage
of my life. Only with their countless support, I am able and will continue to chase my dream in

science.



Contribution of Authors

The majority of the research described in this thesis was conducted independently by the author

of this thesis under the supervision of Dr. John Oh.

Chapter 2: Parts of the submitted review manuscript as Xiaolei Hu, Arman Moini Jazani, Jung
Kwon Oh. Recent Advances in Development of Imine-Based Acid-Degradable Polymeric

Nanoassemblies for Intracellular Drug Delivery. 2021.

Contribution: Arman Moini Jazani summarized Section 2.6. Dual stimuli-responsive imine-

based nanoassemblies in Chapter 2.

Chapter 3 and 4: Parts of the published paper as Xiaolei Hu, Jung Kwon Oh. Direct
polymerization approach to synthesize acidic pH-degradable block copolymers bearing imine
pendants for tunable pH-sensitivity and enhanced release. Macromolecular Rapid

Communication, 2020, 4/, 2000394,



Table of Contents

List of Figures.......cccceecuerecsccnnneccens viii
List of Tables .........ccceevueeenuueecnnen. xii
LiSt 0f ADDIevIAtIONS ...ccueiveeisiiisinisenisiensenninensensssensensssecssessssesssessssecssnssssesssnssssessssssssssssasssss xiii
Chapter 1. Introduction and background ...........cuueeceeesiinsensecnsenssennsensecsssecsssecssessssesssesnne 1
1.1 Brief overview of my research and g0oals ............ccoceoivieiiieirieiiceeeeeeeee e 1
1.2 General concept for nanoparticles-based drug delivery systems............ccevevveveerieenieenieennenens 1
1.3 Polymer micelles for enhanced drug delivery...........coeoirieieiiieicieiceceeeeeeee e 3
1.4 Acid-responsive degradable polymer micelles for drug delivery..........ccooevivevivieinieicieiiennns 4
1.5 Scope of MY MASIET TRESIS .....vvvieieieieicicieieic ettt 5

Chapter 2 Recent advances in development of imine-based acid-degradable polymeric

nanoassemblies for intracellular drug delivery........iinneiseiiseecssennseissecnseecsnnsssesseesssensnne 7
2.1 INETOAUCLION ..ottt s s s nenenene 7
2.2 Imine formation and acid-catalyzed hydrolysis............cccooeeiririeiinieieiiiieeeeeeee e 9
2.3. Self-assembled Nan0aSSEMDBIIES ..........c.ccocuiiiiiiieiiiciieee e 11

2.3.1. Shell-sheddable nan0assemMbIIes...........cceeeciieeiiieeiiiecie e 12
2.3.2. Core-degradable backbone-multicleavable nanoassemblies ............ccceevveerrerirennnnne. 16
2.3.3. Core-degradable pendant-multicleavable nanoassemblies...........cccceeevveeerveeenveennnnen. 18
2.4. Core-crosslinKed NANOEEIS. ........c.eieiiriiieieieeeee et 19
2.5. POlymer-drug CONJUZALES ........ccovveieieieieieieieieie ettt ettt s sesessesesseseesenens 20
2.6. Dual stimuli-responsive imine-based nanoassemblies .............ccocevverrieerieinieenieineeeeeeenns 24
2.7. Summary and OUtIOOKS .........coiiiiiiiiiieeeeeee et 28

Chapter 3 Method........cccceeeevuerercunccnnns 31
3.1 INSTUMENTALION ....vevieiiiiicecicete ettt ettt ettt b et e s se s essesese s esseseseesesseseneans 31
B2 MALETIALS ..ottt ettt ettt ettt et st se s se et ne et nsereneens 31
3.3 Synthesis 0f BZIMMA ..ottt 32
3.4 Synthesis of PEG-based macro-RAFT mediator (PEG-CTA).......cccooeivivireiineeieeene 33
3.5 Synthesis of PEG-b-PBZIMMA by ATRP .......c.cooiriiiiieieeeeee e 33
3.6 Synthesis of PEG-b-PBzImMA (ImP) by RAFT polymerization.............cccccooeeeininieeennnes 33
3.7 Investigation of acid-triggered imine degradation using '"H-NMR spectroscopy ................. 34
3.8 Determination of critical micelle CONCENtration ...............coceiivirieuiirieieiiieeceeeeeeeeees 34

vi



3.9 Aqueous micellization of PEG-b-PBzImMA by nanoprecipitation method ......................... 35

3.10 Investigation of colloidal stability and acid-responsive degradation of micelles ............... 35
3.11 Preparation of Dox-loaded micelles by dialysis method.............ccccoeveivieiiiciieiieee, 35
3.12 Acidic pH-responsive drug release from DOX-NPS..........cccccoovievirieiniineiieeeeeee 36
Chapter 4 Direct polymerization approach to synthesize acid-degradable block copolymers
bearing imine pendants for tunable pH-sensitivity and enhanced drug release................... 37
4.1 Synthesis of an imine-bearing methacrylate monomer (BZImMA).........c.ccocoeeeeiiccnnnnen. 37
4.2 ATRP in an attempt to synthesize PEG-b-PBZIMMA ............cccccoviinniniceeeeeeeeeee 39
4.3 RAFT polymerization to synthesize well-controlled PEG-b-PBzImMA................cc.c.coe...... 41
4.4 Investigation of acidic pH-triggered imine degradation..............ccceoeeiveieiinneeninineeeene 43
4.5 Aqueous micellization and acid-responsive disassembly............coccoevirrriiinirciiinineeeene 46
4.6 Preparation of Dox-loaded mMiCelIES...........oceiviiiiiiiriiiicieecee e 48
4.7 Acid-responsive release of encapsulated Dox from DoX-NPS..........cccccoovveiieiniiiniciccinen, 49
Chapter 5 Conclusion and future direCtion.........ceeeeiveecisriissniinssnncsssenessnncsssnessssncsssssessseeses 51
5.1 CONCIUSION ..ottt ettt ettt b bbb st s e b e s et et e b e s et s eaesene s enne 51
5.2 Future direction and Up-t0-date ProZreSS........cccovivieriiririereiieieieiieiereeeee et 51
5.2.1 Tunable acid-responsive degradation .............cceeeveerieriiienieeiieenieeieesee e eseeeeaeeeeaeenne 52
5.2.2 Dual location dual acid/reduction responsive degradation (DL-DSRD) strategy ........ 55
References........cceeveeecrcneecsnneene .59
APPENAIX couvreririercsssencsssensssssssssnossssssssasssssasssssasssssasssssassssssssssssssssssssssssssssssssssssssssssssssssssssassssssssss 72

vii



List of Figures

Figure 1.1. A summary of nanoparticles explored as carriers for drug delivery in cancer therapy,
together with illustrations of physicochemical properties.® Copyright 2014 Royal Society of
(0] 1153101 ] 7P 2

Figure 1.2. Schematic illustration of different mechanisms by which nanocarriers can
specifically deliver drugs to tumor by ERP effects and active targeting strategy.® Copyright 2007
SPIINEET NATUTE. ....veeeeiiieeiiee et etteeete e etee et e e st e e tteeessteeasseesssaeeasseeesssseesssseessseeessseeesseeensseesssens 3

Figure 1.3. Chemical structures and acid-catalyzed hydrolysis of typical acid-labile linkages.>*

Copyright 2020 Royal Society 0f ChemiStry. .........cccveeeiieiieeiiieiieeiieeeereeseee e 5

Figure 2.1. Acid-degradable imine-based polymeric nanocarriers, including self-assembled

nanoassemblies (a), nanogels (b), and prodrug nanoassemblies (c) for intracellular drug delivery.

Figure 2.2. Proposed mechanism for formation of imine family, including imine, benzoic imine,

0XIME, aNd NYATAZOMNE. ......eooiiiiiiiiieiiecieee ettt e bt eesbeestaeenseessseesseessseenseens 10
Figure 2.3. Comparison of the hydrolysis stability of imine family with different substituents. 11

Figure 2.4. Illustration of strategies for the synthesis of acid-degradable ABPs and their
nanoassemblies labeled with imine linkages located at core/corona interfaces or in hydrophobic

CO S, et eeee e e e e e e e e et e eeeeeee e e e eaeseeeeeaaaanaaaeeeeeraeananaaeeeeraaannn_aeeeeraannnn———aeeeerannnnn—aaaeaeeraans 12

Figure 2.5. Synthesis of a triblock copolymer of PVIm-b-PBLA-BzI-PEG (a), promoted cellular
uptake (b), enhanced release rates of encapsulated PTX/CUR in acidic pHs (c), and in vivo
(mouse model) evolution of tumor volume with mice bearing MCF7 tumors being treated with

different drug formulations (d).”* Copyright 2018 EISEVIET. .........cocvovvvevrereeeeeereeeeeeeneeesesennens 14

Figure 2.6. ATRP (a)'” and RAFT polymerization (b)''? to synthesize well-defined shell-
sheddable ABPs containing a benzoic imine bond at the block junction. Copyright 2017 and
2018 Royal Society Of ChemMISIIY. ........cecuiiriieiieeiieiieeie ettt ettt et e enbeeeeas 16

Figure 2.7. Synthetic route, in vitro drug release, schematic illustration to intracellular drug
delivery, and cellular uptake of PEG-OPCL-PEG labeled with oxime linkages on the
backbones.!'* Copyright 2011 American Chemical SOCIELY. ..........coeverveveeruereeererreereeeeeerereenaes 17

viii



Figure 2.8. Synthesis of acid-degradable imine-core-crosslinked nanogels and schematic
illustration for their tumor-targeting drug delivery.'?® Copyright 2018 American Chemical

SOCIEEY ..ttt ettt ettt ettt ettt ettt ettt e et ta e e bt e e ab e e be e st e e bt e ab e e bt e anbeenbeensbeenbeensaeenseennreenne 20

Figure 2.9. Schematic illustration of polymeric precursors with various reactive groups (a) and
Dox and modified Dox molecules (b) for the construction of polymer-Dox conjugates with imine

and 1ts famMIly HNKAZES. ...ccveiieeiiieiie ettt ettt et e e e et e e e sabeeeeaseeenneeenaeeens 22

Figure 2.10. PEG-b-polyaspartate conjugated with Dox molecules through hydrazone linkages
and their Dox release at different pHs.'6? Copyright 2005 American Chemical Society. ............ 24
Figure 2.11. Schematic representation of dual acid/GSH responsive-degradable crosslinked-
interlayered nanogels, their degradation in endocytic compartments, and cellular uptake.!”®

Copyright 2019 Royal Society 0f ChemiStIY. ......c.cccviiiiiiiiieriieeiierie e eieesee e e seneeseens 26

Figure 2.12. Synthesis, post-modification with Dox through hydrazone bonds, and self-assembly
of a dual acid/enzyme-degradable highly branched copolymer.!®* Copyright 2018 American
ChemiCal SOCIELY. ..c..eeiuiriiiiiiiieiteeteee ettt ettt ettt et e bt et e e aes 28

Figure 4.1. Synthetic scheme of BZImMA, a methacrylate bearing a benzoic imine linkage. .... 37

Figure 4.2. '"H-NMR spectra of BzZImOH (a), HEMA-CI (b), and BzZImMA (c) in CDCls. x

denotes residual SOIVENtS OF TMPUITEIES. ...cecueirvieiieiiieiie ettt ettt e eseeeeeeens 38

Figure 4.3. Scheme for ATRP of BZImMA in an attempt to synthesize PEG-b-PBzImMA
diblock copolymer (a) and "H-NMR spectrum of PEG-b-PBzImMA precipitate in CDCls (b). x

denotes residual SOIVENtS OF IMPUITEIES. .....veeeuireeriiieeiieeeiieeeriieeeieeeeteeesreeesaeeesbeeenaaeeensseesnnseeens 39

Figure 4.4. "H-NMR spectra of BzZImMA before (a) and after (b) treatment with basic aluminum
OXIAE 1N CDICI3. ottt et ettt et e st e bt e et e e ssteeateesaeeenbeessaesnseens 41

Figure 4.5. Scheme for RAFT polymerization of BZImMA to synthesize PEG-b-PBzImMA in
presence PEG-CTA (a), 'H-NMR spectrum of ImP-1 in CDCls as an example(b). x denotes

TESIAUAL SOIVEIILS. ..eeeveeeeiieeeeeeeeeeeeee ettt eees s eeennsesesenmsenmsmnmnenmnenmnnnn 42

Figure 4.6. Scheme for cleavage of imine linkage (a) and overlaid "H-NMR in CDCN3/PB-D,0

over time incubated at pD = 6.8 as an example (b) for BZImMA; evolution of %hydrolysis of



imine linkages over incubation time (¢) and ti2 (d) for BZImMA at pDs = 7.4, 6.8, and 5.0 as
Well as IMP-3 @t PD = 5.0, .oeioiieeee ettt e e e e e e eaneeenneeeas 44

Figure 4.7. Scheme for cleavage of imine bonds (a) and overlaid "H-NMR over time incubation

PD =5.0 (D) fOr IMP-3. ..ottt ettt ebeeeneas 45

Figure 4.8. Digital image of a mixture consisting of ImP and HCI in THF before (a) and after (b)
centrifugation; "H-NMR for isolated supernatant BA in CDCl; (c) and precipitates PEG-b-PAM
in DMSO-dg (d). X denotes solvent reSIAUE. ..........cccvieriiiiiierieeiierie ettt sre e 46

Figure 4.9. Overlaid fluorescence spectra of a series of aqueous mixtures consisting of NR and

ImP (a) and fluorescence intensity at 620 nm over the amount of ImP (b). ........cccccoeciinininn. 47

Figure 4.10. Schematic illustration of acid-responsive dissociation of self-assembled micelles
(a); overlaid DLS diagrams (b), and evolution of z-average diameter of ImP micelles at 1

mg/mL, incubated at physiological pH = 7.4 and acidic pH = 5.0 (€)..ceevveereerieneeinienieieeene 48

Figure 4.11. DLS diagram and digital image (inset) of formed Dox-NPs at 1.6 mg/mL (a) and
UV/vis spectrum (b) of a mixture consisted of Dox-NPs (1 mL) with DMF (5 mL)................... 49

Figure 4.12. %Dox release over incubation time at acidic pHs = 5.0 and 6.8, compared with

PhySI010@ICAl PH = 7.4 .ottt ettt et 50

Figure 5.1. Schematic illustration to synthesis of imine-bearing methacrylate monomers with

different substituents (R = benzyl, p-nitrobenzyl, p-methoxybenzyl, or pyryl group)................. 52
Figure 5.2. Overlaid 'H-NMR spectra of PyImOH (a), MBzImOH (b), and NBzImOH (c). ..... 53
Figure 5.3. Overlaid 'H-NMR spectra of PyImMA (a), MBzImMA (b), and NBzImMA (c). ... 53

Figure 5.4. Synthetic scheme for PEG-ss-PBzImMA (a), aqueous micellization to fabricate DL-
DSRD nanoassemblies (b), and illustration of intracellular drug release in presence of GSH and

Yo (e (ol o) = B (o) TR 55
Figure 5.5. Synthetic scheme for PEG-SS-CTA. ........coiiiiiieiieeeeeeeee et 56

Figure 5.6. Overlaid '"H-NMR spectra of CTA-ss-OH (a), PEG-COOH (b) and PEG-ss-RAFT
(<) PSR PPPPRRPPPRR 57

Figure Al. 3C-NMR spectrum of BZIMOH in CDCl3. ......c.c.coovevuiueieiicceeeeieeeeeeeeeeeveeeneeeenans 72



Figure A2. 3C-NMR spectrum of HEMA-CI in CDCla.......c.oouevivieieieeeeeeeeeeeeeeeeeee e 72
Figure A3. 3C-NMR spectrum of BZIMMA in CDCl3.......c.ooouivieieeieeeeeeeeeeeeeee e 73

Figure A4. First-order kinetic plot over time (a), evolution of molecular weight and molecular
weight distribution (b), and overlaid GPC traces over conversion (¢) for ATRP of BZImMA in
the presence of PEG-Br at 60 °C in anisole; Conditions: [BzZImMA Jo/[ PEG-Br]o/[ Cu(IT)Br2]o/
[TPMA]o/[Sn(EH)2]o = 50 /1/0.05/0.15/0.4; BzZImMA/anisole = 0.6 Wt/Wt.........cccoocveveerveneeennens 73

Figure AS. GPC diagrams of PEG-b-PBzImMA synthesized by ATRP after precipitation from

hexane, compared with PEG-Br macro-initiator. ..........c..cccueveiierieeiienieeieenieeieesieeeveesiee e 74

Figure A6. 'H-NMR spectra in CDCl; of PEG-b-PBzImMA precipitated from hexane before (a)

and after (b) treatment with basic aluminum 0Xide. .........c.ccccviiriiiiiriiiieeiie e 74
Figure A7. 'H-NMR spectrum of PEG-CTA in CDCls. x denotes residual solvents. ................. 75

Figure A8. GPC diagrams of ImP diblock copolymers compared with PEG-CTA macro-RAFT

ITIEAIATOT. .eeeeeeeeeeeeeeeeeeeeeee ettt ee e e e e eeee e e e e e e eeeees e e eeeeeseeesesenesenenenenmnenenmnenmnnnns 75

Figure A9. First-order kinetic plot over time (a), evolution of molecular weight and molecular
weight distribution (b), and overlaid GPC traces over conversion (¢) for RAFT polymerizatioin
of BzZImMA in the presence of with PEG-CTA. Conditions: [BzZImMA]o/[PEG-
CTA]Jo/[AMBN]o = 50/1/0.3 in anisole at 70 °C, BzZImMA /anisole = 0.6 wt/wt. ...................... 76

Figure A10. Evolution of count rate of ImP micelles at 1 mg/mL, incubated at physiological pH
=7.4and acidic PH = 5.0, .eooiieee e st 76

Figure A11. Evolution of z-average diameter in PBS at pH = 7.4 for shelf stability. ................. 77

X1



List of Tables

Table 4.1. Characteristics and results for PEG-b-PBzImMA (ImP) block copolymers synthesized
by RAFT pOlyMEriZation.?...........oooiuiiiiiiieeiie ettt et ettt e e e e e sbae e seae e e s sveeesaseeenseeennneas 43

X1l



ABP
AMBN
ATRP
BA
Br-iBuBr
CDI
CL
CLSM
CMC
CTA
CuAAc
CUR
DBU
DMAP
DMAEMA
Dox
DDS
EDC
EPR
EtsN
GPC
GSH
HEMA
HNK
LV.
LCST
MW
MWCO
M,
NMR
NPs

List of Abbreviations

Amphiphilic block copolymer
2,2'-azodi(2-methylbutyronitrile)
Atom transfer radical polymerization
Benzaldehyde
Bromoisobutyryl bromide
1,1'-Carbonyldiimidazole
Caprolactone
Confocal laser scanning microscopy
Critical micelle concentration
4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid
Copper-catalyzed alkyne-azide cycloaddition
Curcumin
1,8-Diazabicyclo[5.4.0]Jundec-7-ene
4-(methylamino)pyridine
Dimethylaminoethyl methacrylate
Doxorubicin
Drug delivery systems

1-ethyl-3-(3 dimethylaminopropyl) carbodiimidesHCl
Enhanced permeability and retention
Triethylamine
Gel permeation chromatography

Glutathione

2-Hydroxylethyl methacrylate

Honokiol

Intravenous

Lower critical solution temperature
Molecular weight
Molecular weight cutoff

Number average molecular weight

Nuclear magnetic resonance

Nanoparticles

xiii



NR
OEGMA
PDDS
PEI
PTX
PEG
PLA
RES
RAFT
ROP
SRD
siRNA
TPMA

Nile red

Oligo (ethylene glycol) methyl ether methacrylate
Polymeric drug delivery systems
Polyethylenimine

Paclitaxel

Poly(ethylene glycol)

Polylactide

Reticuloendothelial system

Reversible addition—fragmentation chain-transfer
Ring opening polymerization

Stimuli-responsive degradation

Small interfering ribonucleic acid

Tris(2-pyridylmethyl)amine

X1V



Chapter 1. Introduction and background

1.1 Brief overview of my research and goals

My research aims to explore a new approach to synthesize acid-degradable block
copolymers bearing pendant imine groups (PEG-b-PBzImMA or ImP) for the development of a
promising drug delivery platform for the treatment of cancers. This approach explores direct
polymerization of a novel imine-containing methacrylate utilizing controlled radical
polymerization techniques for the synthesis of well-controlled ImPs. The Dox-loaded micelles
through self-assembly of resultant ImP exhibit greatly enhanced drug release in tumoral and
endo/lysosomal acidic environments (pH = 4.0-6.9) by acid-catalyzed hydrolysis of incorporated

imine linkages.
1.2 General concept for nanoparticles-based drug delivery systems

Chemotherapy has been wildly used in clinics for the treatment of cancers. Therapeutic drug
molecules are administrated into patients by intravenous injection (I.V.) and transported to
disease sites to exert their cancer killing function.! However, the therapeutic efficacy of
administrated drugs is intrinsically limited by poor water solubility, non-specific biodistribution,
short circulation time, and rapid clearance from blood by reticuloendothelial system (RES)
during blood circulation. Meanwhile, these drawbacks cause serious side-effects during

treatment.

Nanomedicine that employs nanometer-sized particles from tens to a few hundred
nanometer (named nanoparticles or NPs) as drug delivery carriers, has attracted great attention
owning to its capacity to effectively resolve above-mentioned biological obstacles during in vivo
drug delivery.” Various nanocarriers with different physicochemical properties have been
developed, typically including liposomes, polymeric NPs, inorganic NPs (typically, metal NPs
and carbon nanotubes), hybrid NPs, and dentrimers (see Figure 1.1).> Among these, polymeric
NPs have been extensively explored as promising candidates for advanced drug delivery
applications. The broad chemical design space to molecularly engineer polymer chemical
structure, architecture and functionality allows for the facile modulation of physicochemical

properties of the formed nanocarriers.* Through the physical encapsulation or covalent



conjugation, polymer nanotherapeutics are able to significantly improve water solubility,

enhance colloidal stability, prolong circulation time, and prevent the premature release of drugs.

QO » PEGylation or other coatings
N | @
dendrimer  protein—-drug J X surface functional group
conjugate /\/ (e.g., —SH, -NH,, -COOH)
2
carbon nanotube M) :
S nanoparticle
5v°
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° /\/’ targeting ligand
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-/+/ surface charge
-+

material
20eJINS
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hybrid particle . ,
sphere - rod
‘ cube '
plate star

Figure 1.1. A summary of nanoparticles explored as carriers for drug delivery in cancer therapy,

together with illustrations of physicochemical properties.> Copyright 2014 Royal Society of
Chemistry.

Meanwhile, the size of polymer nanocarriers could be readily tailored with relatively narrow
size distribution, which is one of the critical parameters for the successful in vivo intracellular
drug delivery for cancer treatment. After I.V. injection into the body, they are able to specifically
extravasate and accumulate at tumor tissues during blood circulation through enhanced
permeability and retention (EPR) effects by taking advantage of combined leaky vasculature and
poor lymphatic drainage in solid tumor sites (Figure 1.2).>° Moreover, surface functionalization
with specific targeting agents could further enhanced the tumor targeting and cellular uptake of

NPs, commonly known as active targeting.’



Active cellular
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Figure 1.2. Schematic illustration of different mechanisms by which nanocarriers can
specifically deliver drugs to tumor by ERP effects and active targeting strategy.® Copyright 2007
Springer Nature.

1.3 Polymer micelles for enhanced drug delivery

A great number of polymer-based drug delivery systems have been extensively explored.
Typical examples include polymer-drug conjugates (prodrug),® micelles,” polymersomes,'® and
nanogels.'! Among these, micelles are fabricated by self-assembly of amphiphilic block
copolymers in aqueous solution.” They possess a variety of promising characteristics for
effective intracellular drug delivery. These features include (1) tunable sizes with narrow size
distribution; (2) great colloidal stability with a low critical micelle concentration (CMC); (3)
protection of drugs from degradation or clearance during circulation; (4) prolonged circulation
time; (5) tumor-targeting capacity through EPR effects or active targeting strategies; and (6)
encapsulation of single or multiple anti-cancer drugs and other therapeutics in high loading
content and efficiency. Genexol-PM is the first example of commercialized polymer
nanotherapeutics for clinical treatment of cancers, based on poly(ethylene glycol)-b-poly(e-

112

carprolactone) (PEG-b-PCL) block copolymer with anticancer drug paclitaxe
several other polymer micelle-based nanomedicines such as SP1049C,'* NK911,'* CRLX-101,"*

Currently,



and BIND-014'¢ are in clinical studies for commercialization. These successful examples

validate the versatility of polymeric micelles as effective drug delivery systems.!”
1.4 Acid-responsive degradable polymer micelles for drug delivery

Despite of tremendous progress in the development of polymer-based drug delivery systems,
uncontrolled and slow drug release from non-responsive polymeric micelles through diffusion
mechanism still limits the further improvement of their therapeutic efficacy in clinical cancer
treatment. To maximize therapeutic efficacy of administrated drugs, it is crucial to maintain drug
concentration in optimal range at tumor sites and thus effectively induce the apoptosis of
cancerous cells. The development of advanced polymeric drug delivery systems that allow for
precise control over drug release profile with excellent spatial and temporal control at tumor sites
is highly desired. Such advanced delivery systems can offer numerous advantages compared to
conventional dosage forms, including improved efficacy, reduced toxicity, and improved patient

compliance and convenience by reducing the number of required drug administration.

Amphiphilic block copolymers exhibiting stimuli-responsive degradation (SRD) through the
cleavage of covalent bonds in response to stimuli have emerged as a promising choice of means
in construction of advanced delivery nanocarriers with programmable release profile.!®!° These
SRD-exhibiting block copolymers have been synthesized by the incorporation of stimuli-
responsive linkages into the design of block copolymers. In response to stimuli, self-assembled
SRD micelles can undergo dissociation through the change in hydrophobic/hydrophilic balance,
leading to the fast and sustained release of physically encapsulated or covalently conjugated
drugs. Moreover, it can promote the clearance and excretion of the nanocarriers from body
because of formation of smaller fragments as consequence of linkage degradation. When SRD
micelles are designed for intracellular drug delivery, the selection of stimuli and corresponding
labile linkages become critical for controlled release of encapsulated therapeutics.'”! Among
various stimuli that have been explored, acidic pH, glutathione (a tripeptide), and enzyme are the
main endogenous stimuli found in tumoral environments.?? Particularly, acidic pH gradient in
tumor tissues has been regarded as a promising stimulus for controlled drug release, because pH
15 6.5 - 6.9 in tumor microenvironments and further decreases to 4 - 6.0 in endosomes and

lysosomes, compared to pH = 7.4 in normal tissues and blood.?*?* This pH gradient in tumor



tissue is mainly originated from the dramatical accumulation of lactic acid produced by increased

anaerobic glycolysis at hypoxic tumor environment, commonly known as Warburg effects.?®

Owning to the possibility of biodegradation, numerous acid-labile linkages have been
explored, including imine,?” oxime,?® hydrazone,? ketal and acetal,*>! 2,3-dialkylmaleamidic
amide,*? B-thiopropionate,*® and orthoester.>* Figure 1.3 illustrates that the incorporation of a
series of acid-degradable linkages in ABPs enables the fabrication of micelles containing acid-
labile linkage at the corona/core interfaces or hydrophobic cores.?* These pH-sensitive polymer
micelles have been designed to be stable at physiological pH = 7.4 during blood circulation,
whereas can undergo rapid dissociation to release encapsulated drugs upon the acid-responsive

cleavage of linkages while reaching to acidic tumor sites.

Acetal

oo, M

Figure 1.3. Chemical structures and acid-catalyzed hydrolysis of typical acid-labile linkages.**
Copyright 2020 Royal Society of Chemistry.

1.5 Scope of my master thesis

My master thesis research has focused on exploration a novel strategy that enables the
synthesis of imine-based block copolymers and their nanoassemblies for intracellular drug
delivery applications. This strategy is distinct and beneficial to circumvent challenges associated

with conventional multi-step post-modification approach to synthesize imine-based polymer for



drug delivery. Chapter 2 is a literature review to map out recent advances in development of

imine-based acid-degradable polymeric nanoassemblies for intracellular drug delivery.

Chapter 3 describes the methods, including instrumentation, synthesis, and characterization
of imine-containing methacrylate monomer and diblock copolymers, acid-triggered hydrolysis of
imine linkages, aqueous micellization and disassembly, and in vitro release experiments of

encapsulated doxorubicin.

In Chapter 4, the synthesis of novel imine monomer BzImMA and diblock copolymers
PEG-b-PBzImMA bearing pendant imine linkages in hydrophobic block through direct
polymerization approach is described. Furthermore, acid-catalyzed hydrolysis kinetics and
mechanisms of imine linkages were systematically investigated with BZImMA and PEG-b-
PBzImMA. For proof-of-concept demonstration of the versatility of our approach, aqueous
micellization to fabricate empty micelles and Dox-loaded micelles as well as acid-triggered

release of encapsulated Dox were systemically studied.

Finally, conclusion and future direction are presented in Chapter 5.



Chapter 2 Recent advances in development of imine-based acid-
degradable polymeric nanoassemblies for intracellular drug
delivery

2.1. Introduction

Recent decades have witnessed great advances in the development of nanometer-sized drug
delivery systems (DDS)*>7, particularly, polymeric DDS (PDDS) based on amphiphilic block
copolymers (ABPs) for effective intracellular delivery of anticancer therapeutics to tumor
sites.*®* PDDS possess great flexibility in chemical designs, unique core-shell structures for
physical and chemical encapsulation of therapeutics, excellent colloidal stability upon dilution in
blood, and tunable sizes with narrow size distribution. Furthermore, they can target tumor tissues
during blood circulation through the Enhanced Permeability and Retention (EPR) effect™ ** and
recent compelling mechanisms**®, Therefore, PDDS can improve the biodistribution in tumor
tissues and the efficacy of drug molecules to chemotherapy.**->* However, the dilemma
associated with their colloidal stability during blood circulation and drug release profile in tumor

tissues poses a key challenge for their in vivo and clinical anti-cancer performance.>*>’

Stimuli-responsive degradation (SRD) is proven as a powerful approach to effectively tackle
the challenges of PDDS by simultaneously achieving good colloidal stability during blood
circulation and enhanced release of encapsulated drugs after reaching tumor tissues, 202125 60-74
This promising approach involves the incorporation of stimuli-responsive cleavable linkages into
the design of polymer precursors.?? Well-defined ABPs undergo self-assembly to form aqueous
micelles (named here as nanoassemblies) with cleavable linkages positioned in hydrophobic
cores or at core/corona interfaces. In response to endogenous stimuli presented in tumor tissues
and cancer cells, encapsulated or conjugated drugs are rapidly released through the SRD-induced
disassembly process as a consequence of the cleavage of labile linkages. In particular, an acidic
pH gradient is found in tumor tissues. Originated from the enhanced generation of lactic acid
under anaerobic conditions, the tumor microenvironment is slightly acidic at pH = 6.6-6.9,

compared with normal tissues being neutral at pH = 7.4.%* Furthermore, endosomes and

lysosomes are more acidic at pH = 4.0-6.0.7>7¢



To take advantage of tumoral and endo/lysosomal acidic environments and achieve
biodegradation-induced controlled/enhanced drug release, various strategies have been proposed
to synthesize acid-degradable copolymers and their nanoassemblies. These strategies explore the
cleavage of a variety of acid-labile linkages such as ketal, acetal, orthoester, 2,3-
dialkylmaleamidic amide, boronic ester, and B-thiopropionate.?* 7’-7® Particular interest is on
imine and its families that offer tunable acid-catalyzed hydrolysis kinetics with varying
substituents. Imine (C=N) bond, also known as Schiff base, is generally formed through
condensation reaction between a carbonyl group (-C=0) and a primary amine group (-NH,).”
This reaction proceeds rapidly under a mild condition with high selectivity and yield.
Furthermore, this reaction is versatile in that various imine families can be synthesized with
varying carbonyl and amine groups. Typical families include benzoic imine (-CsHs-CH=N-) by
the reaction of an aromatic aldehyde with primary amine as well as hydrazone (-CH=N-NH-) and
oxime (-CH=N-O-) by the reaction of an aldehyde with hydrazide and aminoxyl groups,

respectively.?’- 2% 80

This review describes recent advances in the design and synthesis of imine-bearing block
copolymers as building blocks for the development of acid-degradable nanoassemblies in three
different forms as self-assembled nanoassemblies, core-crosslinked nanogels, and polymer-drug
conjugates (polymer prodrugs) (Figure 2.1). These nanocarriers have been designed to
disintegrate after the cleavage of imine bonds in acidic tumoral and endo/lysosomal
environments, leading to the enhanced release of encapsulated drug molecules for tumor-
targeting intracellular drug delivery. Note that the delivery of RNA and DNA is not included in
this review. Several review articles have been reported with focuses on either individual
hydrazone,?® benzoic imine,*’ and oxime®' chemistry, or their importance in polymer science®!"*2,
This review focuses on the numerous synthetic strategies to synthesize nanoassemblies with
different numbers and locations of imine linkages to elucidate their disassembly mechanism and
enhanced drug release in acidic environments. In addition, this review discusses dual stimuli-

responsive imine-based nanoassemblies containing a combination of imine bonds with other

biological stimulus-cleavable linkages, typically disulfide and enzyme-cleavable linkages.
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Figure 2.1. Acid-degradable imine-based polymeric nanocarriers, including self-assembled
nanoassemblies (a), nanogels (b), and prodrug nanoassemblies (c) for intracellular drug delivery.

2.2 Imine formation and acid-catalyzed hydrolysis

Figure 2.2 shows the general mechanism for the formation of imine bond with five steps,
including 1) nucleophilic attack of a primary amine to a carbonyl group, ii) proton transfer, iii)
protonation of hydroxyl group, iv) elimination of water, and v) deprotonation to form imine
bond.?3-* This mechanism is catalyzed with acid, and thus imine formation is greatly pH-
dependent. Pioneering work by Jencks et al. suggests that the rate-determining step is acid-
catalyzed dehydration of carbinolamine (step 4 in Figure 2.2) at neutral or slight acidic pH
ranging at 3-7. However, it becomes nucleophilic attack (step 1) at pH <3, as a result of the
decreased nucleophilicity of primary amine upon protonation and the favor to backward reaction

in acidic pH.%¢

In addition to mechanistic aspect with pH-dependence, the rate of imine formation is
dependent on the intrinsic reactivity of carbonyl and amino groups. Their reactivity can be tuned
with their structural features based on the electronic and steric effects of the substituents. In the
aspect of electronic effect, electron-deficient carbonyl groups undergo rapid hydrazone
formation due to their enhanced electrophilicity.®” The nucleophilicity of amino groups plays a

vital role in the attack of carbonyl groups to form a tetrahedral intermediate. For example,



aminoxy and hydrazide, compared to alkyl amine, have higher reactivity due to the a-effect of O
and N substituents and thus undergo rapid imine formation with carbonyl groups.®” Aldehyde
possesses a relatively higher reactivity compared to ketone.®® In term of the steric effect,
sterically hindered aldehydes or ketones show slower imine formation rate, compared with

unhindered counterparts.®’

R1 R1 = R1 .
/X \”/_\ ,B! Nucleophilic reaction o: Proton transfer OH
R3 NH, *+ Y e X —_— _X_
R. ~——— R; H,N R, ~= R, NH R,
X =NH, hydrazide R;=C¢H,, aromatic aldehyde
X = 0, alkoxylamine X = CH,, primary amine Protonation
H
R1 R1 R1 +/
Deprotonation X /)\ Dehydration -9\
X ~ e ——— iy ‘—~ o H
~ - R N R -
Ry N Rz : H 2 Rs NAs R

X =NH, hydrazone R;= C¢H,4, benzoic imine
X =0, oxime X = CH,, imine

Figure 2.2. Proposed mechanism for formation of imine family, including imine, benzoic imine,
oxime, and hydrazone.

In an acidic environment, imine (C=N) bonds are cleaved to the corresponding carbonyl and
amine precursors. Their hydrolysis is initiated by the protonation of the N atom and followed by
the nucleophilic attack of water molecule over C=N bond. Thus, their acid-catalyzed hydrolysis
rate is dependent on pH and temperature. In general, the hydrolysis is rapid at lower pH and
elevated temperature. Furthermore, the hydrolysis rate can be varied with the substituents
attached to imine bonds through their inductive, resonance, and steric effects.”® For example,
imine bonds synthesized with alkyl amines and alkyl aldehydes are unstable even in a
physiological condition (i.e. pH = 7.4 at 37 °C). Aromatic imines stabilized through n-n
conjugation between aromatic substituents and C=N bonds exhibit enhanced stability to
hydrolysis. As a typical example, benzoic imine is stable at pH = 7.4, while cleaved in response
to slightly acidic pH = 6.8.3%°! Similarly, aromatic hydrazone linkages show enhanced stability

compared to alkyl counterparts.”

Hydrazones and oximes (imines substituted with electron-negative O and N atoms)
substantially improve the resistance to hydrolysis because of their decreased electrophilicity by

mesomeric effect. Seminal works by Raines group show that oximes are more stable than

10



hydrazones due to the better resistance to protonation by stronger inductive effect of O with
higher electron-negativity.”> Moreover, hydrazones bearing electron-withdrawing groups show
better hydrolysis stability in the following order: alkyl hydrazone < acyl hydrazone <

semicarbazone < oxime (Figure 2.3).

< R/\N 2
R1/\N4\R2 Benzoic imine
Imine H R H “ n o
< R NTR, 1\ﬁ/ SNPYR, < R \ﬁ/ SNFTR, < RN
o) o
Alkyl hydrazone Acyl hydrazone Semicarbazone Oxime

Figure 2.3. Comparison of the hydrolysis stability of imine family with different substituents.

2.3. Self-assembled nanoassemblies

Acid-degradable nanoassemblies have been designed with different numbers and locations
of imine bonds in hydrophobic micellar cores or at core/corona interfaces. As illustrated in
Figure 2.4, they have been fabricated through aqueous self-assembly of well-controlled ABPs.
ABPs are functionalized with imine bonds at different positions, as on the main chain or pendant
chains in the hydrophobic block or at the junction of hydrophilic/hydrophobic blocks. These
imine-baring nanoassemblies are colloidally stable in physiological conditions (pH = 7.4) and
during blood circulation. When being exposed to acidic pH, preferably tumoral pH = 6.6-6.9 and
endo/lysosomal pH = 4.0-6.0, they are disintegrated through the distinct cleavage mechanisms of
imine linkages, including degradation of main chain, change of hydrophobic/hydrophilic
balance, or detachment of hydrophilic corona. Such pH-responsive degradation enables the
enhanced release of encapsulated drugs and the improved biodistribution of drug molecules in

body.

11
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Figure 2.4. Illustration of strategies for the synthesis of acid-degradable ABPs and their
nanoassemblies labeled with imine linkages located at core/corona interfaces or in hydrophobic
cores.

2.3.1. Shell-sheddable nanoassemblies

Shell-sheddable nanoassemblies are featured with imine linkages located at the interfaces of
hydrophobic cores and hydrophilic coronas. They are formed from ABPs bearing an imine
linkage at the junction of hydrophobic/hydrophilic blocks. In an acidic environment, hydrophilic
coronas are shed from hydrophobic cores, causing the disintegration of the shell-sheddable
nanoassemblies and thereafter the aggregation of hydrophobic cores. These shell-sheddable
block copolymers have been synthesized mainly by two approaches: post-polymerization

modification and direct polymerization.

Post-polymerization modification utilizes the facile coupling reactions of two reactive
homopolymers bearing functional groups. One approach explores in situ formation of imine
bonds. This approach requires the synthesis of two reactive polymer precursors which are

functionalized with terminal amino or aldehyde group, thus P1-NH> and P2-CHO. The two

12



reactive precursor polymers are conjugated through imine (Im) linkage to yield P1-Im-P2 ABPs.
This approach has been extensively explored for the conjugation of a hydrophilic benzaldehyde-

9495 as well as

terminated PEG (PEG-BzCHO) with a variety of amine-terminated polymers
oligomers, including peptides,’® long alkyl chains,”” and lipids”®. The formed acid-sheddable
PEG-based block polymers bearing benzoic imine linkage at block junction underwent self-
assembly in aqueous solution. This process enabled the formation of nanoassemblies consisting
of hydrophobic cores surrounded with PEG coronas and benzoic imine linkages located at
interfaces. Owing to PEG corona, the nanoassemblies possess enhanced colloidal stability and
reduced clearance by reticuloendothelial systems (RES) during blood circulation. In the tumoral
extracellular environment at pH = 6.6-6.9, they were destabilized through the detachment of PEG
corona upon the cleavage of benzoic imine bonds at the interfaces. This process can improve
cellular uptake by overcoming the PEG dilemma.””-!% After endocytosis, the nanoassemblies

could degrade in endosomes and lysosomes at pH = 4.0-6.0, leading to the enhanced release of

encapsulated drug molecules and significant improvement of anti-cancer efficacy.

An important advantage of imine-bearing shell-sheddable nanoassemblies is their ability to
switch charge upon the cleavage of junction imine bonds in an acidic environment. The resultant
cationic species promote cellular uptake through ionic interactions with anionic lipid membranes,
thus improving the biodistribution of drug molecules. Tian et al. reported the synthesis of a
triblock copolymer composed of a charge-switchable poly(vinyl imidazole) (PVIm) block and a
hydrophobic poly(y-benzyl-L-aspartate) (PBLA) conjugated through benzoic imine linkage (BzI)
with a hydrophilic PEG block, thus forming PVIm-b-PBLA-BzI-PEG triblock copolymer.”* As
illustrated in Figure 2.5a, the first step was the synthesis of a block copolymer precursor bearing
a terminal amine group (PVIm-b-PBLA-NH>) by free radical polymerization of VIm in the
presence of 2-aminoethanethiol as chain transfer agent, followed by the chain extension of PVIm
with PBLA through ring opening polymerization (ROP). The next step was conjugation of
PVIm-b-PBLA-NH> with PEG-BzCHO blocks via in situ imine formation. The synthesized
triblock copolymer self-assembled to form colloidally stable nanoassemblies for co-delivery of
paclitaxel/curcumin (PTX/CUR). In the acidic tumor microenvironment, benzoic imine linkages
at interfaces were cleaved, causing the detachment of PEG coronas. As a consequence, their size
decreased. Furthermore, this process resulted in the protonation of pendant imidazole groups,

which changed the surface charge of nanoassemblies to be cationic and thus promoted cellular
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uptake of the nanoassemblies (Figure 2.5b). Moreover, the cleavage of junction imine bonds

resulted in the enhanced release of drug molecules (Figure 2.5¢). In vivo (mouse model) results
suggest that the PTX/CUR-loaded nanoassemblies had superior breast cancer stem cells-killing
capacity and great tumor inhibition, compared with free drug formulations at equivalent dosage

(Figure 2.5d).
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Figure 2.5. Synthesis of a triblock copolymer of PVIm-b-PBLA-BzI-PEG (a), promoted cellular
uptake (b), enhanced release rates of encapsulated PTX/CUR in acidic pHs (c), and in vivo
(mouse model) evolution of tumor volume with mice bearing MCF7 tumors being treated with
different drug formulations (d).”* Copyright 2018 Elsevier.

In addition, PEG detachment allows for effective nucleus-targeting drug delivery as a result
of a significant decrease in size which enables deeper penetration to tumor tissues and diffusion
into small nucleopores. This could exert a therapeutic effect in nuclei to effectively induce the
apoptosis of cancer cells.!”! Chen et al. reported pH-activation strategy to decrease the size of
nanoassemblies based on a PEG-based block copolymer labeled with benzoic imine junction and
oligo-L-lysine/iridium(I1I), a metallo-drug. The nanoassemblies had a diameter of 150 nm at pH

= 7.4, whereas their diameter decreased to 40 nm upon the cleavage of benzoic imine after being
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internalized into endo/lysosomes in cancer cells. The degraded small species were translocated
into nuclei and accelerated the release of encapsulated drug molecules, leading to 20-fold higher
cytotoxicity compared to free drugs. Furthermore, the nanoassemblies exhibit significant

improvement of tumor inhibition and lifespan of A549-cell-xenografted mice.

In addition to benzoic imine, hydrazone linkage has been incorporated at the block junction.
Zhu et al. synthesized a PEG-based polystyrene block copolymer labeled with hydrazone at
block junction by the coupling reaction of an aldehyde-functionalized polystyrene with a
hydrazide-terminated PEG.!? The block copolymer formed spherical micelles at neutral pH.
When exposed to pH = 4, they were disassembled to smaller nanoparticles through the
detachment of PEG corona. The acid-responsive disassembly caused the sustained release of
encapsulated methyl porphyrin (a model drug) within 10 hrs at pH = 4. Further to linear ABPs,
bottlebrush ABPs having imine linkages in side chains were constructed by the conjugation of
PEG through in situ imine formation with hydrophobic copolymers with multiple pendants,

including polypeptides,’! polyesters,'®* and polymethacrylates'%*.

Another approach to synthesize shell-sheddable PEG-based block copolymers having imine
linkages at the block junction utilizes click-type reactions, typically including Michael addition
reaction'®® and carbamate formation'®. For this approach, the reactive polymer precursors
should bear a functional group for click reaction, along with an imine bond. For example, Liu et
al. reported the use of Michael addition reaction to synthesize a block copolymer consisting of
PEG block connected through benzoic imine with cholesterol-grafted poly(B-amino ester) block

(PAE-g-Ch), thus PEG-BzI-(PAE-g-Ch)-BzI-PEG.!%

Direct polymerization has been also explored as an effective means to synthesize acid-shell-
sheddable block copolymers. This strategy centers on the synthesis of imine-containing
macroinitiators for ROP!971% and atom transfer radical polymerization (ATRP)!* as well as a
macro-mediator for reversible addition fragmentation chain transfer (RAFT) polymerization!!?,
Huang et al. reported the synthesis of a benzoic imine-bearing PEG-based bromine (PEG-BzI-
Br). As the synthetic route shown in Figure 2.6a, PEG-BzCHO was conjugated with
ethanolamine via imine formation reaction, and further conjugated with a-bromoisobutyl
bromide. The formed PEG-BzI-Br was then used as a macro-initiator for ATRP of ibuprofen-

labelled methacrylate (HEI) to synthesize PEG-BzI-PHEI block copolymer. Enhanced drug
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release was observed at pH = 5.0 with more than 55% of doxorubicin (Dox) release compared
with 35% under physiological condition.!® In another report, a combination of ROP and RAFT

polymerization was explored to synthesize an amphiphilic diblock copolymer having benzoic
imine at the junction (Figure 2.6b).!!°
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Figure 2.6. ATRP (a)'” and RAFT polymerization (b)''? to synthesize well-defined shell-
sheddable ABPs containing a benzoic imine bond at the block junction. Copyright 2017 and
2018 Royal Society of Chemistry.

2.3.2. Core-degradable backbone-multicleavable nanoassemblies

These nanoassemblies with imine linkages in their hydrophobic cores are fabricated through
self-assembly of ABPs with multiple imine linkages positioned on the backbones of hydrophobic
blocks. In acidic pH, they undergo a main chain degradation mechanism, through which
hydrophobic blocks degrade to the corresponding small fragments, leading to enhanced release
of encapsulated therapeutics. Because small fragments are hydrophilic and water soluble, they
could be easily excreted from body through renal clearance. Most backbone-multicleavable
block copolymers have been synthesized by step-growth polymerization through either

polycondensation or polyaddition reaction.
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Step-growth polymerization through polycondensation reaction involves the reaction of

111-112

dialdehydes with diamines through in sifu imine formation and with diaminooxys through

in situ oxime formation,?® '3

yielding hydrophobic copolymers labeled with multiple benzoic
imine or oxime linkages on their backbone copolymers. The formed precursors are terminated
with either amine, aminooxy, or aldehyde groups, which could be subjected to further
modification with functional hydrophilic polymers to form ABPs.!!* The obtained ABPs could
self-assemble to form core-degradable nanoassemblies. Zhu et al. reported the synthesis of a
triblock copolymer consisting of hydrophobic oxime-labeled backbone polycaprolactone (OPCL)
and hydrophilic PEG, thus PEG-OPCL-PEG. As shown in Figure 2.7, a facile polycondensation
of a bisaminooxy monomer with a PCL bearing aldehyde terminals (CHO-PCL-CHO) yielded a
hydrophobic OPCL, which was subsequently conjugated with PEG-CHO through the formation
of oxime bonds. The formed triblock copolymer self-assembled into stable spherical
nanoassemblies with a diameter of 250 nm. In acidic environment, they degraded and had the
accelerated release of encapsulated Dox, i.e. 80% release at pH = 5.0, compared with <20% at
pH = 7.4. The rapid Dox release was compared with < 5% at pH = 5.0 for PEG-b-PCL-b- PEG
control without backbone oxime linkages. Furthermore, in vitro cell experiment demonstrates

their facile internalization into HeLa cells and high anticancer efficacy.!'
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Figure 2.7. Synthetic route, in vitro drug release, schematic illustration to intracellular drug
delivery, and cellular uptake of PEG-OPCL-PEG labeled with oxime linkages on the
backbones.!'* Copyright 2011 American Chemical Society.
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Step-growth polymerization through polyaddition reaction utilizes difunctional monomers
bearing imine bonds through the formation of carbamate linkages, yielding isocyanate-
terminated polyurethanes mostly labeled with hydrazone linkages. Following a facile coupling
reaction with hydrophilic PEG allowed for the synthesis of amphiphilic PEG-based polyurethane
block copolymers.!!*11® Tan et al. explored the ROP of caprolactone (CL) initiated with a
hydrazone-labelled PEG to synthesize PCL-PEG-PCL triblock copolymer. The resulting
copolymers labeled with terminal hydroxyl groups reacted with diisocyanates, yielding an
amphiphilic multiblock polyurethane. When the copolymer was incubated at pH = 5.0, the
hydrazone bonds embedded in the core-forming PCL block were cleaved, consequently
disrupting the nanoassemblies. Furthermore, a significant decrease in molecular weights of
polymers was confirmed by gel permeation chromatography analysis. The extent of degradation
increased with increasing content of hydrazone linkages on the backbones. Such acid-responsive

degradation significantly accelerated the release of encapsulated PTX at pH = 5.0.!16

2.3.3. Core-degradable pendant-multicleavable nanoassemblies

Along with backbone-multicleavable systems, core-degradable nanoassemblies could be
formed through self-assembly of ABPs bearing pendant imine linkages at side chains of
hydrophobic blocks. They can be disintegrated (or destabilized) by a change in
hydrophobic/hydrophilic balance upon the acid-triggered cleavage of imine pendants to the

corresponding amines and aldehydes.

Post-polymerization modification through in sifu imine formation has been extensively
utilized to synthesize pendant-multicleavable ABPs and their nanoassemblies. This approach
involves the conjugation of reactive polymer precursors mainly bearing pendant amine groups

with small molecular hydrophobes bearing aldehyde groups, typically including 4-

117 118

(decyloxy)benzaldehyde,!!” pyridoxal phosphate,!!® and recent cinnamaldehyde''® and 1,1,2-

triphenyl-2-(p-formyl)ethylene!

. When anticancer drug molecules are used as hydrophobes,
this approach yields polymer-drug conjugates described in Section 2.5. Owing to great
biocompatibility and biodegradability, natural polysaccharides bearing pendant amino or

121

carbonyl groups such as highly water-soluble dextran,'?! chitosan,'?? and hyaluronic acid'?* have

attracted increasing attention for the construction of imine-based nanocarriers. As an example,
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Jayakannan et al. reported a pH-responsive dextran amphiphile synthesized by the conjugation of
an amine-labeled hydrophobe with an aldehyde-functionalized dextran through in situ imine
formation.'?! The cleavage of the benzoic imine linkages in response to acidic pH <6.0 resulted

in the rupture of nanoassemblies, exhibiting the enhanced release of encapsulated drugs.

Direct polymerization strategy has been recently explored as a new means to the synthesis of
novel acid-degradable ABPs bearing pendant imine linkages in the hydrophobic block.!?* The
resultant PEG-based block copolymer (named PEG-b-PBzImMA) underwent self-assembly to
form nanoassemblies composed of acid-degradable hydrophobic core bearing imine linkages
surrounded with hydrophilic PEG corona. In response to the tumoral and endo/lysosomal acidic
environment, they disassembled through a change in hydrophilic/hydrophobic balance upon the
acid-catalyzed cleavage of pendant imine linkages to the corresponding primary amines. As a
consequence, such acid-catalyzed hydrolysis of imine linkages in hydrophobic cores led to the

enhanced release of encapsulated Dox.'?*

2.4. Core-crosslinked nanogels

Polymeric nanoassemblies fabricated through self-assembly (i.e. hydrophobic interaction) of
ABPs in aqueous solutions suffer from undesired dissociation in the blood due to the dilution
(4L) as their concentration reaches below CMC after intravenous injection. Such unexpected
disassembly could cause the premature release of encapsulated drugs in blood, posing serious
systemic toxicity. To circumvent this drawback, core-crosslinking strategy based on imine
crosslinks has been employed to fabricate core-crosslinked nanogels. They can not only
significantly improve colloidal stability during blood circulation owing to the stability of imine
crosslinks at physiological pH = 7.4, but also enable the accelerated release of encapsulated

drugs in acidic environments.

A general approach explores the self-assembly of block copolymers to form nanoassemblies,
followed by crosslinking reaction inside cores. A variety of reactive block copolymers
crosslinked with small molecule crosslinkers through the in situ formation of imine,'?>1?
benzoic imine,'?*13% hydrazone,!®' and oxime linkages'*?. Because these linkages possess
different stability to acid-catalyzed hydrolysis, their acid-responsive degradation rate and thus

release kinetics could be tuned. As an example, Lee et al. recently reported a facile one-step
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method to synthesize imine-crosslinked nanogels. As illustrated in Figure 2.8, PEG-b-poly[N-
[N-(2-aminoethyl)-2-aminoethyl]-L-glutamate] (PEG-b-PLNG) diblock copolymer bearing
pendant amine groups reacted with terephthalaldehyde as a crosslinker. The resulting nanogels
retained excellent colloidal stability in the presence of a high concentration of salt and against
extensive dilution at pH = 7.4. Under slightly acidic conditions (pH = 6.4), encapsulated Dox
was rapidly released as a result of the dissociation of cores upon the cleavage of benzoic imine
crosslinks. Dox-loaded nanogels demonstrated better anti-cancer efficacy against human

carcinoma cancer cells, compared to free Dox at an equivalent dose.'?

Other approaches involve the use of reactive polysaccharide homopolymers for Cytochrome
C (a protein therapeutic) delivery!** and random copolymers for drug delivery'3*. These
copolymers bearing pendant amino groups were subjected to crosslink with small molecular
weight dialdehyde crosslinkers, yielding imine-crosslinked nanogels. Reports also describe the

fabrication of imine-crosslinked nanogels from a mixture of reactive (co)polymers bearing

pendant aldehyde groups and other reactive (co)polymers having amino pendants.'*>137
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Figure 2.8. Synthesis of acid-degradable imine-core-crosslinked nanogels and schematic
illustration for their tumor-targeting drug delivery.'?® Copyright 2018 American Chemical
Society.

2.5. Polymer-drug conjugates

Most nanoassemblies self-assembled from ABPs utilize the physical encapsulation of drug
molecules in hydrophobic cores mainly through hydrophobic-hydrophobic interactions. Such
weak physical interactions often cause the undesired premature release of drug molecules during

blood circulation before reaching tumor tissues. To circumvent this drawback, the covalent
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conjugation of drug molecules to functional copolymers via acid-labile imine linkages has been
extensively studied, forming acid-degradable polymer-drug conjugates or polymer prodrugs.
This strategy could not only significantly reduce systemic toxicity of drug molecules, but also
enable the rapid release of drug molecules upon the cleavage of imine linkages in acidic
environments and thus improve anti-tumor activities.® Moreover, well-designed prodrug systems
could have greater drug loading content and efficiency, compared with conventional

nanoassemblies by physical encapsulation of drug molecules.!*8

Various anticancer drug molecules that bear reactive functional groups have been used to
synthesize imine-labeled polymer prodrugs. Among various drugs such as paclitaxel'** and
platinum-based drugs,'*° Dox has received particular attention because it bears reactive carbonyl
and primary amine groups. As illustrated in Figure 2.9, these functional groups can be utilized
for conjugation of Dox molecules with functional copolymer precursors before and after their
further modification with reactive small molecules. Importantly, pristine Dox molecules are
generated upon acid-catalyzed hydrolysis of imine linkages, which exhibit similar

pharmacological activities to original Dox molecules.
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Figure 2.9. Schematic illustration of polymeric precursors with various reactive groups (a) and
Dox and modified Dox molecules (b) for the construction of polymer-Dox conjugates with imine
and its family linkages.

In situ imine formation has been considerably studied for functional polymers bearing
terminal functional groups (Figure 2.9a). Typical polymers include PEG and ABPs bearing
terminal aldehyde group that reacts with the amino group of Dox through in situ formation of

imine bonds!4!-14

or terminal hydrazide group that reacts with the carbonyl group of Dox
through in situ formation of hydrazone bond'“. For example, Liu et al. reported the conjugation
of Dox molecules with polyoxazoline-b-PLA block copolymer through in situ formation of

benzoic imine linkage.'*” The resultant Dox conjugates self-assembled in the presence of
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honokiol (HNK) inhibitor, forming HNK-loaded prodrug nanoassemblies with a diameter of 21
nm. Acid-triggered degradation of benzoic imine bonds resulted in enhanced release of
covalently conjugated Dox and physically encapsulated HNK, exhibiting synergistic suppression
of growth and metastasis of cancer cells.

In addition to functional polymers bearing terminal reactive groups, various copolymers

148-152 154-160

bearing pendant reactive groups such as aldehydes, amines,'>*, hydrazides, and
aminoxys'®! have been synthesized as functional polymer precursors (Figure 2.9a). These
copolymer precursors enable the conjugation with more Dox molecules via in sifu formations of
benzoic imine, hydrazone, and oxime bonds, thus significantly improving Dox loading. Recently,
Cui et al. reported the synthesis of poly(4-formylphenyl methacrylate-co-2-(diethylamino)ethyl
methacrylate)-b-poly(oligo(ethylene glycol) methacrylate) conjugated with pendant Dox
molecules through benzoic imine linkages. The block copolymer self-assembled in the presence
of a photothermal agent IR780 for chemo-photothermal therapy. They exhibited the enhanced
release of IR780 in vitro and in vivo through the acid-catalyzed cleavage of benzoic imine
linkages in the tumoral acidic microenvironment. Owing to their high delivery efficiency and
chemo-photothermal therapeutic efficacy, >97% tumor growth in tumor-bearing mice was
suppressed with a low dose.!*° Pan et al. evaluated the effect of morphology and size of imine-
labeled prodrug on intracellular drug delivery. Three types of nanoassemblies including spheres,

nanorods, and vesicles were fabricated. Their morphologies and sizes had great impacts on

cytotoxicity, cellular uptake, and intracellular release of conjugated Dox.!*8

Koyama et al. reported the synthesis of PEG-b-poly(aspartate) conjugated with Dox through
hydrazone linkages. As illustrated in Figure 2.10, PEG-b-poly(aspartate) precursor was
synthesized by four steps, including 1) ROP of a-benzyl-L-aspartate N-carboxyanhydride in the
presence of PEG as a macroinitiator to generate PEG-b-poly(benzyl-L-aspartate), 2) deprotection
of benzyl groups, 3) reaction with hydrazine hydrate to convert to the corresponding hydrazide
groups, and 4) conjugation with Dox through the formation of hydrazone linkages. The self-
assembled prodrug nanoassemblies were stable in physiological conditions with negligible
leakage. However, they exhibited the selective release of Dox molecules at acidic pH equivalent
to tumoral and endo/lysosomal acidic environments. Consequently, compared with free Dox, the
synthesized prodrug nanoassemblies had enhanced tumor accumulation, infiltrating permeability,

and effective antitumor activity with low cytotoxicity both in vitro and in vivo.'®?
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Figure 2.10. PEG-b-polyaspartate conjugated with Dox molecules through hydrazone linkages
and their Dox release at different pHs.!®? Copyright 2005 American Chemical Society.

Facile coupling through click-type reactions has been also exploited. As summarized in
Figure 2.9b, this approach involves the modification of Dox molecules with reactive functional
groups such as azido (Dox-1-N3 & Dox-2-N3),!63-165 maleimide (Dox-maleimide),!%¢-16® and thiol
(Dox-thiol)'* to synthesize reactive Dox molecules labeled with either imine, hydrazone, or
oxime bonds. These reactive Dox molecules were conjugated with functional copolymer
precursors bearing reactive pendants, yielding acid-degradable Dox-polymer prodrugs. As an
example, Shunmugam et al. synthesized a biocompatible and biodegradable polycarbonate-based
ABP prodrug conjugated with Dox via oxime linkage by a combination of ROP and azide-alkyne
click reaction. Due to the presence of stable oxime linkages, the release of conjugated Dox from
self-assembled prodrug micelles remained negligible (<5%) at pH = 7.4 up to 48 hrs. However, a
significantly enhanced release of free Dox >90% was observed for 7 hrs at pH = 5. Cellular
uptake studies by confocal laser scanning microscopy (CLSM) show the high intracellular

accumulation of Dox-conjugated nanocarriers inside cancer cells.'®

2.6. Dual stimuli-responsive imine-based nanoassemblies

Further to single stimulus-cleavable systems with acid-labile imine bonds, its combination

with other labile linkages that are cleavable to endogenous stimuli has provided synergistic
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degradation of nanoassemblies. Glutathione (GSH) is over-expressed in cytosols of cancer cells
at a greater concentration (4-5 times) than that in normal cells. Moreover, GSH is found 100—
1000 times higher in intracellular compartments than extracellular compartments and blood.!"
Given these features of the important endogenous trigger, disulfide has been used as the most
prominent example of GSH-responsive cleavable linkage, along with imine linkage, into the
design and fabrication of block copolymer nanoassemblies exhibiting dual acid/GSH responses.

It should be noted that the reports of imine-based dual acid-responsive copolymers containing

172 1173

combination of benzoic imine/hydrazone,'”! imine/amide,'”* and benzoic imine/acetal'® are also

reported in the literature.

For self-assembled nanoassemblies, a block copolymer having both imine and disulfide
linkages positioned at the block junction of PEG and a polymethacrylate having pendant
polylactide was synthesized by a combination of azide-alkyne click reaction and RAFT
polymerization. The resulting nanoassemblies exhibit dual acid/GSH responses at core/corona
interfaces.!” Recently, polyDox was synthesized by step-growth polymerization of a disulfide-
labeled Dox dimer (Dox-ss-Dox) with adipic dihydrazide, thus containing both disulfide and
hydrazone linkages in a repeated manner on the backbones. The resultant polyDox nanoparticles

showed dual acid/GSH responses to accelerate the release of Dox molecules.!”

For dual acid/GSH-degradable crosslinked nanogels, an approach utilizes the in situ
formation of imine or hydrazone group through the reaction of a reactive precursor block
copolymer bearing pendant aldehyde groups with a diamine or dihydrazide crosslinker labelled
with a disulfide linkage. Examples include shell-crosslinked diblock copolymer!’® and four-arm

star copolymer for camptothecin delivery!”’

. Another approach explores oxidation reaction of
thiol groups to the corresponding disulfide linkages. Shuai et al. reported dual-degradable
acid/GSH-responsive interlayer-crosslinked nanogels composed of sheddable PEG corona, imine
block junction, disulfide-crosslinked interlayer based on poly(aspartic acid), and hydrophobic
core of cholic acid. As illustrated in Figure 2.11, the nanogels were formed from the self-
assembly of PEG-Bzl-poly(aspartic acid) terminated with cholic acid (CA) hydrophobes,
followed by the oxidation of pendant thiol groups to generate disulfide crosslinks in

poly(aspartic acid) block. They degraded upon the cleavage of disulfide linkages in the

interlayers, exhibiting the enhanced release of encapsulated Dox. Meanwhile, the cleavage of
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imine linkages at interlayer/corona interfaces could improve cellular uptake through the

detachment of PEG coronas.'”®

Further to nanoassemblies and crosslinked nanogels, polymer-drug conjugates exhibiting
dual acid/GSH responses have been reported. For example, block copolymers were designed
such that Dox molecules were attached to polymers through imine or hydrazone linkages, while

disulfide linkages induced disassembly through GSH-driven degradation on copolymer

169, 179

backbones or crosslinks'®*. Other block copolymers were conjugated with pendant Dox

through hydrazone linkage and terminal camptothecin through disulfide bond for rapid release of

180

therapeutic cocktails'°* as well as Dox in pendant chain through both hydrazone and disulfide

linkages to achieve more efficient and rapid drug release. '8!

o
(oA
‘PJJ\©\9"~/‘ u&i’;u
H

% DoX

Figure 2.11. Schematic representation of dual acid/GSH responsive-degradable crosslinked-
interlayered nanogels, their degradation in endocytic compartments, and cellular uptake.'”®
Copyright 2019 Royal Society of Chemistry.
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Enzymes, combined with acidic pH, can facilitate the degradation of nanoassemblies and the
release of anticancer drugs in cancer cells. The high selectivity of peptidase, esterase, and
phosphatase and their differential presence in the tumor environment have been utilized to
disintegrate nanoassemblies and enhance the release of drugs covalently attached to

copolymers. '82-183

Several strategies have been reported to develop dual acid/enzyme-degradable
nanoassemblies. These strategies center on the incorporation of enzyme cleavable linkages in the
presence of targeted enzymes, along with imine linkages. One strategy involves the integration
of a specific peptide linkage in dual acid/enzyme-degradable nanoassemblies. Zhu and his
coworkers reported poly[N-(2-hydroxypropyl)-methacrylamide]-based highly branched
copolymer nanoassemblies labeled with an enzyme-cleavable Gly-Phe-Leu-Gly tetrapeptide
(GFLG) and conjugated with Dox through hydrazone bond. As illustrated in Figure 2.12, the
hyperbranched copolymer was first synthesized by RAFT polymerization of a GFLG-labeled
dimethacrylate in the presence of a GFLG-labeled RAFT mediator. The formed copolymer was
then conjugated with Dox through in situ hydrazone formation. The resulting self-assembled
nanoaggregates displayed greater drug release upon the cleavage of the peptide bonds in the
presence of cathepsin (a peptidase) and upon the cleavage of hydrazone bonds at pH = 5.4.184
Another strategy involves the incorporation of an ester or phosphate bond that can be cleaved by
enzymes. For example, Jayakannan et al. reported the modification of dextran through imine and
aliphatic ester bond (cleavable to esterase) with pentadecyl phenol. The formed nanoassemblies
exhibited dual responses to acidic pH and esterase and were able to release 100% of
encapsulated Dox in 50 hrs when pH reduced to 5.5 or esterase was introduced.'®> Zhang et al.
reported the fabrication of dual acidic pH/phosphate-responsive nanoassemblies through the
post-modification of a PEG-based poly(L-lysine) block copolymer with pyridoxal phosphate.
The formed imine bonds were cleaved in acidic pH, releasing pyridoxal phosphate, while the
phosphate bonds were cleaved in the presence of calf intestinal alkaline phosphatase, changing
the polarity of the copolymers. Such dual responses caused the dissociation of the

nanoassemblies.'!®
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Figure 2.12. Synthesis, post-modification with Dox through hydrazone bonds, and self-assembly
of a dual acid/enzyme-degradable highly branched copolymer.'®* Copyright 2018 American
Chemical Society.

2.7. Summary and outlooks

Recent advances in various strategies that allow for the design and synthesis of imine-based
acid-degradable block copolymers and their nanoassemblies are summarized. General strategies
to integrate acid-labile imine bonds in acid-degradable copolymers have explored mainly in situ
formation of imine bonds and click-type reactions of functional (co)polymers bearing imine
linkages. A variety of synthetic strategies with the focus on the number and location of imine
bonds in the copolymers and nanoassemblies offer varying disassembly mechanisms upon the
cleavage of imine linkages in acidic environments, leading to enhanced release of encapsulated

or conjugated drug molecules and thus improved anticancer efficacy.

Three typical forms of imine-bearing nanoassemblies including self-assembled
nanoassemblies, core-crosslinked nanogels, and polymer-drug conjugates have been extensively

explored for effective intracellular drug delivery. Self-assembled nanoassemblies enable the
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physical encapsulation of hydrophobic drugs in the cores through physical interactions with
hydrophobic blocks of ABPs. Such weak physical interactions may potentially cause the
premature release of drug molecules during blood circulation and thereafter side effects. In an
attempt to circumvent this undesired premature release, self-assembled nanoassemblies were
crosslinked with imine bonds to form core-crosslinked nanogels. While well-defined nanogels
retained excellent colloidal stability upon dilution, they exhibited the controlled/enhanced release
of encapsulated drug molecules upon the cleavage of imine crosslinks in tumoral acidic pHs.
However, their fabrication usually involved the sophisticated crosslinking process of self-
assembled block copolymer precursors with functional crosslinks via either in situ imine
formation or click-type reactions. Polymer prodrugs nanoassemblies were designed with drug
molecules covalently conjugated to block copolymer precursors by imine linkages. Bioactive
drugs were only generated and released upon after acid-responsive hydrolysis of imine linkages
and disintegration of prodrug nanoassemblies. However, this method is limited to very few drugs
(mostly Dox) or requires further chemical modification for the covalent conjugation, compared

to facile physical encapsulation with wide choice of anticancer drugs.

Despite these tremendous progresses in the synthesis of imine-based block copolymers for
drug delivery application, several major challenges still remain to be addressed for accelerating
their successful clinical translation.’>-> Comprehensive studies on the relationship between the
structure of imine linkages and degradation of nanoassemblies are required for better
understanding the mechanisms of acid-driven disassembly and drug release. These efforts can
allow for the more rational and precise design of acid-degradable block copolymer
nanoassemblies with the better selection of imine linkages to maximize therapeutic efficacy of
encapsulated or conjugated drugs. Moreover, they enable the development of more effective dual
or multiple acid/other stimuli-degradable block copolymer nanoassemblies for synergistic
control over the release of drug molecules. As most of the current systems focus on the linear
polymers, design and synthesis of imine-based polymers with different architecture and topology
(e.g. bottlebrush, ring, and star polymers) presents opportunities to improve drug delivery
performance. While a variety of imine-based nanoassemblies have been evaluated in vitro (with
cell lines), many biological factors found in vivo, such as interactions with biomolecules, could
significantly influence acid-catalyzed hydrolysis of imine bonds and thus enhanced drug release.

Therefore, in vivo studies (animal models) could be followed to validate the in vitro performance
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of these nanoassemblies. Furthermore, the fate and potential toxicity of degraded products upon

the cleavage of imine bonds should be systematically studied both in vitro and in vivo.
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Chapter 3 Method

3.1 Instrumentation

'H- and '*C-NMR spectra were recorded using a 500 MHz Varian spectrometer with the
references at 7.26 ppm for CDCl3, 2.50 ppm for DMSO-dg, and 1.94 ppm for CD3;CN. Spectral
features are tabulated in the following order: chemical shift (ppm), multiplicity (s = singlet, d =
doublet, t = triplet, m = complex multiple), number of protons, and position of protons. Number
average molecular weight (My) and dispersity (D) of polymers were analyzed by Agilent gel
permeation chromatography (GPC) equipped with a 1260 Infinity isocratic pump and a RI
detector. Two Agilent PLgel mixed-C and mixed-D columns were used with eluent solution
DMF containing 0.1 mol % LiBr at 50 °C at a flow rate of 1.0 mL/min. Linear poly(methyl
methacrylate) standards from Fluka were used for calibration. Aliquots of polymer samples
dissolved in DMF with 0.1 mol % LiBr were filtered through 0.40 um polytetrafluoroethylene
filter to remove insoluble species before injecting into GPC columns. A drop of anisole was
added as a flow rate marker. Dynamic light scattering (DLS) measurements were carried out to
characterize the hydrodynamic sizes of aqueous micelles using a Malvern Instruments Nano S
ZEN1600 equipped with a 633 nm He-Ne gas laser at a fixed scattering angle of 175° at 25 °C.
For each measurement, date was collected from five repeated measurements for each sample by
autocorrelation function using cumulant analysis. UV-vis spectra by Agilent Cary 60 UV/vis
spectrometer and fluorescence spectra by Varian Cary Eclipse fluorometer were recorded using a

1 cm wide quartz cuvette.
3.2 Materials

Ethanolamine (EA, 99.5%), benzaldehyde (BA, 99.5%), 2-hydroxylethyl methacrylate
(HEMA, 99%), 1,1'-carbonyldiimidazole (CDI, 97%), 1 ,8-diazabicyclo[5.4.0]undec-7-ene
(DBU, 98%), 4-(methylamino)pyridine (DMAP, 99%), triethylamine (EtsN, 99%)),
bromoisobutyryl bromide (Br-iBuBr, 98%), Tris(2-pyridylmethyl)amine (TPMA, 98%),
copper(Il) bromide (Cu(Il)Br2, 99%), tin(Il) 2-ethylhexanoate (Sn(EH)2, 95%), 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (CTA, 97%), Nile red (NR), and doxorubicin
hydrochloride (Dox, -NH3"Cl-salt form, >98%) from Sigma-Aldrich; 1-ethyl-3-(3

31



dimethylaminopropyl) carbodiimidesHCl (EDC) A from Wako Chemicals were purchased and
used as received. Methoxy poly(ethylene glycol) (PEG, MW = 5000 g/mol) from Sigma-Aldrich
was dried by an azeotropic distillation with anhydrous toluene prior to use. PEG-Br was

synthesized as described elsewhere. '3

3.3 Synthesis of BZImMA

Synthesis of BZImOH. EA (5.2 g, 0.86 mol) dissolved in anhydrous dichloromethane
(DCM, 10 mL) was mixed with a solution containing BA (9.1 g, 0.86 mol) dissolved in DCM
(100 mL) in presence of sodium sulfate (3 g) under stirring at room temperature for 13 hr. After
sodium sulfate were removed by vacuum filtration, the resulting mixture was dried over sodium
sulfate. Solvent was removed by rotary evaporation, and the product was dried in a vacuum oven
for 12 hr. Yield = 12.2 g (96%). '"H-NMR (CDCls, ppm): 8.3 (s, 1H, -CH.NCHCeHs), 7.8 and
7.4 (m, SH, HOCH,CH,NCHC¢Hs), 3.9 (t, 2H, HOCH,CH,N-), 3.7 (t, 2H, HOCH>CH>-).'*C-
NMR (CDCls, ppm): 163.1, 135.8, 130.8, 128.6, 128.1, 63.3, 62.4.

Synthesis of HEMA-CI. HEMA (6.5 g, 0.05 mol) dissolved in DCM (100 mL) was mixed
with CDI (11.4 g, 0.07 mol) in an ice-bath under stirring at room temperature for 13 hr. The
resultant mixture was washed with brine solution three times and dried over sodium sulfate.
After the removal of solvent by rotary evaporation, oily residual was dried in a vacuum oven at
room temperature for 13 hr. Yield = 7 g (89%). 'H-NMR (500 MHz, CDCls, ppm): 7.1-8.1 (s,
3H, -C3N2H3), 6.1 and 5.6 (s, 2H, CH,C(CH3)-), 4.7 (t, 2H, -CH2CH0C(0)-), 4.5 (t, 2H, -
CH>CH0-), 1.95 (s, 3H, CH3-). *C-NMR (CDCls, ppm): 166.7, 148.4, 136.9, 135.5, 130.5,
126.5,117.1, 65.7, 61.5, 18.1.

Synthesis of BZImMA. BzImOH (1.4 g, 9 mmol) was mixed with a solution consisting of
HEMA-CI (2.0 g, 9 mmol) and DBU (0.3 g, 1.8 mmol) dissolved in DCM (100 mL) under
stirring at room temperature for 13 hr. The reaction mixture was washed with saturated NaHCO3
solution three times and dried over sodium sulfate. After the removal of solvent, the product was
dried in a vacuum oven for 13 hr. Yield = 2.6 g (95%). 'H-NMR (CDCls, ppm): 8.3 (s, 1H, -
NCHCeHs), 7.8 and 7.4 (m, SH, -NCHCgHs), 6.1 and 5.5 (s, 2H, CHC(CH3)-), 4.5 (t, 2H, -
CH>CH,0C(0)0), 4.36 (m, 4H, -CH,OC(O)OCH>-), 3.9 (t, 2H, -CH>,CH,NCH-), 1.9 (s, 3H,
CHs3-). BC-NMR (CDCl, ppm): 166.9, 163.5, 154.9, 135.8, 130.8, 128.6, 128.1, 126.1, 67.2,
65.6, 62.2,59.4, 18.2.
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3.4 Synthesis of PEG-based macro-RAFT mediator (PEG-CTA)

EDC (0.3 g, 16.8 mmol) dissolved in anhydrous DCM (10 mL) was mixed with an organic
solution containing PEG (2 g, 0.4 mmol), DMAP (0.02 g, 0.16 mmol) and CTA (0.56 g, 2 mmol)
in anhydrous DCM (20 mL) in an ice-bath under stirring for 48 hr. The resultant mixture was
washed with brine solution three times, dried over sodium sulfate, and then precipitated from
cold diethyl ether to remove excess CTA. Pink solid product was isolated by vacuum filtration
and dried in a vacuum oven at room temperature for 13 hr. Yield = 1.9 g (90%). '"H-NMR
(CDCls, ppm): 7.3-7.9 (m, 5H, -SC(S)CeHs), 4.25 (t, 2H, -CH,0C(0O)-), 3.5-3.8 (m, -CH,CH>O-
of PEG main chain), 3.38 (s, 3H, CH30-), 2.7 (t, 2H, -CH2CH>(CH3)C(CN)-), 2.6 (t, 2H, -
CH2CH>(CH3)C(CN)-), 1.94 (s, 3H, -(CH3)C(CN)-).

3.5 Synthesis of PEG-b-PBzImMA by ATRP

BzImMA (1 g, 1.64 mmol), PEG-Br (0.17 g, 33 umol), [Cu(IDTPMABr]|Br (0.8 mg, 2
pmol), TPMA (1.4 mg, 5 umol), and anhydrous anisole (1.5 mL) were mixed in a 10 mL
Schlenk flask. The mixture was deoxygenated by purging with nitrogen (purity > 99.99%) for 45
min and then immersed in an oil-bath at 70 °C. A nitrogen purged solution of Sn(EH)> (5.3 mg,
13 umol) dissolved in anisole (0.2 mL) was injected to initiate polymerization. For kinetics
study, aliquots of the samples were taken out periodically to follow monomer conversion by 'H-
NMR and molecular weight by GPC. Polymerization was stopped by cooling the reaction

mixture in an ice-bath and exposing to air.

For purification, as-synthesized polymer solutions were diluted with anisole and
subsequently precipitated from cold hexane, and the precipitates were collected by vacuum
filtration. The similar procedure was repeated twice to remove unreacted monomers and other
impurities. The precipitates were then passed through basic alumina oxide column in an attempt
to remove residual metal species. After the removal of the solvent by rotary evaporation, the

product was dried in a vacuum oven at room temperature for 13 hr.
3.6 Synthesis of PEG-b-PBzImMA (ImP) by RAFT polymerization

As a typical procedure to synthesize ImP-1 (Table 4.1), BzZImMA (0.5 g, 1.64 mmol), PEG-
CTA (0.17 g, 32.8 umol), AMBN (2 mg, 9.8 umol) and anhydrous anisole (0.9 mL) were mixed
in a 10 mL Schlenk flask. The mixture was deoxygenated by purging with nitrogen (purity >
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99.99%) for 45 min, and then immersed into an oil bath at 70 °C to initiate polymerization. For
kinetics study, aliquots of the samples were taken out periodically to follow monomer conversion
by "H-NMR and molecular weight by GPC. Polymerization was stopped by cooling the reaction

mixture in an ice-bath and exposing to air.

For the synthesis of ImP-2 and ImP-3, this similar procedure was applied except for the use
of BzZImMA (1 g, 3.3 mmol), PEG-CTA (0.17 g, 32.8 umol), AMBN (2 mg, 9.8 umol), and

anhydrous anisole (1.7 mL).
3.7 Investigation of acid-triggered imine degradation using "H-NMR spectroscopy

Phosphate buffered (PB) solutions (0.2 M) in D,0O at pD =5, 6.8, and 7.4 were prepared by
mixing aqueous stock solutions of NaH>POs3 (0.2 M) with Na,HPO3 (0.2 M) in D,O at various
volume ratios. pH was measured using a pH meter with a glass electrode standardized with
aqueous buffer solutions (pH =4, 6 and 10). pD values were calculated using the equation of: pD

= pH (measured) T 0-41.187

For the hydrolysis study of monomer, BZImMA (3.1 mg, 10.0 umol) was dissolved in
CD3CN (0.3 mL) and resulting solution was mixed with the as-prepared PB solutions in D>O
(0.1 mL, 0.2 M, pD =5, 6.8 and 7.4). For PEG-b-PBzImMA block copolymer, the purified ImP-
3 (10 mg) was dissolved in CD3CN (0.3 mL) and then mixed with the PB solutions in DO (0.1
mL, 0.2 M, pD = 5). The resultant mixtures were subjected to 'H-NMR analysis at 25 °C for

given periods of time.

In a separated experiment, an organic solution of ImP (0.1 g) dissolved in THF (10 mL) was
mixed with excess concentrated HC1 (72 pL, 5 mol equivalents to imine linkages) under stirring
at room temperature for 20 hr. The resultant mixture was subjected to centrifugation (10000 rpm
x 25 °C x 1 hr). Precipitate was washed with THF three times and dried in a vacuum oven at
room temperature for 12 hr. Supernatant was dried over sodium sulfate, and then solvent was
removed by rotary evaporation. The obtained degraded products were analyzed by "H-NMR

spectroscopy.
3.8 Determination of critical micelle concentration

A stock solution of NR in THF at 1 mg/mL and stock solutions of ImP-3 in THF at 1 mg/mL
and 0.1 pg/mL were prepared. Phosphate buffer saline (PBS) solution (10 mL, pH = 7.4) was
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added dropwise into mixtures (2 mL) consisting of the same amount of the stock solution of NR
(0.5 mL, 0.5 mg) and various amounts of ImP-3. The resulting mixtures were stirred at room
temperature for 40 hr to remove THF, and subsequently filtered through a 0.45 um PES filter to
remove free (not encapsulated) NR molecules. A series of aqueous NR-loaded micelle solutions
were obtained at concentrations ranging from 107 to 0.1 mg/mL. Their fluorescence spectra were
recorded at Aex = 480 nm, and the fluorescence intensities at Aem = 620 nm were plotted over the

concentration to determine CMC value.
3.9 Aqueous micellization of PEG-b-PBzImMA by nanoprecipitation method

PBS solution (10 mL, pH = 7.4) was dropwise added to an organic solution of ImP-3 (10
mg) dissolved in THF (2 mL) at a rate of 1 mL/min using a syringe pump under stirring. The
resultant mixture was kept stirring at room temperature for 40 hr to remove THF, yielding an

aqueous micelle solution at 1 mg/mL.
3.10 Investigation of colloidal stability and acid-responsive degradation of micelles

Aliquots of empty micelles (1 mL, 1 mg/mL) were mixed with acetic buffer solution (3 mL,
0.2 M, pH = 5) under stirring at room temperature. In parallel, empty micelles were kept on
bench at room temperature. Aliquots of samples were taken out of the mixtures for DLS analysis

for given periods of time.
3.11 Preparation of Dox-loaded micelles by dialysis method

PBS solution (10 mL, pH = 7.4) was added dropwise to an organic solution consisting of
Dox (2 mg), EtsN (5 uL) and ImP-3 (20 mg) dissolved in DMF (2 mL) at a rate of 1 mL/min
using a syringe pump under stirring for 1 hr. The resulting mixture was transferred to a dialysis
tubing (MWCO = 11-13 kDa) for dialysis against PBS solution (1 L, pH = 7.4) at room
temperature for 24 hr to remove free (not encapsulated) Dox molecules and residual DMF. The
resulting dispersion was passed through a 0.45 um PES filter, yielding an aqueous Dox-loaded

micelles (Dox-NPs) at 1.6 mg/mL.

To determine the loading level of Dox in micelles, aliquots of aqueous Dox-NPs (1 mL)
were mixed with DMF (5 mL). The resultant mixture was subjected to filtration using a 0.45 pm

PTFE filter to remove insoluble salts and was analyzed by UV/vis spectroscopy.
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3.12 Acidic pH-responsive drug release from Dox-NPs

Aliquots of Dox-NPs (1.7 mg/mL, 2 mL) were mixed with buffer solutions (2 mL) at
different pHs =5, 6.8 and 7.4. The mixtures were transferred to a dialysis tubing (MWCO = 11—
13 kDa) and immersed into corresponding buffer solutions (40 mL) at 25 °C under stirring.
Aliquots of outer solutions (3 mL) were taken out at given interval to record fluorescence spectra
excited at Aex = 480 nm. Equivalent amounts of fresh buffer solutions were added back to keep

sink condition.
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Chapter 4 Direct polymerization approach to synthesize acid-
degradable block copolymers bearing imine pendants for tunable
pH-sensitivity and enhanced drug release

4.1 Synthesis of an imine-bearing methacrylate monomer (BzImMA)

Figure 4.1 depicts our approach with two steps to synthesize a novel BZImMA, a

methacrylate bearing an imine linkage.
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Figure 4.1. Synthetic scheme of BZImMA, a methacrylate bearing a benzoic imine linkage.

The first step was the synthesis of BzZImOH precursor bearing a benzoic imine linkage by a
facile coupling reaction of BA with EA at 1/1 mole ratio in a gram scale. Sodium sulfate was
used to remove water molecules formed during reactions as a biproduct in order to promote
forward reaction. '"H-NMR spectrum of BzZImOH (Figure 4.2a) shows no peak at 10 ppm
corresponding to aldehyde proton in benzaldehyde (a reactant). It shows the appearance of a new
peak at 8.3 ppm (c) corresponding to imine proton and the peak at 7.4-7.8 ppm (d) to conjugated
benzyl protons. Their integral ratio is quantitative to that of their protons. Combined with 3C-
NMR spectrum (Figure A1), our NMR analysis confirms the synthesis of BZImOH with a yield
as high as 96%.

In a separated experiment, a carbonylimidazole (CI)-activated 2-hydroxyethylmethacrylate

(HEMA-CI) was synthesized by the reaction of HEMA with 1,1'-carbonyldiimidazole (CDI),
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followed by a workup purification at 89% yield. Its chemical structure was confirmed by both

'"H-NMR (Figure 4.2b) and '*C-NMR (Figure A2) spectra.

Given the successful synthesis of BzZImOH and HEMA-CI, the next step was the synthesis
of BzZImMA by the reaction of BzZImOH with HEMA-CI. A 1/1 molar ratio was examined in the
presence of DBU as a base catalyst. '\H-NMR spectrum in Figure 4.2¢ shows the presence of
characteristic peak at 8.3 ppm (g) corresponding to an imine proton, 7.4-7.8 ppm (h) to benzyl
protons, and 5.5-6.1 ppm (a) to methacrylate protons. Their integral ratio is quantitative to that of
their protons. Combined with '3C-NMR analysis (Figure A3), these results confirm the
successful synthesis of BzZImMA.
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Figure 4.2. "H-NMR spectra of BzZImOH (a), HEMA-CI (b), and BzZImMA (c) in CDCls. x
denotes residual solvents or impurities.
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4.2 ATRP in an attempt to synthesize PEG-b-PBzImMA

As depicted in Figure 4.3a, the synthesized BzZImMA was first examined for atom transfer

radical polymerization (ATRP)!3-18% in an attempt to synthesize PEG-b-PBzImMA.
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Figure 4.3. Scheme for ATRP of BZImMA in an attempt to synthesize PEG-b-PBzImMA
diblock copolymer (a) and "H-NMR spectrum of PEG-b-PBzImMA precipitate in CDCI3 (b). x
denotes residual solvents or impurities.

A PEG-based bromine (PEG-Br) was synthesized and used as a macroinitiator for activator
regenerated by electron transfer (ARGET) ATRP °, where only a few ppm Cu-based catalyst is
required. Under the condition of [BZImMA ]o/[PEG-Br]o = 50/1 as targeted degree of
polymerization (DP) = 50 at complete consumption of monomer, an ATRP was conducted for
BzImMA with Cu(IT)Br2/TPMA complexes in anisole at 60 °C. Sn(EH). was used as a reducing
agent to convert Cu(II) species to active Cu(I) species to initiate ATRP. As seen in Figure A4,
the ATRP of BzZImMA is well-controlled, with first-order kinetics up to 60% conversion, linear

increase of molecular weight over conversion, and narrow molecular weight distribution.
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After the stop of polymerization at 60% conversion, the product was attempted to be
purified by our standard procedure with two steps. First step was the precipitation of the formed
mixture from hexane to remove unreacted monomers and solvents. As seen in Figure 4.3b, 'H-
NMR spectrum of precipitate shows the presence of imine linkage at 8.3 ppm (g), benzyl group
at 7.4-7.7 ppm (h), backbone methyl group at 0.7-1.1 ppm (b), and PEG block at 3.6 ppm (EO).
Using their integral with the DP = 113 for PEG block as a reference, DP of PBzZImMA block is
determined to be 26 at conversion = 0.6. GPC analysis with PMMA standards shows the formed
product has the number average molecular weight (Mn) = 18.3 kg/mol with narrow molecular
weight distribution as D= 1.24 (Figure A5). These results from 'H-NMR and GPC analysis after
precipitation suggest the synthesis of well-controlled PEG-b-PBzImMA diblock copolymer.

The other step of the purification was to pass the mixture through basic aluminum oxide
column to remove residual Cu and Sn (metal) species. Unexpectedly, 'H-NMR spectrum in
Figure A6 shows disappearance of the peak at 0.7-1.1 ppm equivalent to backbone methyl
groups, but a new peak at 10 ppm corresponding to aldehyde protons. This result could suggest
the possible cleavage of imine linkages of PEG-b-PBzImMA in basic aluminum oxide column.
The cleaved polymer products having pendant amino groups generated as a consequence of the

cleavage of imine linkages could not be eluted through column.

To further confirm the potential cleavage of imine linkage with basic aluminum oxide
column, BzZImMA monomer was treated with basic aluminum oxide in column. As seen in
Figure 4.4, 'H-NMR spectrum shows the presence aldehyde peak at 10 ppm owning to the
degradation of imine linkages. Given unsuccessful removal of metal residue in PEG-b-
PBzImMA by ATRP approach, which may pose potential cytotoxicity for biomedical

application, we have turned our attention to RAFT polymerization technique.
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Figure 4.4. "H-NMR spectra of BZImMA before (a) and after (b) treatment with basic aluminum
oxide in CDCls.

4.3 RAFT polymerization to synthesize well-controlled PEG-b-PBzImMA

Figure 4.5a illustrates RAFT polymerization of BZImMA to synthesize well-controlled
PEG-b-PBzImMA (ImP). A poly(ethylene glycol)-labeled dithiocarbonyl RAFT macro-mediator
(PEG-CTA) was synthesized and characterized by "H-NMR analysis with >98% conjugation
efficiency (Figure A7). As mediated with PEG-CTA, RAFT polymerization of BZImMA was
initiated with 2,2'-azodi(2-methylbutyronitrile) in anisole at 70 °C. Under the condition of [PEG-
CTA]Jo/[AMBN]o = 1/0.3, the initial mole ratio of [BzZImMA]o/[PEG-CTA] as the targeted DP
was varied with 100/1 and 50/1 to demonstrate the direct polymerization approach as an effective

means to the synthesis of well-controlled ImPs.

After being purified by precipitation from hexane, the formed PEG-b-PBzImMA were
characterized for chemical structure by NMR and molecular weight by GPC. With an example of
ImP-1 synthesized under [BzZImMA]o/[PEG-CTA]o= 50/1, 'H-NMR spectrum in Figure 4.5b
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shows the presence of characteristic peaks at 8.3 ppm (g’) for imine linkage, 7.4-7.7 ppm (h') for
benzyl group, 0.7-1.1 ppm (b") for backbone methyl group of PBzImMA block, and 3.6 ppm
(EO) for PEG block. Their integral ratio was used to determine the DP of PBzZImMA block to be
29, which is close to that (DP = 36) theoretically calculated with monomer conversion. GPC
analysis confirms that ImP-1 had M, = 16.7 kg/mol with narrow dispersity as & = 1.30. As seen
in Figure A8, the molecular weight distribution shifted to high molecular region; however, it had
two shoulders in both low and high molecular weight regions. One in low molecular region could
be attributed to trace of unreacted PEG-CTA residue. The other in high molecular weight region
could be caused by undesired side reactions caused in a complicated manner. Possible side
reactions could include the undesired chain termination by mainly disproportionation due to
methacrylate polymerization, the presence of residual PEG-diol as an impurity contained in
commercially available PEG which eventually results in the formation of triblock copolymer as a
side product, and possible cleavage of imine linkage during polymerization. With
[BzZImMA]o/[PEG-CTA]o = 100/1, the similar procedure was used to synthesize ImP-2 and ImP-

3 at different monomer conversions. The results are summarized in Table 4.1.
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Figure 4.5. Scheme for RAFT polymerization of BZImMA to synthesize PEG-b-PBzImMA in
presence PEG-CTA (a), 'H-NMR spectrum of ImP-1 in CDCls as an example(b). x denotes

residual solvents.
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Table 4.1. Characteristics and results for PEG-b-PBzImMA (ImP) block copolymers synthesized
by RAFT polymerization.?

ImP [BzZInMA]o/[PEG-CTA]o Time Conv® DPumeo® DPnwvr® M9 pd

(hr) (kg/mol)
ImP-1 50 7 0.72 36 29 16.7 1.30
ImP-2 100 5 0.33 33 34 20 1.25
ImP-3 100 10 0.72 72 58 25.2 1.29

S[PEG-CTAJo/[AMBN]o= 1/0.3 in anisole at 70 °C and [BzImMA ]o/anisole = 0.6 wt/wt; "By 'H-
NMR; “DPneo= [BzZIMMA]o/[PEG-CTA]o % conversion; ‘GPC with PMMA standards.

To get an insight into kinetics of RAFT polymerization of BzZImMA in the presence of PEG-
CTA, aliquots were taken periodically during polymerization of ImP-1 to analyze their
conversion and molecular weight data (Figure A9). The polymerization was first order,
suggesting the constant concentration of active centers during polymerization up to 70%
conversion. An induction period was observed for 3 hrs. Molecular weight increased linearly
with conversion. Molecular weight distribution was narrow with B <1.30 and GPC traces were
evolved to high molecular weight region over conversion; however, two shoulders in both low

and high molecular weight region were observed for all samples.
4.4 Investigation of acidic pH-triggered imine degradation

Imine bond could be cleaved to corresponding primary amine and aldehyde in acidic
environment. The formed PEG-b-PBzImMA (ImP-3) contain pendant imine linkages through the
polymerization of BZImMA, a methacrylate labelled with an imine bond. Here, acidic pH-
responsive cleavage of imine bonds was systemically investigated with BZImMA and PEG-b-

PBzImMA using "H-NMR spectroscopy in a homogenous CDCN3/PB-D>O mixture.

First, small molecule BZImMMA was incubated at different pDs. As illustrated in Figure 4.6a,
the cleavage of imine bond in BZImMA generates the corresponding primary amine-labeled
methacrylate (AM) and BA as degraded products. As an example, Figure 4.6b shows overlaid
'H-NMR spectra of BZImMA over incubation time at pD = 6.8. A new peak at 10 ppm (g")
corresponding to aldehyde proton of degraded product BA was observed after 0.5 hr incubation.
Its integral increased over incubation time, whereas the integral of the imine peak (g) decreased.

Its integral ratio to that of the peak vinyl peaks (a, a") was used to estimate %hydrolysis rate of
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imine linkages. As seen in Figure 4.6¢, %hydrolysis increased over incubation time and further
reached to completion in acidic conditions (i.e. pD = 6.8 and 5.0). The rate is much faster,
compared to physiological pD = 7.4. As compared in Figure 4.6d, the time when a half
concentration of imine linkages is cleaved (t12) was 118.5 hr at pD = 7.4, while it significantly

decreased to 6.4 hr at pD = 6.8, and further to 1.5 hr at pD = 5.

The cleavage of 50% imine linkages at pD = 6.8 in 6—7 h is promising in that it can occur in
extracellular microenvironment of tumor tissues after extravasation during blood circulation. The
cleavage could generate the corresponding amine groups and following quaternary ammonium
salts in mild acidic environment, which can facilitate the endocytosis of drug-loaded

nanoassemblies into cancer cells.'!
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Figure 4.6. Scheme for cleavage of imine linkage (a) and overlaid "H-NMR in CDCN3/PB-D,0
over time incubated at pD = 6.8 as an example (b) for BZImMA; evolution of %hydrolysis of
imine linkages over incubation time (c¢) and ti2 (d) for BZImMA at pDs = 7.4, 6.8, and 5.0 as
well as ImP-3 at pD = 5.0.
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For comparison with BZImMA, ImP copolymer was examined with a choice of ImP-3 at pD
= 5. Note that ImP refers ImP-3 hereafter. As illustrated in Figure 4.7a, PEG-b-PAM and BA
were generated as degraded products upon the cleavage of imine linkages in the PBzZImMA
block. With overlaid 'H-NMR spectra in Figure 4.7b, %hydrolysis was plotted over incubation
time. Similar to BzZImMA, %hydrolysis of pendant imine linkages increased over incubation
time. The t12 of ImP was determined to be 2.7 hr, which is slightly larger than that (1.5 hr) for
BzImMA. This is plausibly due to longer chain length and amphiphilic nature of ImP in aqueous
buffer. Overall, the cleavage of imine bonds is confirmed to be greatly enhanced at acidic

condition.
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Figure 4.7. Scheme for cleavage of imine bonds (a) and overlaid "H-NMR over time incubation
pD = 5.0 (b) for ImP-3.

The acid-responsive degradation of PEG-b-PBzImMA was further examined by being
treated with excess concentrated HCI in THF. The resultant mixture became turbid (Figure 4.8a)
and was subjected for centrifugation to separate supernatant from precipitates (Figure 4.8b). 'H-
NMR spectrum of supernatant shows the typical peaks at 10 ppm (a) and 7.5-8 ppm
corresponding to aldehyde and benzyl protons respectively, confirming the presence of BA
(Figure 4.8¢). '"H-NMR spectrum of precipitates (Figure 4.8d) presents two new peaks at 8.5 ppm
(g) and 3.1 ppm (f) corresponding to the amino and adjacent methylene groups, respectively.
These results confirm the generation of PEG-b-PAM as a consequence of the detachment of BA

from PEG-b-PBzImMA upon the cleavage of imine linkages.
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Figure 4.8. Digital image of a mixture consisting of ImP and HCI in THF before (a) and after (b)
centrifugation; 'H-NMR for isolated supernatant BA in CDCl; (c) and precipitates PEG-b-PAM
in DMSO-ds (d). x denotes solvent residue.

4.5 Aqueous micellization and acid-responsive disassembly

The synthesized diblock copolymer ImP consists of a hydrophilic PEG block and a
hydrophobic PBzZImMA block bearing multiple imine pendants. Its amphiphilicity was examined
with the determination of its CMC by fluorescence spectroscopy using a hydrophobic NR probe.
This method is based on the fact that the fluorescence intensity of NR dramatically increases
when NR molecules are encapsulated in hydrophobic micellar cores. However, fluorescence
intensity is lower when they exist in aqueous solution due to their poor water solubility.!*>1% A
series of aqueous mixtures containing same amount of NR but various amounts of ImP were
prepared and filtered to remove free (not encapsulated) NR molecules. From their fluorescence
spectra (Figure 4.9a), the fluorescence intensity at Aem = 620 nm was plotted over the
concentration of ImP (Figure 4.9b). Fluorescence intensity remained low at lower concentration
of ImP; however, upon further increase in ImP concentration, it rapidly increased owning to an
increasing concentration of NR molecules encapsulated in micellar cores. By regression analysis
of the two linear regions of the data, the CMC of ImP was determined to be 24 pg/mL equivalent
to 1.1 uM, which is within the range of typical CMC values of amphiphilic block copolymers.
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Figure 4.9. Overlaid fluorescence spectra of a series of aqueous mixtures consisting of NR and
ImP (a) and fluorescence intensity at 620 nm over the amount of ImP (b).

At concentration above the CMC, amphiphilic ImP self-assembled to form micellar
aggregates that are composed of imine-containing hydrophobic PBzImMA cores, surrounded
with hydrophilic PEG corona (Figure 4.10a). For instance, the nanoassemblies formed at 1
mg/mL had the z-average diameter of 86 + 0.7 nm with monomodal distribution (Figure 4.10b).
Their colloidal stability and acid-responsive degradation were investigated by DLS with
evolution of z-average diameter (Figure 4.10c) and count rate (Figure A10). At physiological pH
= 7.4, their z-average diameters and count rates kept unchanged at room temperature, suggesting
good colloidal stability over 40 days. When the micelles were incubated at pH = 5, both z-
average diameter and count rates increased rapidly within 190 hr with the occurrence of
aggregates (diameter >1 pm). As illustrated in Figure 4.10a, the acid-triggered cleavage of imine
pendants causes the detachment of hydrophobic benzyl groups, generating PEG-b-PAM
degraded products over time. ImP becomes hydrophilic through the change in
hydrophobic/hydrophilic balance. However, the degraded PEG-b-PAM chains could have a
limited solubility even in aqueous acidic solution. Furthermore, the degradation took place in
micellar cores. These combinations could result in the formation of large aggregates in acidic

environment.
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Figure 4.10. Schematic illustration of acid-responsive dissociation of self-assembled micelles
(a); overlaid DLS diagrams (b), and evolution of z-average diameter of ImP micelles at 1
mg/mL, incubated at physiological pH = 7.4 and acidic pH = 5.0 (¢).

4.6 Preparation of Dox-loaded micelles

To preliminarily investigate the ImP-based micelles as an intracellular delivery nanocarrier
of anticancer drugs, Dox (a clinically used anticancer drug) was selected to fabricate Dox-loaded
ImP micelles (Dox-NPs) in aqueous solution. Dialysis method with neutral form of Dox (after
treating with Et;N) and ImP at Dox/P3 = 1:10 wt/wt was selected to fabricate Dox-NPs in PBS
solution (pH = 7.4) at 1.6 mg/mL. The resultant Dox-NPs had the z-average diameter of 106 +
0.6 nm by DLS (Figure 4.11a). Next, the loading level of Dox in Dox-NPs were determined by
UV-vis spectroscopy. Figure 4.11b shows UV-vis spectrum of aqueous Dox-NPs mixed with
DMF at 1/5 v/v. With the predetermined extinction coefficient of Dox (12,400 M! cm™) in
watet/DMF =1/5 v/v at kem = 497 nm,'** the loading level was determined to be 5.2% with a
loading efficiency as high as 46%. These relatively high Dox loading content and efficiency

could be attributed to n- m interaction of aromatic moieties in Dox with benzyl groups in
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hydrophobic PBzImMA cores. Furthermore, our DLS analysis confirms excellent shelf stability
of Dox-NPs over 21 days (Figure A11).
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Figure 4.11. DLS diagram and digital image (inset) of formed Dox-NPs at 1.6 mg/mL (a) and
UV/vis spectrum (b) of a mixture consisted of Dox-NPs (1 mL) with DMF (5 mL).

4.7 Acid-responsive release of encapsulated Dox from Dox-NPs

Aqueous Dox-NPs could be disintegrated upon acid-catalyzed hydrolysis of pendant imine
linkages in hydrophobic cores through disrupting the hydrophilic/hydrophobic balance. Such
acidic pH-responsive degradation could accelerate the release of encapsulated Dox from micelles
in tumoral and endo/lysosomal acid conditions. Here, fluorescence spectroscopy technique was
used to investigate the release of Dox. This technique involves the determination of Dox in outer
buffer solutions that are diffused through dialysis tubing upon being released from Dox-NPs
inside tubing. The amount of accumulated Dox was quantified to %Dox release using the

predetermined Dox calibration curves at desired pH ranges.!**

Figure 4.12 shows the accumulated Dox release over incubation time in acidic pHs to mimic
tumoral extracellular pH = 6.8 and endosomal/lysosomal pH = 5.0, compared with that at
physiological pH = 7.4. At pH = 7.4 (in absence of acid stimulus), Dox was gradually released to
reach plateau at 30% up to 210 h. This is probably attributed to mainly natural leak of Dox from
micelles and possibly the partial cleavage of imine linkages (see Figure 4.6). When Dox-NPs
was incubated in acidic pHs, Dox was rapidly released and the release rate appeared to be pH-

dependent. For example, sustained Dox release reached to 53% at pH = 6.8, further to >85% at
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pH = 5.0, which is almost three folds faster compared with pH= 7.4. Such enhanced Dox release
in acidic condition is consistent with acid-catalyzed imine hydrolysis kinetics found by NMR
spectroscopy, suggesting acid-responsive cleavage of imine linkages in micellar cores could

control and enhance the Dox release by causing disintegration or dissociation of micelles.
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Figure 4.12. %Dox release over incubation time at acidic pHs = 5.0 and 6.8, compared with
physiological pH = 7.4.
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Chapter 5 Conclusion and future direction

5.1 Conclusion

My master research explored a new strategy that enabled the synthesis of well-controlled
PEG-b-PBzImMA (ImP) diblock copolymers having pendant imine linkages for enhanced drug
release upon acid-responsive degradation. We developed direct polymerization approach by
exploring both ATRP and RAFT polymerization as a new means for the synthesis of well-
defined acid-degradable diblock copolymers with imine pendants. A novel methacrylate
monomer bearing imine linkage was successfully synthesized by two-step facile coupling
reactions. RAFT polymerization of the imine monomer was controlled in a living manner, based
on kinetic investigation, enabling the well control over molecular weight and narrow molecular
weight distribution. Interestingly, our results suggest the instability of imine bonds when the
copolymers synthesized by ATRP were treated with basic alumina during purification process.
Acid-catalyzed hydrolysis of imine bonds were systematically investigated with BzZImMA
monomer and its ImP block copolymers by 'H-NMR analysis. The results revealed that acid-
catalyzed hydrolysis of imine linkage to corresponding the aldehyde and amine was rapid in
tumoral and endo/lysosomal acidic pHs, compared to physiological pH. Such accelerated
cleavage of imine linkages incorporated in hydrophobic cores caused the dissociation of
fabricated Dox-loaded micelles, leading to enhanced release of Dox in acidic environment. These
combined results demonstrate that our developed direct polymerization approach can be a robust
and versatile means to the synthesis of imine-based block copolymers for enhanced drug

delivery.
5.2 Future direction and up-to-date progress

Built on newly developed strategy based on direct polymerization through controlled radical
polymerization to synthesize acid-degradable block copolymer-based nanoassemblies with
pendant imine linkages, we aim to expand our scope by further developing advanced drug
delivery systems through two strategies: tunable acid-responsive degradation and dual location

dual acid/reduction responsive degradation.
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5.2.1 Tunable acid-responsive degradation

Description. Novel imine-bearing methacrylates denoted as R-N=CH-C¢Hs-X, where R is
methacryl functionality, are varied with substituents X. Noting that X is hydrogen for BzZImMA.
Acid-catalyzed hydrolysis rate of imine linkages is well known to be controlled with varying N-
substituents of imine moieties by their inductive and resonance effects.”” *> ''! We have
hypothesized that hydrolysis rate of C=N bond can be varied with X groups with different
electronic properties. As a proof-of-concept demonstration, p-nitro as electron withdrawing
group, p-methoxy as electron denoting group, and pyryl as resonance group will be examined.
Three methacryates (named RImMA) will be synthesized using similar procedure to synthesis of
BzImMA. Their RAFT polymerization will be followed to construct a series of diblock
copolymers as PEG-b-PRImMA. Degradation in acidic pHs will be systematically investigated
by 'H-NMR to elucidate the substituent effects over imine hydrolysis, compared with those of
BzImMA and PEG-b-PBzImMA. These efforts will enable the development of a promising
imine-based polymeric delivery platform with tunable drug release, aiming to further improve

anticancer efficacy.

Progress. Figure 5.1 illustrates our synthetic route to novel imine-bearing methacrylate
monomers substituted with different R groups (RImMA). The same synthetic procedure for
BzImMA was used. "H-NMR spectra in Figure 5.2 confirm the synthesis of RInOH. Given the
successful synthesis of RImOH, the next step was the synthesis of RImMA by the coupling
reaction of RImOH with HEMA-CI. "H-NMR spectra in Figure 5.3 confirm the successful
synthesis of PyImMA, MBzImMA, and NBzImMA monomers.

OH
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BzImMA NBzImMA MBzImMA PylmMA

Figure 5.1. Schematic illustration to synthesis of imine-bearing methacrylate monomers with
different substituents (R = benzyl, p-nitrobenzyl, p-methoxybenzyl, or pyryl group).
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Experimental.

NBzImOH: EA (1.22 g, 0.02 mol) dissolved in DCM (5 mL) was mixed with a solution
containing 4-nitrobenzaldehyde (3.02 g, 0.02 mol) dissolved in DCM (50 mL) in presence of
sodium sulfate (5 g) under stirring at room temperature for 13 hr. Yield = 3.8 g (98%). 'H-NMR
(CDCl3, ppm): 8.4 (s, 1H, -NCHCsH4NO»), 8.22 and 7.88 (d, 4H, - C¢HaNO»), 3.93 (t, 2H,
HOCH,CH>-), 3.81 (t, 2H, HOCH>CH>-).

MBzImOH: Similar procedure was applied except for the use of EA (1.22 g, 0.02 mol), 1-
methoxybenzaldehyde (2.72 g, 0.02 mol), DCM (50 mL), and sodium sulfate (5 g). Yield=3.4 g
(96%). '"H-NMR (CDCls, ppm): 8.15 (s, 1H, -NCHC¢H4-), 7.6 and 6.9 (d, 4H, -NCHCsH4OCH3),
3.85 (t, 2H, HOCH>CH,NCH-), 3.8 (S, 3H, -CsH4OCH3) 3.66 (t, 2H, HOCH>CH>NCH-).

PyImOH: Similar procedure was applied except for the use of EA (1.0 g, 16.5 mmol), 1-
pyrenecarboxaldehyde (3.8 g, 16.5 mmol), DCM (100 mL), and sodium sulfate (0.3 g). Yield =
4.28 g (95%). 'H-NMR (CDCls, ppm): 9.4 (s, 1H, -NCHC16H10), 7.97-8.86 (m, 10H, -
HOCH2CH>NCHC¢H10), 4.1 (t, 2H, HOCH>CHN-), 4.0 (t, 2H, HOCH>CH>N-).

NBzImMA: NBzImOH (1.74 g, 9 mmol) was mixed with a solution consisting of HEMA-CI
(2.02, 9 mmol) and DBU (0.27 g, 0.2 mmol) dissolved in DCM (100 mL) under stirring at room
temperature for 13 hr. The reaction mixture was washed with saturated NaHCOj solution three
times and dried over sodium sulfate. After the removal of solvent, the product was dried in a
vacuum oven for 13 hr. Yield = 3.1 g (98 %). '"H-NMR (CDCls, ppm): 8.4 (s, 1H, -NCHC¢H4-),
8.2 and 7.9 (d, 4H, -NCHCeH4NO»), 6.1 and 5.5 (s, 2H, CHo.C(CH3)-), 4.5 (t, 2H, -
CH>CH20C(0)0), 4.36 (t, 2H, -CH.CH>OC(0)0), 4.3 (t, 2H, -CH>,CH>NCH-), 3.9 (t, 2H, -
CH>CH,NCH-), 1.9 (s, 3H, CH3-).

MBzImMA: Similar procedure was applied except for the use of MBzImOH (0.16 g, 0.9 mmol),
HEMA-CI (0.20 g, 0.9 mmol), DBU (0.27 g, 0.18 mmol), and DCM (10 mL). Yield=0.3 g

(99 %). 'TH-NMR (CDCls, ppm): 8.2 (s, 1H, -NCHC¢H4-), 7.6 and 6.9 (d, 4H, -NCHCH4OCH3),
6.1 and 5.5 (s, 2H, CH,C(CH3)-), 4.4 (t, 2H, -CH,CH>0OC(0)0), 4.3 (t, 2H, -CH.CH>OC(0)0),
4.33 (t, 2H, -CH,CH>NCH-), 3.8 (m, 5H, -CH.CH,NCHCsH4OCHs), 1.9 (s, 3H, CH2C(CHa)-).

PyImMA: Similar procedure was applied except for the use of PyImOH (1.4 g, 5 mmol),
HEMA-CI (1.1 g, 5 mmol), DBU (0.15 g, 1 mmol), and DCM (100 mL). Yield = 1.82 g (85 %)).
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'H-NMR (CDClLs, ppm): 9.4 (s, 1H, -NCHC6Ho), 8-8.9 (m, 10H, -NCHC1¢H)0), 6.1 and 5.5 (s,
2H, CH,C(CHs)-), 4.6 (t, 2H, -CH,CH,0C(0)0), 4.4 (t, 2H, -CH,CH,0C(0)0-), 4.3 (t, 2H, -
CH,CH,NCH-), 4.1 (t, 2H, -CH,CH,NCH-), 1.8 (s, 3H, CH:-).

5.2.2 Dual location dual acid/reduction responsive degradation (DL-DSRD) strategy

Description. Our research group has made significant efforts to explore DL-DSRD strategy
as design and synthesis of block copolymers and their nanoassemblies exhibiting dual stimuli
response in dual locations, as in micellar cores and core/corona interfaces. This strategy enables
synergistically controlled and enhanced drug release as well as independent regulation on the
release of encapsulated drugs in response to each stimulus. Built on our initial design of PEG-b-
PBzImMA block copolymer, we aim to explore DL-DSRD strategy with the synthesis of PEG-
ss-PBzImMA having disulfide linkage at the block junction and imine linkage in hydrophobic
block. Figure 5.4 illustrates synthesis of PEG-ss-PBzImMA by RAFT polymerization as a

promising nanocarrier for intracellular drug delivery.
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Figure 5.4. Synthetic scheme for PEG-ss-PBzImMA (a), aqueous micellization to fabricate DL-
DSRD nanoassemblies (b), and illustration of intracellular drug release in presence of GSH and
acidic pH (c).

Progress. To employ the RAFT polymerization technique for the synthesis of PEG-ss-
PBzImMA, a novel PEG-based macro-mediator bearing a disulfide linkage (PEG-ss-CTA) was
synthesized as depicted in Figure 5.5.
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Figure 5.5. Synthetic scheme for PEG-ss-CTA.

The first step is to synthesize CTA-ss-OH by EDC coupling reaction of ss-diol with CTA.
The product was purified and collected as the 3™ out of total 5 bands by silica gel column
chromatography with eluent solution ethyl acetate/hexane = 1/1 v/v at yield of 30%. Its chemical
structure was confirmed by 'H-NMR (Figure 5.6a). In a separated batch, carboxylic acid-capped
PEG (PEG-COOH) was synthesized by the reaction of PEG with succinic anhydride. '"H-NMR
spectrum in Figure 5.6b reveals the presence of characteristic peaks at 2.6 ppm (b) corresponding
to methylene group adjacent to ester group. Based on the integral ratio (b/a), high conjugation
efficiency at <100% was determined at a yield of 65%. Given the synthesis of PEG-COOH and
CTA-ss-OH, EDC coupling reaction was carried out to synthesize PEG-ss-CTA. 'H-NMR in
Figure 5.6¢ shows the appearance of characteristic peak at 7.3-8.0 ppm (h) corresponding to
benzyl group adjacent to thiocarbonate. Integral ratio of h and a allows to determine the

conjugation efficiency to be >99% at a yield of 70% after purification.
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Figure 5.6. Overlaid 'TH-NMR spectra of CTA-ss-OH (a), PEG-COOH (b) and PEG-ss-RAFT
().

Experimental.

Synthesis of CTA-ss-OH. CTA (0.2 g, 0.72 mmol) dissolved in anhydrous DCM (15 mL) was
mixed with an organic solution containing ss-diol (166 mg, 1.1 mmol), EDC (270 mg, 1.4 mmol)
and TEA (145 mg, 2 mmol) in DCM (85 mL) in an ice-bath under stirring. After proceeding at
room temperature for 48h, the solvent was evaporated, and the product was purified by silica gel
column chromatography. The product, a red oil, was collected as the third band of total five
bands. Yield=0.06 g (30%); Rf = 0.35 (ethyl acetate/hexane = 1/1, v/v).'H-NMR (CDCls, ppm):
7.9-7.3 (m, 5H, -SC(S)CeHs), 4.4 (t, 2H, -CH>,OC(0O)-), 3.9 (t, 2H, -CH>CH>0OH), 2.94 (t, 2H, -
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CH,SSCH2CH,0H), 2.88 (t, 2H, -SSCH>CH20H), 2.7 (t, 2H, -CH>CHa(CH3)C(CN)-), 2.4 (t,
2H, -CH,CH,(CH3)C(CN)-), 1.94 (s, 3H, -(CH3)C(CN)-).

Synthesis of PEG-COOH. Succinic anhydride (0.22 g, 2.2 mmol) dissolved in anhydrous DCM
(5 mL) was mixed with an organic solution containing PEG (2 g, 0.4 mmol) and DMAP (49 mg,
0.4 mmol) in DCM (15 mL) in an ice-bath under stirring for 48 hr. The resultant mixture was
washed with brine solution three times, dried over sodium sulfate, and then precipitated from
cold diethyl ether to remove excess succinic anhydride. White solid product was isolated by
vacuum filtration and dried in a vacuum oven at room temperature for 13 hr. Yield=1.35¢g
(65%). '"H-NMR (CDCls, ppm): 4.25 (t, 2H, -CH>OC(0)-), 3.5-3.8 (m, -CH>CH,0- of PEG main
chain), 3.36 (s, 3H, CHz-), 2.6 (m, 4H, -CH,CH>COOH).

Synthesis of PEG-ss-CTA. EDC (79 mg, 0.41 mmol) dissolved in anhydrous DCM (20 mL)
was mixed with an organic solution containing PEG-COOH (0.5 g, 98 umol), DMAP (3.6 g, 29
pmol) and CTA-ss-OH (0.16 g, 0.39 mmol) in DCM (80 mL) in an ice-bath under stirring for 24
hr. The resultant mixture was washed with brine solution three times, dried over sodium sulfate,
and then precipitated from cold diethyl ether to remove excess CTA. Pink solid product was
isolated by vacuum filtration and dried in a vacuum oven at room temperature for 13 hr. Yield =
0.46 g (70%). '"H-NMR (CDCls, ppm): 7.9-7.3 (m, 5H, -SC(S)CeHs), 4.34 (m, 4H, -CH,OC(0)-),
4.24 (t, 2H, -OCH>CH>0C(0)-), 3.5-3.8 (m, -CH>CH>0- of PEG main chain), 3.38 (s, 3H,
CH30-), 2.92 (t, 4H, -CH,SSCH>»), 2.7 (m, 2H, -CH>CH»(CH3)C(CN)-), 2.69 (m, 4H, -
OC(O)CH2CH, C(0)0O-), 2.4 (t, 2H, -CH2CH»(CH3)C(CN)-), 1.94 (s, 3H, -(CH3)C(CN)-).
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Appendix

Figure Al. 3*C-NMR spectrum of BzImOH in CDCl;.
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Figure A2. 3C-NMR spectrum of HEMA-CI in CDCls.
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Figure A3.'3C-NMR spectrum of BZImMA in CDCls.
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Figure A4. First-order kinetic plot over time (a), evolution of molecular weight and molecular
weight distribution (b), and overlaid GPC traces over conversion (c) for ATRP of BZImMA in
the presence of PEG-Br at 60 °C in anisole; Conditions: [BzImMA ]o/[PEG-Br]o/[ Cu(I)Brz]o/
[TPMA]o/[Sn(EH)2]o = 50 /1/0.05/0.15/0.4; BzZImMA/anisole = 0.6 wt/wt.
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Figure AS. GPC diagrams of PEG-b-PBzImMA synthesized by ATRP after precipitation from
hexane, compared with PEG-Br macro-initiator.
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Figure A6. 'H-NMR spectra in CDCl3 of PEG-b-PBzImMA precipitated from hexane before (a)
and after (b) treatment with basic aluminum oxide.
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Figure A7. '"H-NMR spectrum of PEG-CTA in CDCls. x denotes residual solvents.
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Figure A8. GPC diagrams of ImP diblock copolymers compared with PEG-CTA macro-RAFT
mediator.
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Figure A9. First-order kinetic plot over time (a), evolution of molecular weight and molecular
weight distribution (b), and overlaid GPC traces over conversion (c) for RAFT polymerizatioin

of BzZImMA in the presence of with PEG-CTA. Conditions: [BzZImMA]o/[PEG-
CTA]o/[AMBN]o = 50/1/0.3 in anisole at 70 °C, BzZImMA /anisole = 0.6 wt/wt.
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Figure A10. Evolution of count rate of ImP micelles at 1 mg/mL, incubated at physiological pH

= 7.4 and acidic pH = 5.0.

3504 pH = 5.0
2 300+
[&]
=
2
©
S
-
[=
=
O 250
(¥)
pH=7.4
200 T T T T T
0 10 20 30 40 50

Incubation time (hr)

76



Figure A11. Evolution of z-average diameter in PBS at pH = 7.4 for shelf stability.
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