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Thermosensitive and degradable nanogels by RAFT-mediated PITSA in

aqueous dispersion

Abstract:

Stimuli-sensitive nanogels are three-dimensional hydrogel materials in the nanoscale size range
formed by crosslinked polymer networks with a high capacity to swell in water. They are of interest
for drug delivery, carriers for imaging probes and genetic materials, for separation processes and for
heavy metals removal. The characteristics, such as size, porosity, softness, swelling ratio, surface and
degradability, of stimuli-sensitive nanogels based on synthetic polymers can be tuned by finely
choosing an appropriate and a versatile synthetic pathway. The reversible addition-fragmentation
chain transfer (RAFT) mediated polymerization-induced thermal self-assembly (PITSA) is a powerful
way to target thermosensitive nanogels thanks to the tolerance of the radical process and to the
formation of self-assembled block copolymers in nano-objects in a one-pot process using aqueous
dispersed medium. This work studies the synthesis and characterization of thermosensitive and pH-
sensitive core-shell chemically crosslinked nanogels through RAFT-mediated PITSA in aqueous
dispersion. The nanogels shell is based on a poly(oligo(ethylene glycol) acrylate) which chemical
structure including chain-end has been monitored thanks to soft initiating modes (thermal and UV-
light activations) for the RAFT polymerization. Dual-sensitive nanogels cores with a upper critical
solution temperature (UCST) based on poly(N-acryloyl glycinamide) or a lower critical solution
temperature (LCST) based on poly(N-isopropylacrylamide) combined to a pH-degradable ketal
crosslinker were obtained through UV light RAFT-mediated PITSA in aqueous dispersion. By the
judicious combination of monomer to RAFT precursor shell initial ratio, of the amount of crosslinker
and of the solid content, the size, water content, swelling ratio, degradability and phase transition

temperature of nanogels have been fine-tuned.

Keywords : Nanostructured hydrogel, LCST-type thermosensitive nanogel, UCST-type
thermosensitive nanogel, pH-degradable nanogel, RAFT-mediated PITSA, Thermally-activated RAFT

polymerization, UV light-initiated RAFT polymerization, Polymerization in aqueous dispersion
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Hydrodynamic diameter
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DLS
DMAEMA
DMAm
DMAPS
DMF
DMPA
DMSO
DNA
DOX
DSC
DTT
ECT
EDA

EG
EGDMA
EO
Et,0
FITC
FT-IR
GlyMA
HR-MS
Hzd
Inisolv
IS-BU

IS-PU

Dynamic Light Scattering

N,N-dimethyl aminoethyl methacrylate

N,N-dimethyl acrylamide
3-dimethyl(methacryloyloxyethyl)Jammonium propanesulfonate
N,N-dimethylformamide
2,2-dimethoxy-2-phenylacetophenone

Dimethyl sulfoxide

Deoxyribonucleic acid

Doxorubicin

Differential scanning calorimetry

Dithiothreitol

4-cyano-4-(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid
Ethylenediamine

Ethylene glycol

Ethylene glycol dimethacrylate

Ethylene oxide

Diethyl ether

Thiol-modified fluorescein isothiocyanate

Fourier-Transform Infrared Spectroscopy

Glycidyl methacrylate

High-resolution Mass Spectra

Hydrazide

initiator and solvent

Poly(allylamine-co-allylurea) modified with isobutanoyl groups

Copolymer AM-PU substituted with isobutanoyl
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IUPAC
K>CO;

KB

LCST
LiBr
MAAc
Macro-CTA
MADIX
MBA
MDex
MEA
MPTMS
NH;
NIPAmM
NIPMAmM
NIR
NMP
NnPAmM
NnPMAmM
N-tBAm
NVCL
o/W
OEG
OEGMA

P(AAm-co-AN)

International Union for Pure and Applied Chemistry
Potassium carbonate

Ketal-containing crosslinker

Lower critical solution temperature
Lithium bromide

Methacrylic acid

Macromolecular chain transfer agent
Macromolecular Design by Interchange of Xanthates
N,N’-methylenebis(acrylamide)
Hydrophobically modified dextran
2-methoxyethyl acrylate
3-methacryloxypropyl trimethoxysilane
Ammonia

N-isopropyl acrylamide

N-isopropyl methacrylamide
Near-infrared

Nitroxide-Mediated Polymerization
N-n-propyl acrylamide

N-n-propyl methacrylamide
N-tert-butyl acrylamide
N-vinylcaprolactam

Oil-in-Water

Oligo(ethylene glycol)

Oligo(ethylene glycol) methacrylate

Poly(acrylamide-co-acrylonitrile)
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P(Am-co-BA)

P(DMAPS-co-MBA)

P(HPMA-GA)

P(MEO,MA-co-
OEGMA)

P(MMA-co-EG)
P(NAGA-co-BA)
P(NAGA-co-MAAC)
P(NAGA-co-S)
P(NIPAm-co-MBA)
P(NVCL-co-MEA)
PAAc

PAM

PAU

PBS

PDA

PDEAmM

pdi

PDMAmM

PDMAPS

PDS-MA

PEG

PEGA

PEG-b-P(AAm-co-AN)

Poly(acrylamide-co-butyl acrylate)

poly(3-dimethyl(methacryloyloxyethyl) ammonium propanesulfonate-co-
N,N’-methylene bisacrylamide)

Poly(N-(2-hydroxypropyl) methacrylamide) modified with glycolamide

Poly(2-(2-methoxyethoxy)ethyl oligo(ethylene glycol)

methacrylate)

methacrylate-co-

Poly(methyl methacrylate-co-ethylene glycol)

Poly(N-acryloyl glycinamide-co-butyl acrylate)

Poly(N-acryloyl glycinamide-co- methacrylic acid)

Poly(N-acryloyl glycinamide-co-styrene)

Poly(N-isopropyl acrylamide-co-N,N'-methylene bisacrylamide)
Poly(N-vinylcaprolactam-co-2-methoxyethyl acrylate)

Poly(acrylic acid)

Polyacrylamide

Poly( allylurea -co- allylamine)

phosphate buffer saline

2,2'-[2,2-propanediylbis(oxy)]diethanamine

Poly(N,N-diethyl acrylamide)

Polydispersity in size

Poly(N,N-dimethyl acrylamide)

Poly(3-dimethyl(methacryloyloxyethyl) ammonium propanesulfonate)
Pyridyl disulfide-derived methacrylate

Poly(ethylene glycol)

Poly(ethylene glycol) methyl ether acrylate

Block copolymer based on poly(ethylene glycol) and poly(acrylamide-co-

acrylonitrile)
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PEGDA
PEGDMA

PEO
PEO-b-PNIPAM
PEO-b-PPO-b-PEO
PEO-CTA

PFP

PG

PGlyMA
PGMA

PHEA

photo-I
PHPMA
PHPMA-GA
PI-PU

PISA

PITSA

PLA

PMEA

PMEDAPA

PMEO,MA
PMEO;MA
PMMA

PMPC

Poly(ethylene glycol) diacrylate

Poly(ethylene glycol) dimethacrylate

Poly(ethylene oxide)

Poly(ethylene oxide)-b-poly(N-isopropyl acrylamide)
Poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
Poly(ethylene oxide) chain transfer agent
Pentafluorophenyl

Hyperbranched polyglycerol

Poly(glycidyl methacrylate)

Poly(glycerol monomethacrylate)

Poly(2-hydroxyethyl acrylate)
2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone
Poly(2-hydroxypropyl methacrylate)
poly(N-(2-hydroxypropyl) methacrylamide-glycolamide)
Copolymer AM-PU substituted with pivaloyl groups
Polymerization-induced self assembly
Polymerization-induced thermal self-assembly
Polylactide

Poly(2-methoxyethyl acrylate)

Poly(2-((2-
(methacryloyloxy)ethyl)dimethylammonio)acetyl)(phenylsulfonyl)amide

Poly(2-(2-methoxyethoxy)ethyl methacrylate)
Poly(tri(ethylene glycol) methyl ether methacrylate)
Poly(methyl methacrylate)

Poly(2-(methacryloyloxy)ethyl phosphorylcholine)
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PNAAAM Poly(N-acryloyl asparagine amide)

PNAGA Poly(N-acryloyl glycinamide)

PNAGAAmM Poly(N-acryloyl glutamine amide)

PNIPAmM Poly(N-isopropyl acrylamide)

PNIPMAmM Poly(N-isopropyl methacrylamide)

PNMAAAM Poly(N-methacryloyl asparagine amide)

PNnPAmM Poly(N-n-propyl acrylamide)

PNnPMAmM Poly(N-n-propyl methacrylamide)

POA Aldehyde-functionalized POEGmMMA

POC Poly(L-ornithine-co-L-citrulline)

POEG,MA Poly[oligo(ethylene glycol) methacrylate]s

POEOMA Poly(oligo(ethylene oxide) monomethyl ether methacrylate)

POH Hydrazide-functionalized POEGmMA

PPEGA Poly(poly(ethylene glycol) methyl ether acrylate)

PPEGMA Poly(poly(ethyleneglycol) methyl ether methacrylate)

PR-PU Copolymer AM-PU substituted with propionyl groups

PSPP Poly(3-[N-(3-methacrylamidopropyl)-N,N-dimethyllammoniopropane
sulfonate)

PSt Polystyrene

PTX Paclitaxel

PUEM Poly(2-ureidoethyl methacrylate)

PVA Poly(vinyl alcohol)

PVA-VEA Acetal-linked poly(vinyl alcohol) functionalized with vinyl ether acrylate

RAFT Reversible Addition-Fragmentation Chain Transfer Polymerization

RCC Radical crosslinking copolymerization
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RDRP

Rn
RI

RITP

SDS
SEC

Sono-RAFT-PISA

St

Tc
TEM
THF
™
TPMA
TTC

P(U/A10)

UCST
uv
UV-Vis
V50
VDM

VDM-Am

Reversible Deactivation Radical Polymerization
Radius of gyration

Hydrodynamic radius

Refractive index

Degenerative chain  transfer represented by iodine-mediated
polymerization

Sodium dodecylsulfate
Size Exclusion Chromatography

Sonochemically initiated Reversible Addition-Fragmentation chain Transfer
Polymerization-induced self-assembly

Styrene

Temperature

LCST value

Transmission Electronic Microscopy
Tetrahydrofuran

Tamoxifen
Tris-[(2-pyridyl)methyl]amine
Trithiocarbonate

statistical copolymer of poly(2-ureidoethyl methacrylate) and cationic
poly(2-aminoethyl methacrylate)

Upper critical solution temperature

Ultra-violet

Ultra-violet visible
2,2'-azobis(2-methylpropionamidine) dihydrochloride
2-vinyl-4,4-dimethylazlactone

N-(1-amino-2-methyl-1-oxopropan-2-yl)acrylamide
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VDM-Aspa 2-(2-acrylamido-2-methylpropanamido)succinamide

VDM-Gly N-(1-((2-amino-2-oxoethyl)amino)-2-methyl-1-oxopropan-2-yl)acrylamide
VEA vinyl ether acrylate

wW/0 Water-in-Oil

WSC-PASP-PEG Chitosan-poly(L-aspartic acid)-poly(ethylene glycol)

A Wavelength
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General Introduction

Recent interest in stimuli-sensitive materials has promoted numerous efforts in preparing
“smart” nanogels. Stimuli-sensitive nanogels are three-dimensional nanoscale hydrogel materials
formed by crosslinked polymer networks whose characteristics, such as size, porosity, swelling ratio
and degradability, may vary with external changes in environmental conditions such as temperature,
pH, light and electric field. Among all of the above-mentioned stimuli, temperature and pH are the

most common and they are mainly used in the field of biomedical applications.

Poly(N-isopropyl acrylamide) (PNIPAmM) is one of the most popular thermosensitive polymer. The
PNIPAm undergoes a lower critical solution temperature (LCST) reversible coil-to-globule transition
at about 32°C. It is well soluble in water below the LCST and when the temperature increases above
the LCST, the polymer becomes insoluble and precipitates out from its aqueous solution. According
to its hydrosolubility change, LCST-type thermosensitive PNIPAm-based nanogels have been

prepared for controlled drugs delivery which can be carried out in physiological conditions.

In contrast to the LCST-type thermosensitive polymers, only a few polymer materials with an
upper critical solution temperature (UCST) in water are known. In most cases, the UCST phenomenon
is based on either ionic interactions or hydrogen-bonding. However, the electrostatic interactions of
polyelectrolytes (e.g., polysulfobetaines) are disturbed by the presence of salts which makes them
unsuitable for the application under physiological conditions. For this reason, novel nonionic polymer
systems showing sharp UCST-type phase transitions over a wide range of concentrations and being
tolerant to electrolytes are highly desirable. Poly(N-acryloyl glycinamide) (PNAGA) has received
increasing attention since it was firstly reported by Haas and Schuler in 1964. Owing to the tunable
and reversible hydrogen-bonding UCST-type thermosensitive behavior, PNAGA and its copolymers
have been expanded to manifold applications in different fields including. Compared with LCST-type
thermosensitive nanogels, the UCST-type versions are much less explored, and limited examples in

the literature.

The chemical structure and physico-chemical characteristics of LCST- and UCST-type
thermosensitive nanogels based on synthetic polymers can be tuned by finely choosing an
appropriate and a versatile synthetic pathway. Reversible deactivation radical polymerization (RDRP)
techniques are particularly well suited to enable precise control over the architecture, molar mass,

and dispersity of the polymers. Among different RDRP techniques, reversible addition-fragmentation
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chain transfer (RAFT) polymerization has been advocated by many to be the most versatile
polymerization technique. Indeed, RAFT polymerization provides opportunities for the preparation of
polymers of controlled molar masses/lengths, architectures and precise location of functional
groups. By modifying water-soluble natural polymers or by synthesizing rationally designed synthetic
polymers using RAFT polymerization, nanogels can be prepared with a higher degree of control of the

structures, properties and thus functions.

Polymerization-induced thermal self-assembly (PITSA) in aqueous dispersion employs a
hydrophilic macromolecular chain transfer agent (macro-CTA) to chain extend a thermosensitive
polymer block at a temperature above the LCST or under UCST in order to generate amphiphilic block
copolymers that self-assemble into nanodomains due the phase transition behaviors of
thermosensitive polymers. Finally, the in-situ crosslinking of the amphiphilic block copolymers inside
nanodomains in presence of crosslinker results in the formation of nanogel. Combing together, PITSA
syntheses using RAFT polymerization have become a powerful method to prepare thermosensitive

nanogels.

Degradable nanogels are getting more and more attention for designing smart nanocarriers or
biomedical diagnostic agents. To achieve the degradability of nanogel networks, degradable bonds
(such as ester, carbonate, amide, etc.) need to be inserted either in crosslinkers or in polymeric
chains. These nanogel networks follow degradation through solubilization, enzymatic and hydrolysis
mechanisms. The acid-labile linkages have been widely introduced to fabricate pH-sensitive
nanostructures and networks for intracellular drug delivery. For instance, acetal/ketal groups are
relatively stable under physiological conditions, while rapidly hydrolyzed at a mildly acidic pH to
release the loaded drug. The objective of my PhD work is to design and to elaborate both LCST- and
UCST-type thermosensitive nanogels and also dual thermosensitive and pH-degradable nanogels
(Figure 1). Their macromolecular, physicochemical characterizations and their thermal behaviors are

particularly investigated.
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Figure 1. Synthesis strategy to target the pH-degradable and thermosensitive nanogels.

To target such goal, the strategy is, firstly, to synthesize an amphiphilic macro-CTA by RAFT
polymerization of poly(ethylene glycol) methyl ether acrylate (PEGA) precursor of hydrophilic
biocompatible polymer. The macro-CTA can play the role of both chain transfer agent for further
elaboration of well-defined nanogel and surfactant to stabilize the nanogel. The obtained macro-CTA
is employed for RAFT-PITSA of precursor monomers of LCST- or UCST-type thermosensitive polymers
in aqueous dispersion in the presence of either a conventional crosslinker or a crosslinker containing
a ketal group to form LCST- or UCST-type thermosensitive nanogel (Figure 1A) and dual pH-
degradable and LCST- or UCST-type thermosensitive nanogels (Figure 1B), respectively.

This manuscript has been divided into four chapters with the first one dedicated to a relevant
literature studies on nanogels synthesis with a focus on thermosensitive and pH-degradable ones and
the other three chapters represent each step of our synthesis strategy : (i) well-defined PPEGAs and
their ability to chain extend with monomers, NIPAm and NAGA, precursors of LCST- and UCST-type
thermosensitive polymers, respectively; (ii) LCST-type thermosensitive nanogel based on PNIPAm
and dual LCST-type thermosensitive and pH-degradable nanogels and (iii) UCST-type thermosensitive
nanogel based on PNAGA and dual UCST-type thermosensitive and pH-degradable nanogels.

In the Chapter I, we concentrate primarily our attention to the relevant literature on methods
used for nanogels preparation. In those sections, representative examples for each chosen method
to synthesize nanogels in the literature including physical and chemical crosslinking methods will be
discussed. Then, we focus on reviewing stimuli-sensitive nanogels, particularly temperature and pH-
sensitive ones which are increasingly gaining attention. A summary of the chemical structures,

thermal properties and several parameters impacting thermal properties of the LCST- and UCST-type
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thermosensitive polymers and their synthesis methods are given. Finally, the chemistry of different
pH cleavage linkers and representative examples of dual thermosensitive and pH-degradable
polymer systems in the literatures will be presented.

RAFT polymerization of PEGA to prepare PPEGA macro-CTAs, their chain extension with LCST-type
and UCST-type thermosensitive monomer precursors, NIPAm and NAGA, respectively, using different
radical activation processes (thermal and UV-light irradiation) are described in Chapter Il. The
kinetics of polymerization, the thermosensitive phase transitions of obtained block copolymers are
also studied. Moreover, an effort to search for new monomer of potential UCST-type
thermosensitive polymers is discussed.

In the first part of Chapter Ill, the synthesis of LCST-type thermosensitive nanogel based on

PNIPAm by RAFT-PITSA is presented. The impact of different synthesis parameters and of radical

activation process (thermal and UV-light activation), DP,, ppega, DP, pnipam ON the nanogel size, size
distribution and volume swelling ratio are also studied. In the second part, by using a pH-sensitive
ketal-based crosslinker, dual thermosensitive and pH-degradable nanogels are targeted through
RAFT-PITSA of NIPAm using PPEGA macro-CTA. Following, the degradability of these nanogels in

acidic media is investigated.

Chapter IV is dedicated to the synthesis and the characterization of the first hydrogen-bonding
UCST-type thermosensitive nanogel and the first dual UCST-type thermosensitive and pH-degradable
nanogel based on PNAGA through UV-light initiated RAFT-PITSA conducted at low temperature using
PPEGA macro-CTAs, a water-soluble photo initiator and a conventional crosslinker or a crosslinker

containing a ketal group, respectively.
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CHAPTER|
LITERATURE AND BACKGROUND REVIEW

1.1 Introduction

Nanogels are three-dimensional nanoscale hydrogels formed through highly crosslinked polymers.
At the start of the 2000s, the term ““nanogel” was officially defined by the International Union for
Pure and Applied Chemistry (IUPAC)' which mentioned nanogel is the particle of gel of any shape
with an equivalent diameter of approximately 1 to 100 nm. Nanogels can be composed of a variety of
natural polymers, synthetic polymers or a combination thereof, chemically crosslinked or physically
crosslinked. The polymer self-assembly at the nanoscale level for nanogel elaboration was first
investigated by Akiyoshi et al.?, who in 1993 developed the first nanogel via physically crosslinked
amphiphilic hydrophobized polysaccharides. Later, in 1999 the first chemically crosslinked nanogel
based on poly(ethylene glycol) (PEG) was introduced by Vinogradov et al.> Compared to chemically
crosslinked nanogel, nanogel conducted through physical crosslinking tends to give more fragile and
more easily degradable structures than the covalently crosslinked counterparts; this is due to the
weak nature of the polymer connections and their sensitivity to external parameters® such as
dilution, ionic strength, temperature... Nanogels have the characteristics of both nanoparticles and
hydrogels, they can be referred as soft materials, combining the properties of solids and fluids.’ They
possess high water content with adjustable size, extensive surface area, high loading capacity, high
stability of interior network structure. The three-dimensional crosslinked structures in polymer
nanogels allow water molecules to interact with hydrophilic groups of the polymer segment helping
it to swell while keeping the original structure which induces nanogel softness and swelling

behaviors.®” Beside sol-gel transition, polymer nanogels have been designed to respond to a wide

8-11 12,13

variety of stimuli such as pH®* ™!, light'*"*and temperature'**®by changing their physicochemical
properties, such as size, swelling, water content, loading capacity, permeability, and

hydrophilicity/hydrophobicity balance,"” which make such materials unique with unprecedent
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properties for potential applications. Among the applications of nanogels, the most studied are
biomedical applications including delivery systems of biomacromolecules like enzymes, proteins or

18-23

deoxyribonucleic acid (DNA). Thereby, thanks to the ability to tune their final configuration

according to the biological needs including biodistribution, circulation time, targeting ability and

1724729 hanogels possess outstanding advantages among other

triggered response at a target site,
types of nanomaterials for delivery systems. Moreover, nanogels loading with inorganic particles,
named “nanohybrids”, with optical activity, electrical conductivity and magnetic properties make

3031 Besides delivery, diagnostic and

them suitable for in vivo diagnostic and imaging applications.
imaging applications, nanogels have been employed for analytical processes such as investigation the
activity of enzymes® or studying the adsorption of protein,* and very recently for mercury removal

from both produced water and hydrocarbons.*

In this chapter, different methods and strategies to synthesize nanogels will be reviewed. The
preparation of nanogels by physical crosslinking through non-covalent interactions, by chemical
crosslinking of polymer precursors or by direct crosslinking through radical polymerization of
comonomers will be discussed. Finally, recent studies on stimuli-sensitive nanogels and more

specifically thermosensitive and pH-degradable nanogels will be developed.

1.2 Nanogel synthesis

Nanogels based on synthetic or natural polymers can be mainly classified into two categories
according to their crosslinked structure: physically crosslinked nanogels which form network through
non-covalent bonds and chemically crosslinked nanogels which form crosslinking by covalent bonds.
In the following section, few examples of different methods to prepare physically and chemically

crosslinked nanogels are detailed.

1.2.1 Physically crosslinked nanogels

Physically crosslinked nanogels are prepared using non-covalent interactions between polymer
chains, such as Van der Waals forces, hydrophobic interactions, electrostatic interactions or host-

>33 Such nanogels were obtained from the self-assembly of polymers containing

guest interactions.
associating unit in solution (Figure 1.1). Associating units, precursors of hydrophobic, electrostatic and

host-guest interactions will be more specifically discussed in the following part.
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Figure I.1. Physically crosslinked nanogels formed with polymer precursors in solution.

1.2.1.1 Hydrophobic interactions

Based on hydrophobic interactions, Akiyama and coworkers®® have prepared physically
crosslinked nanogels by the self-assembly of cholesterol-bearing polysaccharide mannan (CHM)
(Figure 1.2). Crosslinking points are formed via the association of hydrophobic cholesteryl groups. In
the dilute regime, CHM containing 1 cholesteryl group per 100 mannopyranose units formed
nanogels with a hydrodynamic radius (R;) of 40 nm containing ~8 macromolecules held together via
hydrophobic nanodomains consisting of ~9 cholesteryl groups. CHM nanogels formed a macrogel

network for concentrations higher than 12.5 w/w %.

Mannan -40 nm
’ S f v ‘
3.\&
'S

/
q « 1 Self-assembly
/'/ 1 [ ™S 3:(' i‘
/ ' — )
Cholesteryl ™~ = ’
group ~
Cholesteryl-bearing Mannan (CHM) CHM nanogel

Figure 1.2. Formation of cholesteryl-bearing polysaccharide mannans (CHM) nanogels. Reproduced from ref. 36.
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In another example, by grafting polylactide (PLA) hydrophobic polymer chains onto hydrophilic
dextran, stable nanogels with relatively large hydrophobic domains have been obtained.?” Nanogels
were obtained through the self-assembly of an equimolar mixture of dextran-graft-poly(L-lactide)
(Dex-g-PLLA) and dextran-graft-poly(D-lactide) (Dex-g-PDLA) amphiphilic copolymers in a dilute
aqueous solution. They possessed partially crystallized cores of hydrophobic PLA and the hydrophilic
dextran skeleton by intra- and/or intermolecular self-assembly between PLLA and PDLA chains

(Figure 1.3). The mean diameter of resulting nanogels was 70 nm with narrow size distribution:

Dex-g-PLLA
g water
00C 22—
ﬂ% self-assembly
§\‘ §N stereccomplex
PLA core
D.x-g-PDLA ~70 nm

{tunable)

Figure 1.3. Formation of nanogels through the self-assembly of Dex-g-PLLA and Dex-g-PDLA amphiphilic

copolymers. Reproduced from ref. 37

1.2.1.2 Electrostatic interactions

Other intermolecular forces have been used as driving forces in the preparation of physically
crosslinked nanogels. For example, a nanogel of water-soluble chitosan-poly(L-aspartic acid)-
poly(ethylene glycol) (WSC-PASP-PEG) was prepared under relatively mild conditions using the
complexation between polyelectrolytes through electrostatic interactions.® Inter- and
intramolecular electrostatic attractions occur between the anionic carboxyl group from PASP and the
cationic amino groups of WSC. PEG was incorporated as a third polymer in the system in order to
make interpolymer interactions stronger due to further interactions between the carboxyl group in
PASP acting as good proton donor and the ether group of PEG acting as a proton acceptor. The
nanogel was prepared by mixing negatively charged PASP and positively charged WSC and PEG by a

dropping method. A schematic representation of the nanogel formation is shown in Figure 1.4. The
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spherical nanogel with a tunable size in the range of 99 to 200 nm with different employed initial

molar ratios of WSC and PASP.
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(a) WSC (b) PASP

(c) WSC—PASP—PEG nanogel

Figure 1.4. (a) Chemical structure of WSC (DD is the degree of deacetylation), (b) chemical structure of PASP, (c)

formation of WSC-PASP-PEG nanogels. Reproduced from ref. 38

1.2.1.3 Host-guest interactions

Host-guest interactions with cyclodextrin (CD) have also been employed to prepare nanogels
using the association of a hydrophobically modified dextran (MDex) and a cyclodextrin polymer
(Figure 1.5).° The entrapment of two hydrophobic molecules, benzophenone (BZ) and tamoxifen
(TM), into self-assembling cyclodextrin-based nanogels has been studied. With TM entrapment, drug
loadings of about 0.5% (w/w) of the dried polymer mixture were achieved in nanogels of about 200
nm in diameter. Unfortunately, the suspensions were very unstable: in the first five minutes after
their formation, the nanogels fused together and finally formed a gel deposit. With BZ, nanogels
sizing 100-200 nm were obtained whatever the polymer concentration and the polymer ratio used. In
the case of the 1 g.L™ preparations, these nanogels were stable, with a mean diameter lower than

200 nm.
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Figure 1.5. Spontaneous formation of nanogels upon the association of host-guest interactions from
cyclodextrin polymer (CD) and hydrophobically modified dextran (MDex) with hydrophobic molecules,

benzophenone (BZ) or tamoxifen (TM). Reproduced from ref. 39

1.2.2 Chemically crosslinked nanogels

A variety of methods have been developed to synthesize chemically crosslinked nanogels
including the crosslinking of polymer precursors, the direct crosslinking through radical

polymerization of co-monomers and through polymerization-induced self-assembly (PISA) process.

1.2.2.1 Nanogels preparation from crosslinking of polymer precursors

By employing crosslinking reactions via post-modification of preformed reactive polymer
precursors, a wide range of nanogels with precise control of the chemical functionality could be
obtained. This technique has evolved from polymer synthesis, where post-polymerization
functionalization enables the introduction of active groups into polymer chains which can be further

crosslinked (Figure 1.6).
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Figure 1.6. Preparation of nanogels obtained by chemical crosslinking of polymer precursors.

Chemical crosslinking methods including the crosslinking reactions through reactive groups
present in polymer precursors were developed to synthesize nanogels. Examples of crosslinking

reactions are discussed in this paragraph.

1.2.2.1.1  Thiol-disulfide exchange reaction

Thayumanavan and coworkers*® prepared the nanogels system based on reversible addition-
fragmentation chain transfer RAFT-synthesized copolymers of oligo(ethylene glycol) methacrylate
(OEGMA) and pyridyl disulfide (PDS)-derived methacrylate of different compositions and molar
masses. The addition of dithiothreitol (DTT) reduces a controlled percentage of PDS groups to thiols,
which subsequently reacted with an equivalent amount of the remaining PDS groups to generate
disulfide crosslinks, and nanogels were formed (Figure 1.7). Dynamic light scattering (DLS) studies
reveal that the structures obtained are approximately 190 nm in size with a single size distribution
for initial polymer concentration of 10 mg.mL™. Different nanogel sizes can be easily obtained by
varying copolymer concentration. The authors encapsulated a hydrophobic dye, Nile red, into the
nanogels to test its encapsulation. They demonstrated the possibility of further functionalization of
the nanogels with thiol-modified fluorescein isothiocyanate (FITC) and a thiol-based cell-penetrating
peptide, Cys-Tat, containing a C-terminal cysteine. They thus showed that the multifunctional

nanogels are indeed interesting materials for drug delivery applications.
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Figure 1.7. Design and synthesis of the nanogels through thiol-disulfide exchange reaction of OEGMA/PDS-
methacrylate copolymer precursors. (a) Schematic representation of the preparation of nanogels and their
surface modification. (b) Chemical structures of the copolymer and nanogel. (i) Cleavage of specific amount of
PDS groups by DTT. (ii) Nanogel formation by inter/intrachain crosslinking by thiol-disulfide exchange reaction.
(iii) Surface modification of nanogels with thiol-modified FITC and a thiol-based cell-penetrating peptide, Cys-

Tat. Reproduced from ref. 40

1.2.2.1.2 Amidation reaction

The amidation reaction could generate nanogels from either polymer precursors containing
carboxylic acid, activated ester or amine groups and crosslinkers containing amine or carboxylic acid,
activated ester groups, respectively. Zhuang et al.*' have developed an approach to synthesize
nanogels through the amidation of a PEG-based polymer precursor P1 containing pentafluorophenyl
(PFP)-activated hydrophobic esters and diamine crosslinkers. The hydrodynamic diameter (D) of
obtained nanogels are in the range of 100-200 nm depending on the initial concentration of P1. As
shown in Figure 1.8, amphiphilic assembly can accommodate lipophilic guest molecules, these will be
incorporated in the assembly during the crosslinking in aqueous solution. This causes the lipophilic

molecules to be encapsulated within the crosslinked interiors of the nanogel.
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Figure 1.8. Design and synthesis of the crosslinked polymer nanogels by amidation reaction of PEG-derivated
copolymer precursors containing PFP side groups and the ability of nanogel to encapsulate lipophilic molecules.

Reproduced from ref. 41

1.2.2.1.3  Schiff base reaction

The Schiff-base reaction occurs between aldehydes and amines or hydrazide containing
compounds to form an imine bond. It has been often employed to generate nanogels for biomedical
applications due to its mild reaction conditions. Also, the formation of imine bonds, stable under
physiological conditions and labile at acidic pH, makes these nanogels promising candidates for the

1.** prepare spherical crosslinked nanogels through

intracellular delivery of proteins. Jackson et a
imine bond formation from aldehyde and amine functional styrenic- and methyl methacrylate based
copolymers at room temperature (Figure 1.9). The aldehyde-functionalized (P5) and amine-
functionalized (P7) copolymers were prepared then mixed in tetrahydrofuran (THF). The nanogels

formed at lower concentrations (< 0.25 wt %) of total copolymers with a Ry, in the rage of 13-16 nm.
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Figure 1.9. The formation of nanogel facilitated by the crosslinking of polymer chains through the formation of

imine bonds from aldehyde and amine functionalized copolymers P5—P7. Reproduced from ref. 42.

1.2.2.1.4 Photodimerization of coumarin entities

By using the photodimerization of coumarin groups, He et al.** prepared a well-defined nanogel,
based on copolymer composed of N,N-dimethylaminoethyl methacrylate (DMAEMA) and 4-methyl-
[7-(methacryloyl)oxy-ethyl-oxy]coumarin (CMA), under UV-light irradiation with A > 310 nm in a
dilute copolymer solution in THF (Figure 1.11). Photoinduced size change of nanogel was observed
upon the reverse photocleavage of coumarin dimers under UV-light A < 260 nm. The average size of
core- and shell-crosslinked nanogels could be changed between ~58 and ~47 nm by optically

controlling the dimerization degree between ~28% and ~80%.
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Figure 1.10. (a) Schematic illustration of preparation of nanogels through photodimerization. (b) Chemical
structures of coumarin-containing random copolymers based on DMAEMA and CMA and the reversible
photodimerization reaction activated by UV-light. (c) The reversibility of photo-controlled size change of
nanogels. Top figure: the reversible change of dimerization degree of coumarin upon the alternating irradiation
by UV-light >310 nm and <260 nm. Bottom: the hydrodynamic diameter at 15°C reversibly switched between
~58 and ~47 nm by photo-crosslinking and photo-de-crosslinking reaction of coumarin. Reproduced from ref.
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1.2.2.2 Nanogels preparation by direct crosslinking through radical polymerization

of comonomers

In this method, the nanogel was created by direct copolymerization of monomers. The
polymerization and the crosslinking reaction occur at the same time. There are different
polymerization processes and synthetic strategies based on conventional, controlled radical

polymerizations and PISA process to prepare nanogels.

1.2.2.2.1  Synthesis of nanogels by free radical crosslinking copolymerization (RCC)

RCC was considered as a simple and popular process to product nanogels. As nanogels are
colloidal networks limited in size, the main challenge relies on identifying strategies that allow
avoiding the formation of long-range networks. Several strategies have thus been developed in order
to reach nanometric gels instead of macroscopic networks, i.e. macroscopic gelation. They generally

rely on the control of the distance between growing polymer chains.** The first strategy is based on
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RCC performed in highly diluted solution. Decreasing the monomer concentration increases the
distance between propagating chains, limits thus intermolecular crosslinking and increases the
probability of intramolecular crosslinking, consequently macroscopic gelation can be prevented.
There is another efficient strategy to target the nanogel synthesis by application of heterogeneous
polymerization processes, where the polymerization is performed in a confined nanometric space. In
such strategy, the size of the gels will be limited by confining the crosslinking to intraparticle rather
than interparticle crosslinking. Whereas the first approach, RCC in highly diluted homogeneous
conditions, leads to soluble branched polymers, this second strategy may lead to denser
nanoparticles possessing an internal structure comparable to that of macroscopic networks. It
includes inverse (mini)emulsion and (inverse) microemulsion polymerization processes which allow

for the preparation of crosslinked nanogels with narrow size distribution.

1.2.2.2.2 Inverse (mini)emulsion polymerization

Inverse (mini)emulsion polymerization is a water-in-oil (W/O) polymerization process that
contains aqueous droplets (including water-soluble monomers) stably dispersed with the aid of oil-
soluble surfactants in a continuous organic medium. One main difference between inverse
miniemulsion and inverse emulsion processes is the initial size of the dispersed phase. In the case of
inverse emulsion polymerizations, monomer droplets are formed by mechanical stirring, the size of
droplets are measured 1 to 20 um. In contrast, for inverse miniemulsion, stable droplets smaller than
500 nm are formed by applying high shear stress as ultrasonication or high-pressure homogenizer.
Upon addition of radical initiators, polymerization occurs within the aqueous droplets producing
colloidal particles.

For instance, stable, crosslinked nanogels based on diacrylate macromonomer (M) constituted of
a-poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) (PEO-b-PPO-b-PEOQ) triblock
copolymer were prepared by inverse emulsion photopolymerization.* The aqueous phase,
containing triethanolamine (photo initiator), and diacrylate macromonomer, was dispersed in
hexane by sonication with the help of Span65 as surfactant.The aqueous macromonomer
nanodroplets in the inverse emulsion are stabilized by subsequent polymerization by
photopolymerization of diacrylate macromonomer. After the photopolymerization, the resulting
nanogels were purified by removal of the emulsifier through extensive washing with n-hexane
(Figure 1.11). The resulting nanogels had a diameter of 50 and 500 nm, which are capable of
absorbing large amounts of hydrophobic drugs, here demonstrated with the anticancer drug

doxorubicin (DOX).
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Reproduced from ref. 45

In another example, Gao et al.*® prepared poly(N-vinylcaprolactam-co-2-methoxyethyl acrylate)

P(NVCL-co-MEA) nanogels through inverse miniemulsion polymerization using a macromolecular

crosslinker poly(ethylene glycol) dimethacrylate (PEGDMA) (Figure 1.12).
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Figure 1.12. Synthesis of P(NVCL-co-MEA)-based nanogels via inverse miniemulsion polymerization. Reproduced

from ref. 46
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Different variables including Span 80, Tween 60 surfactants and PEGDMA crosslinker contents
have a significant impact on the properties of resulting nanogels. The particle size of P(NVCL-co-MEA)
nanogels decreased with the increase of the surfactant amount compared to NVCL monomer
content. For instance, when the content of surfactant was 4.8 wt.%, the Dy, and polydispersity in size
(pdi) of P(NVCL-co-MEA) nanogels in the inverse emulsion were 201 nm and 0.201, respectively. The
Dy, of nanogels decreased to 131 nm when 12.0 wt. % of surfactant was used. With the increase of
PEGDMA crosslinker content, the crosslinking extent of polymer network increased, leading to the
decrease of particle size of P(NVCL-co-MEA) nanogels. In contrast, the variation of monomer NVCL
composition did not markedly influence D, and pdi value of nanogels. Dy, was 140 nm for 10 wt.%
NVCL monomer. When the NVCL content in monomers increased to 50 wt.%, the Dy, of nanogels was
slightly increased to 152 nm. Dy, of P(NVCL-co-MEA) nanogels did not obviously change with the

further increase of NVCL content.

1.2.2.2.3 Inverse microemulsion polymerization

While inverse miniemulsion polymerization forms kinetically stable macroemulsions at, below, or
around the critical micelle concentration (CMC), inverse microemulsion polymerization produces
thermodynamically stable microemulsions upon further addition of surfactant above the critical
threshold. This process also involves aqueous droplets, stably dispersed with the aid of a large
amount of oil-soluble surfactants in a continuous organic medium. Polymerization occurs within the
aqueous droplets, producing stable hydrophilic and water-soluble colloidal nanoparticles. Hydrophilic
submicron magnetic polymer particles based on polyacrylamide (PAm) were prepared using inverse
microemulsion polymerization process in the presence of N,N-methylene bisacrylamide (MBA) as a
crosslinker.”” The aqueous phase containing the monomer (Am), crosslinker (MBA) and iron oxide
nanoparticles are dispersed in a sodium dioctyl sulfosuccinate (AOT)-toluene solution to form a W/O
microemulsion. The polymerization of comonomers was carried out with 2,2'-azobis(2-
methylpropionitrile) (AIBN) or 2,2'-azobis(2-methylpropionamidine) dihydrochloride (V50). After
polymerization, the magnetic polymeric particles were dispersed in water by two methods: (i)
precipitation-redispersion, where the particles were recovered by precipitation with an excess of
methanol and thoroughly washed and vacuum dried before redispersion in water using ultrasonic
bath, and (ii) phase inversion, which is based on phase inversion. The polymerized W/O dispersion is
inverted to O/W structure by adding an excess of water, the toluene and the AOT surfactant were
removed by magnetic separation-washing process. When the phase reversion method is applied, the
D, values of magnetic polymer nanogels obtained range from 70 to 120 nm, depending on the
AOT/water ratio and irrespective of the MBA concentration. When the ratio of AOT/water increases,

the water core size of the droplets in W/O microemulsion decreases, and this leads to smaller
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particles with a D, of 74 nm. When the concentration of MBA increases, the crosslinking density of
the polymer particles also increases and consequently, the particles are more difficult to be swollen
by water. However, when the precipitation-redispersion method is applied, the particle size of the
magnetic polymeric nanoparticles ranging from 140 to 300 nm, which is much larger than those
prepared via phase inversion process, was found to be unrelated to AOT/water ratio and the
concentration of MBA. The observed behavior may be attributed to the influence of precipitation-
redispersion and dryness on irreversible aggregated particles formation which induces uncertain
particle size measurement. In addition to hydrophobic initiator AIBN, the water-soluble initiator
(V50) was also used in such W/O microemulsion polymerization. Using V50, Dy, value of the particles
is about 260 nm which is much larger than the size of the sample with AIBN as initiator. Such a size
difference between the two swelled magnetic polymeric particles is due to the fact that V50 is a
charged initiator. The distribution of the positive charges in the polyacrylamide matrix may enhance
the swelling ability of the magnetic particles via intra-electrostatic repulsion and hydration process,

and consequently large hydrodynamic size was obtained after phase inversion.

1.2.2.2.4  Synthesis of nanogels by controlled RCC

The development of controlled radical polymerization (CRP) techniques since the mid-1990 can be
considered as a breakthrough towards the easy synthesis of complex macromolecular structures with
high degree of functionality and compositional variety. The CRP techniques that have been employed
so far are nitroxide-mediated polymerization (NMP)*® atom transfer radical polymerization (ATRP)**°
degenerative chain transfer polymerizations represented by iodine-mediated polymerization
(RITP)*** and RAFT>*** polymerization. Each technique has its pros and cons such as, the synthetic
ease of NMP, however, requiring high temperatures. ATRP process is compatible with multitude of
reaction conditions compatible but presenting purification issues due to the use of metal catalysts.™
RAFT is a powerful versatile process in terms of monomers and reaction conditions and compatibility
to functional groups, but generally lead to colored or odorous polymers.® When CRP techniques are
applied, the kinetics is considerably slower than in conventional radical polymerization, hence,
dormant polymer chains have time to diffuse and relax before being reactivated to propagate.
Consequently, crosslinking points are more homogeneously distributed within the networks

(assuming equivalent reactivity of the monomer and crosslinker). Therefore, CRP techniques have

successfully been applied to the controlled synthesis of nanogels.

For example, a versatile approach to functional nanogels based on poly(oligo(ethylene oxide)
monomethyl ether methacrylate) (POEOMA) using an inverse miniemulsion activator generated by

electron transfer (AGET) ATRP in the presence of an added disulfide-functionalized crosslinker was
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described by Oh et al.>’ (Figure 1.13). Since polymerization occurs in the aqueous monomer droplets
dispersed in an organic medium, all AGET ATRP ingredients including catalyst, ligand, and initiator
must be soluble in water. This requires preferential partitioning of the copper complex and initiator
into the aqueous phase. A water-soluble, PEO functionalized at the chain-end with a
bromoisobutyrate (PEO5000-Br) was synthesized and used as the initiator for the preparation of
PEO-b-POEOMA copolymers. As an additional requirement, the ATRP activator and deactivator must
be stable in water. This requirement was ensure by using tris-[(2-pyridyl)methyl]amine (TPMA) as the
ligand. TPMA is known to provide an active water-soluble complex, which has low tendency for
disproportionation. The AGET ATRP process involves the use of an oxidatively stable Cu(ll) precursor
that can generate the active Cu(l) catalyst by reaction with nonradical-forming reducing agents.
Consequently, the concentration of the Cu(ll) complex can be controlled throughout the reaction,
leading to improved control over initiation and propagation. Water-soluble ascorbic acid was used as
the reducing agent. The preservation of bromine functionality in the ATRP nanogels was
demonstrated by successful chain extension of the active terminal functionality present throughout
the nanogels by the ATRP of styrene, resulting in the formation of POEOMA nanogels chain extended
with polystyrene (PS) (nanogels named POEOMA-ce-PS in which ce is the abbreviation for “Chain
Extended”).
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Figure 1.13. Synthesis and functionalization of nanogels based on well-controlled hydro-soluble PEO-b-POEOMA

copolymers obtained by AGET ATRP. Reproduced from ref. 57

As the RAFT-PISA process has been applied during my PhD work to target stimuli-sensitive

nanogels, a particular attention will be paid on the elaboration of nanogels using RAFT-PISA process.

1.2.2.3 Preparation of nanogels by RAFT-PISA process

In the PISA process, typically, a soluble homopolymer (A) is chain-extended using a second
monomer in a suitable solvent such that the growing second block (B) gradually becomes insoluble,
which drives in situ self-assembly to form AB diblock copolymer nano-objects. The A block is usually
prepared via solution polymerization and acts as a surfactant, while the insoluble B block is prepared
via either dispersion or emulsion polymerization (depending on the monomer solubility in the

continuous phase) as shown in Figure 1.14.
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Figure 1.14. Synthesis of diblock copolymer nano-objects via PISA process.

In principle, PISA syntheses can be conducted using any type of controlled radical
polymerizations,”®® but in practice, the majority of literature examples are based on RAFT

%72 In situ core crosslinking of nanogel prepared by RAFT-PISA can be achieved by

polymerization.
either (a) the post-polymerization addition of a suitable crosslinking agent (one-pot/two-step) or (b)
addition of a divinyl comonomer during the latter stages of the polymerization (one-pot/one-step)

(Figure 1.15).
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crosslinking agent and (B) in one step using divinyl comonomer as crosslinker.

1.2.2.3.1  Nanogel crosslinking by post-polymerization addition of a crosslinking agent

Well-defined epoxy-functional diblock copolymer nanogels were conveniently prepared via RAFT-
PISA aqueous emulsion polymerization of glycidyl methacrylate (GlyMA) by Hatton et al.”
Poly(glycerol monomethacrylate) (PGMA) was employed as a surfactant and a macromolecular chain
transfer agent (macro-CTA) (Figure 1.16). The epoxy groups were reacted with either sodium azide or
model diamines to form crosslinked nanogels. The latter reagents produced highly crosslinked

primary amine based nanogels.
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Figure 1.16. Chain extension of a PGMA macro-CTA via RAFT-PISA aqueous emulsion polymerization of GlyMA

and post-polymerization crosslinking. Reproduced from ref. 73

Two water-soluble diamines were investigated in this study: ethylenediamine (EDA) and bis(3-
aminopropyl)-terminated poly(ethylene oxide) (PEGDA). When 10 w/w.% of EDA crosslinking was
used, nanogels of around 37 nm diameter in water and 42-44 nm diameter in N,N-
dimethylformamide (DMF) were obtained, respectively. Similarly, PEGDA crosslinked nanogel
diameters ranged from 50 to 59 nm when dispersed in DMF but were only approximately 38-42 nm

of diameter for aqueous nanogel dispersions.

1.2.2.3.2 Nanogel crosslinking by addition of a divinyl comonomer during the polymerization

Sugihara et al.”* prepared crosslinked diblock copolymer nanogels based on poly(2-
(methacryloyloxy)ethyl phosphorylcholine) (PMPC) stabilizing chains and a highly crosslinked poly(2-
hydroxypropyl methacrylate) (PHPMA) core-forming block using ethylene glycol dimethacrylate
EGDMA as crosslinker. The nanogel based on PMPC-b-P(HPMA-stat-EGDMA) formed with 0.5 mol.%
EGDMA crosslinker leads to spheres with Dy, of nanogel varied from 12 to 58 nm for PHPMA block
length up to 100. The increase of PHPMA block length from 100 to 200, 300 and 400 leads to the
increase of the Dy, of nanogel. At relatively low levels of EGDMA crosslinker (< 1 mol.%), only spherical
morphologies are observed. However, higher levels of EGDMA lead to increasing particle anisotropy,

with both worm-like morphologies and a novel “lumpy rod” morphology being observed (Figure 1.17).
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Figure 1.17. Synthesis of PMPC-b-P(HPMA-stat-EGDMA) nanogels with spherical, worm-like or “lumpy rod”

morphologies by RAFT-PISA aqueous dispersion polymerization at 70 C. Reproduced from ref. 74

In another example, the synthesis of well-defined PAm-based nanogels via RAFT dispersion
polymerization, based on water-soluble polymers was reported.”” PAm-based nanogels employing
the co-non-solvency property of PAm in solvent mixtures of water and tert-butanol were prepared
via RAFT dispersion polymerization of Am, in the presence of a MBA used as crosslinker, V-50 as the
thermal radical initiator and poly(N,N-dimethyl acrylamide) PDMAm as a macro-CTA and surfactant
(Figure 1.18 ). Nanogels composed of either PAm or copolymer poly(acrylamide-co-butyl acrylate)
(P(Am-co-BA)) with Dy, of 60 nm have been efficiently synthesized with uniform nanogel size and

excellent colloidal stability.
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Figure 1.18. RAFT dispersion polymerization of Am for the synthesis of nanogels from macro-CTA based of

PDMAmM. Reproduced from ref. 75

1.3 Stimuli-sensitive nanogels

Stimuli-sensitive nanogels are crosslinked nanoparticles based on polymers which are capable of
responding to external stimuli by changing their physicochemical properties, such as size, volume,
water content, degradability, and hydrophilicity/hydrophobicity balance. They are often referred to
as “intelligent/smart” materials. The environmental stimuli include temperature, pH, light, redox
reactions, etc. Among stimuli-sensitive nanogels, those based on temperature and pH-sensitive

%82 | the following

polymers are by far the most studied and are obtained significant attention.
sections, the main studies on thermal- and pH-sensitive nanogels particularly reversible thermal-
responsive and irreversible pH-responsive nanogels based on acid cleavable groups will be discussed
(Figure 1.19). The strategy to prepare such nanogels and their responsiveness properties will be

reviewed.
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Figure 1.19. a) Reversible thermal-responsive properties of thermosensitive nanogel; b) Irreversible responsive
properties of pH-sensitive nanogel; c) Reversible thermal-responsive and irreversible pH-degradable properties

of dual temperature/pH-sensitive nanogel.

1.3.1 Thermosensitive nanogels

The temperature is a stimulus that can be applied externally and reversibly in a non-invasive
manner. In this context, many nanogels based on thermosensitive polymers have been reported.®®°
The chemical structures, the critical temperature values of thermosensitive polymers with lower
critical solution temperature (LCST) and with upper critical solution temperature (UCST), and the
impact of different parameters including polymer concentration, molar mass, pH, addition of salts
and copolymerization with a hydrophobic or hydrophilic co-monomer on their thermal behavior will

be reviewed.

1.3.1.1 Chemical structures, critical temperature values and different parameters

impacting the thermal behavior of thermosensitive polymers

Thermosensitive polymers have been subjected to extensive research in academic and applied
polymer science over the last decade because of their unique property of phase separation at a

8789 This phase separation results from the change of hydrophilicity of

critical solution temperature.
polymer at a specific temperature. The thermosensitive polymers are divided into two classes based

on their response to change in temperature: polymers that can phase separate from solution upon
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heating (polymers with a LCST) and those that can phase separate upon cooling (polymers with a

UCST).

1.3.1.1.1 Generalities on LCST and UCST phenomena

The solubility of LCST-type thermosensitive polymers decreases with the increase of temperature
and the phase separation occurs above a critical value (named LCST value). By contrast, the solubility
of UCST-type thermosensitive polymers decreases with the decrease of temperature and the phase
separation occurs below a critical value (named UCST value). The LCST and UCST values are defined
as the temperatures of the minimum and maximum of the bimodal of the phase diagram,

respectively (Figure 1.20).
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Figure 1.20. Phase diagrams showing (a) the lower and (b) upper critical solution temperature, LCST and UCST

behaviors, respectively, of thermosensitive polymers in solution. Reproduced from ref. 86

When temperature varies, the solvent quality changes from a good to a bad solvent at the
bimodal resulting in the conformation change of the polymer chains from the open coil state to the

collapsed globule state, respectively leading to the polymer aggregation (Figure 1.21).
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Figure 1.21. Conformation changes of the polymer chains induced by the temperature.

From the thermodynamic point of view, thermosensitive polymers present a balance between
hydrophobic, hydrophilic moieties and hydrogen bond (H-bond). To understand the dissolution of a

polymer in a given solvent, the Gibbs free energy equation 1 is used:
AGpix = AHpix — T ASipix (eq.1)

where AGp,iy, AHpi, and AS,,;, are the changes in Gibbs free energy, enthalpy and entropy of
mixing between the polymer and solvent, respectively, at a certain temperature (T). The mixing
between the polymer and solvent occurs when the AG,,;, is negative. The enthalpic effect (AH,,;y)
is due to the balance between intra- and intermolecular forces (e.g., H-bond and hydrophobic
interactions). The entropic effect (AS,,;,) is related to the dissolution process itself and due to the

ordered state of water molecules in the vicinity of the polymer.

For UCST-type thermosensitive polymers, at low temperature, the strong supramolecular
associative interactions strength between themselves implies a AH,,;, greater than the T AS,,;,
term, leading to a positive AG,,;, and thus insoluble polymer. With increasing temperature, the
supramolecular associative interactions between polymer chains decreases, the T AS,,;, term
overweighs AH,,;,, thus AG,,;, becomes negative and the polymer dissolves spontaneously. The
phase transition temperature of UCST-type thermosensitive polymers is directly correlated to the
strength of the inter- and intra-molecular interactions. By contrast, in the case of LCST phase
transition, the AG,,;, becomes positive with increasing temperature, meaning that the mixing is not

favorable. The negative value of —T AS,,;,, becomes larger with increasing the temperature while the
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positive value AH,,;, becomes smaller, leading to a negative AG,,;, at low temperature as the
system is miscible.

There are several methods which can be used to characterize the phase transition temperature of
thermosensitive polymers including UV-Vis spectrophotometry,”® dynamic light scattering (DLS),”

9293 5r 'H-NMR spectroscopy.” Among these techniques, UV-

differential scanning calorimetry (DSC)
Vis spectrophotometry is the most common way to follow phase separation. Indeed, the phase
separation is highlighted by turbidity measurements: the solution transmittance of the polymer
solution at 500-700 nm is measured as a function of temperature (Figure 1.22). The high
transmittance means that the polymer is soluble and solution is transparent. In contrast, if the
polymer is insoluble, the solution appears cloudy resulting in low transmittance. The cloud point is
the temperature at which the change in transmittance is observed. The definition of the cloud point
varies in the literature. Some authors take the temperature at the transmittance drops from 100% to
90%; others define the temperature at 50% or inflection point of the transmittance curve. The cloud
point of a given polymer solution can also be different on heating and cooling due to kinetic

hindrance and aging in the collapsed state even with the same heating/cooling rates. The difference

between the cloud point upon cooling and heating is noted as thermal hysteresis.
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Figure 1.22. Characterization of phase transition of a thermosensitive polymer solution by transmittance

changes as a function of temperature. Reproduced from ref. 90

1.3.1.1.2 LCST-type thermosensitive polymers

LCST-type thermosensitive polymers containing both hydrophilic and hydrophobic moieties in the
pendant group of the repeating unit show phase transition temperature between 0°C and 100°C.”

For example, amides and ethers are hydrophilic moieties while hydrophobic moieties are short
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aliphatic groups such as isopropyl. The most studied LCST-type thermosensitive polymers will be

selectively addressed in this section (Figure 1.23).

Poly(N-substituted (meth)acrylamide)s Poly(oligo ethylene glycol
(meth)acrylate)s

1
J(\ifn ]
R, (e
o N 0
Rs3 §
O

R;=H, CH, PR

Ry= H, C,Hs Ra
R3; = C,H5, CsH7, Isopropyl R;=H, CH;

R2 = CH3 or C2H5

Figure 1.23. Chemical structures of selected representative LCST-type thermosensitive polymers.

1.3.1.1.2.1 LCST-type thermosensitive polymer based on N-substituted alkyl (meth)acrylamide

The most common LCST-type thermosensitive polymers are prepared from N-substituted alkyl

(meth)acrylamide monomers.

1.3.1.1.2.1.1 Poly(N-isopropyl acrylamide)

The poly(N-isopropyl acrylamide) (PNIPAm) (R; = R, = H, R; = isopropyl, Figure 1.23) has received
most attention due to its LCST value of 32°C (between room and body temperature) in water, making

*% The thermosensitive behavior of PNIPAmM benefits

it very interesting for biomedical applications.
from the contribution of the chemical structure of its repeating unit as they are composed of
hydrophilic amide group and hydrophobic isopropyl groups. When the environmental temperature is
below LCST, the H-bond between water molecules and amide groups urges polymer chains to form a
stable hydrated structure surrounding isopropyl groups leading to PNIPAm chains in the random-coil
state with high flexibility. When the temperature goes up, the hydrated structure breaks down and
the hydrophobic interactions between amide groups and the hydrophobic interactions derived from
isopropyl groups play predominant roles, which force the water molecules initially bound to PNIPAm
to spread outwards leading to the transition of polymer chains from coil state to globular

conformation and finally inducing the macroscopically phase separation of the polymer in water

(Figure 1.24).
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Figure 1.24. Molecular structure and thermosensitive mechanism of PNIPAm in water. Reproduced from ref. 99

PNIPAm exhibits a very sharp transition when heated, but a relatively broad thermal hysteresis of
3 to 4°C can be observed during cooling.”>'® The existence of a thermal hysteresis in the coil-to-
globule-to-coil transition of PNIPAm chains in water was attributed to additional intrachain or
interchain H-bonds in the collapsed state. These intersegmental H-bonds act as “the crosslinking”
points among different chains so that each chain aggregate swells like a gel and the chain
dissociation is delayed, which results in the observed thermal hysteresis.’*"*2

The phase transition temperature of PNIPAm is relatively insensitive to slight changes of polymer
concentration, polymer chain length and pH.*® Therefore, tuning the LCST of PNIPAm is done by
different strategies. First of all, the statistical copolymerization of NIPAm with either hydrophilic or
hydrophoblic monomers can impact significantly the LCST value. Indeed, it has been shown that if
the NIPAm monomer is copolymerized with more hydrophilic monomers such as acrylamide (Am),

the LCST increases and may even disappear.'® If NIPAm monomer is copolymerized with more

hydrophobic monomer such as N-tert-butyl acrylamide (N-tBAm),'®* the LCST decreases.
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Figure 1.25. Impact of the statistical copolymerization of a NIPAm monomer with a hydrophilic acrymalide (Am)
or hydrophobic N-tert-butyl acrylamide (N-tBAm) comonomer on the copolymer LCST value. Reproduced from

ref. 104

It is known that LCST value of a PNIPAm can be changed significantly through statistical
copolymerization of NIPAm with an ionic comonomer such as acrylic acid (AAc). Indeed the higher

ionic composition, the higher the LCST of the copolymer solution. ®>*%

Under acidic condition (pH =
2.2), the LCST value of the P(NIPAm-co-AAc) copolymer is lower than that of PNIPAm homopolymer.
The reason for this phenomenon is that AAc unit does not dissociate under acidic conditions, which
effectively result in a nonionic polymer. Moreover, the intramolecular H-bonds formed between
NIPAm units and AAc units, in which the acrylamide group acts as a proton acceptor and the
carboxylic group acts as a proton donor lead to the further decrease of the LCST of the copolymer.'”’

Zhao et al.'®

synthesized poly(ethylene oxide)-b-poly(N-isopropyl acrylamide) (PEO-b-PNIPAm)
block copolymers via RAFT polymerization, using a PEO-based macro-CTA (PEO-CTA). The
thermosensitive properties of PEO-b-PNIPAm copolymers were investigated with PEO blocks of
varying length. In fact, no difference between the copolymers having different length of PEO blocks
was observed; their LCST was approximately 33 °C.

Beside the statistical copolymerization and block copolymerization, the phase transition
temperature of PNIPAm also can be changed by adding different salts.” In the case of a 1% (w/w)
solution of PNIPAm, the LCST value is 15°C in the presence of 1.0 M NaCl, while a 0.2 M
concentration of (NH,4),SO, results in a lowering of the LCST value by 8°C, such LCST values are much
lower than the LCST of PNIPAm in water. This effect is usually explained by mentioning that the
presence of salt modifies the quality of the aqueous medium for PNIPAm compared with pure water

due to the “salt-out” effect. On one hand, the addition of NaCl or (NH,),SO, increases the H-bond

between water molecules therefore decreases the ones between water and polymer chains.
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Subsequently the H-bond between the PNIPAm chains becomes dominant, which results in a
stronger tendency for the polymers to associate and decrease their LCST.

Another external parameter, the addition of metal ions, which is investigated recently, have
dramatic impact on thermosensitive properties of PNIPAm. LaFrenerie et al.*® investigated the
changes in PNIPAm’s LCST behavior in the presence of applied voltage using copper tape electrodes.
In the absence of applied voltage, PNIPAm exhibits a reversible, hysteretic phase transition with a
LCST value of 29 °C using the heating curve. In the presence of 1 V electric field, polymer aggregation
and agglomeration begin at a lower temperature (~25 °C), consistent with a decrease in LCST value.
Furthermore, the process is irreversible, as the polymer does not re-solubilize upon cooling below
the LCST. These results support the hypothesis that electrochemical dissolution of copper in the

sample contributes to the change of thermosensitive property of polymer systems.

1.3.1.1.2.1.2 Poly(N-n-propyl acrylamide), Poly(N-n-propyl methacrylamide), poly(N-isopropyl!

methacrylamide)

Other N-monosubstituted alkyl (meth)acrylamide monomers, N-n-propyl acrylamide (NnPAm) (R;
= R, = H, Ry = C3H5, Figure 1.22), N-n-propyl methacrylamide (NnPMAm) (R; = CH3, R, = H, Ry = C3H5,
Figure 1.4) and N-isopropyl methacrylamide (NIPMAm) (R, = CHs, R, = H, R; = isopropyl, Figure 1.23)
have been known to provide LCST-type thermosensitive polymers. They show the LCST behavior in
water in the temperature range of 0 to 100 °C.

A difference in R; within the polymer backbone draws a slightly different behavior in the phase
separation. The LCST value becomes higher in the order of PNnPAm (23°) < PNnPMAm (27°C) from
one side and of PNIPAm (32°C) < PNIPMAm (36°C) on the other side.’'®'** This difference in the
phase transition behavior is considered to arise from small differences in the hydrations of nonpolar
alkyl backbone. Similar as the phase transition behavior of PNIPAm, the phase transition
temperatures of PNnPAm and PNnPMAm are independent of the concentration and polymer chain
length."' >3 However, the phase transition temperature of PNIPMAm is significantly influenced by
polymer concentration and chain length. With increase of molar mass from 3 to 11 kg.mol™, the LCST

value of PNIPMAm dropped dramatically from 61 to 48°C.***

For aqueous PNIPMAm solution with
concentration of 1 and 2 wt.%, the reported LCST values are 43 and 48°C, respectively."” PNIPMAm
exhibits a very broad transition in a wide range of temperature comparing to PNIPAm, with a

significant retardation of 10°C for the cooling.

1.3.1.1.2.1.3 Poly(N,N-diethyl acrylamide)

Poly(N,N-diethyl acrylamide) (PDEAm) (R; = H, R, = R3 = C,Hs, Figure 1.23) is another reported

LCST-type thermosensitive polymer with similar structure and LCST value (33 °C) as PNIPAm leading
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to the comparison between them. PNIPAm contains a secondary amide side group which is able to
act as H-bond donor as well as H-bond acceptor, therefore the polymer can form intra- or interchain
H-bonds. By contrast, PDEAm has a tertiary amide side group and thus only act as H-bond acceptor,
making it unable to formH- bonds between polymer chains and to perform different phase
behaviors.’ Firstly, PNIPAm shows the thermal hysteresis of its phase transition due to the formed
intra- or interchain H-bonds between polymer chains (Figure 1.26.A), while PDEAm does not exhibit
thermal hysteresis due to the absence of any intra- and interchain H-bonds at temperatures higher

than LCST (Figure 1.26.B).M
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Figure 1.26. (A) Temperature dependence of the ratio of radius of gyration to hydrodynamic radius (Rg/Ry) of
the PNIPAm chains in the coil-to-globule (heating) and the globule-to-coil (cooling) transitions, respectively. (B)
Temperature dependence of R,/R, of PDEAm chains in water in one heating/cooling cycle. Reproduced from

ref. 101 and ref. 116

Second, while the phase transition temperature of PNIPAm is nearly independent of polymer
concentration or polymer chain length, the decrease in concentration and the increase in molar mass
of PDEAm lead to the decrease in phase transition temperature of PDEAm.'"” As for PNIPAm, the
addition of salts to the PDEAm solution resulted in a lowering of the LCST. Salt ions disrupt H-bond,
break up the ordered water structure, and promote hydrophobic polymer-polymer interactions. In
overall, like PNIPAm, the LCST of PDEAm can be modified easily by statistical copolymerization with
other monomers. An increase in the hydrophobicity of the copolymer by statistical copolymerization
with N-tBAm can rise the LCST, leading in some cases to an insoluble polymer in water. Likewise, an
increase in the hydrophilicity by statistical copolymerization with Am lowers the LCST and may result

in a hydrophilic polymer freely soluble at all temperatures.'®
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1.3.1.1.2.2 LCST-type thermosensitive polymer based on oligo ethylene glycol (meth)acrylate

Poly[oligo(ethylene glycol) (meth)acrylate]s possessing oligo(ethylene glycol) (OEG) side chains
were found to be an interesting class of poly(N-substituted alkyl (meth)acrylamide)s alternatives.'®
21 The thermosensitive behavior of poly[oligo(ethylene glycol) (meth)acrylate]s benefits from the
contribution of its repeat unit composed of hydrophilic ethyl ethers and hydrophobic backbones.
When the environmental temperature is below LCST, stable hydrated structure is formed. When the
temperature goes up, the hydrated structure breaks down and the hydrophobic interactions derived
from hydrophobic backbones play predominant roles, which force the water molecules initially
bound to the hydrophilic ethyl ether groups to spread outwards leading to the collapse of polymer
chains and finally inducing phase separation of the polymer in water. As shown in Figure 1.27, the
phase transition temperature of poly[oligo(ethylene glycol) methacrylate]s (POEG,,MA) can be tuned
by varying the number of OEG repeat units (m) and the chain-end functionality (R), resulting in
hydrophilicity change with similar chemical nature.’® For instance, POEG,MA and POEG;MA have
phase transition temperatures around 26 and 52°C, respectively. POEG,,MAs with even longer side
chains can exhibit much higher LCST values in water (typically between 60°C and 90°C with m
between 4 and 9).1*>*?%122 The LCST values of POEG,,MAs with ethyl chain ends (R = -CH,-CH;) were
around 22-26 °C lower in comparison with methyl chain ends (R = CHs)."*® The reason why the
hydrophobic ethyl chain-end induces lower LCST values than the methyl counterparts is not given by

the authors.
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Figure 1.27. Relationship between the number of OEG units (m) of POEG,,MAs with methyl (0) or ethyl (A)

chain-end functionality and the LCST value (T.). Reproduced from ref. 118
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Copolymers based on 2-(2-methoxyethoxy)ethyl methacrylate and oligo(ethylene glycol)
methacrylate P(MEO,MA-co-OEGMA) was found to exhibit extremely interesting solution properties
in water. The phase transition temperature of the random copolymer P(MEO,MA-co-OEGMA)
copolymers can be accurately tuned between 28 and 90°C by adjusting the fraction of hydrophilic
OEGMA units in the copolymer chains. For example, LCST values of 32 or 37°C could be precisely
obtained by using either 5 or 8 % mol of OEGMA in the initial comonomer feed. Lutz et al.'*® have
shown that the thermal behavior of P(MEO,MA-co-OEGMA) in water is not impacted by the
concentration and the chain length of copolymers. P(MEO,MA-co-OEGMA) copolymers perform an
uniform thermal profile with heating/cooling cycles (no significant thermal hysteresis), probably due
to the fact that OEGMA-based polymers cannot form intra- and intermolecular H-bond between

polymer chains.

1.3.1.1.3 UCST-type thermosensitive polymers

In contrast to LCST, the UCST-type thermosensitive polymers are dissolved in water at high
temperature and undergo phase separation at low temperature. UCST-type are less studied than
LCST-type thermosensitive polymers probably due to the low availability of commercial monomers
leading to UCST polymers and the lack of UCST behavior stability, which is affected by pH, molar
mass, ionic strength, presence of electrolytes, and polymer concentration in solution. Examples of
UCST-type thermosensitive polymers are shown in Figure 1.28 and they will be addressed in this
section. They are classified in two categories depending on the origin of the UCST behavior, either

from electrostatic interactions or either from H-bond between polymer chains.******
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Polysulfobetaines Poly(allylamine-co-allylurea) Poly(L-ornithine-co-L-citrulline)
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Ry poly(N-acryloyl glutamine amide) (PNAGAAm) R, = H, R, = CH,CH,CONH,
NH,

Figure 1.28. Examples of UCST-type thermosensitive polymers.

1.3.1.1.3.1 Zwitterionic UCST-type thermosensitive polymers

Among the studied zwitterionic polymers, polysulfobetaines (Figure 1.28) have received growing

attention.'*™ ¥’

They have both positively and negatively charged moieties located at the pendant
groups of the monomer unit. At low temperature, strong interactions based on intra- and
intermolecular electrostatic interactions lead to collapsed structures (Figure 1.29). When
temperature increases, the electrostatic interactions of zwitterionic charges are broken due to

thermally enhanced molecular motions resulting in dissolution of the polymer.

o)
R=0(CH,), PDMAPS a) 73&\/4/ b)

R = NH(CH,); PSPP

Figure 1.29. Representation of intra- and intermolecular electrostatic interactions (a: intragroup; b: intrachain;

c: interchain) involved in the UCST behavior of zwitterionic polymers. Reproduced from ref.'”

56



Among polysulfobetaines, the poly(3-[N-(3-methacrylamidopropyl)-N,N-dimethyllJammonio
-propane sulfonate) (PSPP, Figure 1.29) and the poly(3-dimethyl(methacryloyloxyethyl) ammonium
propanesulfonate) (PDMAPS, Figure 1.29) have received particular attention.'® Their UCST behavior
depends strongly on the molar mass of polymers. For example, PDMAPS with molar masses of 258 or
448 kg.mol ™ present a UCST value of 26 or 43°C, respectively; while there is no cloud point observed
in the case of a sample with a molar mass of 29 kg.mol™. Also, the thermal hysteresis phenomenon
wasn’t observed in the cloud point of PDMAPS upon cooling and heating.’®® As zwitterionic polymers
display UCST behavior via electrostatic interaction in aqueous medium, their UCST value largely
depends on salt concentration. In fact, adding a salt into the polymer solution enhance the solubility
of zwitterionic polymers and lowers the UCST value. For example, a 0.1 wt.% solution of PDMAPS
(710 kg.mol™) in pure water showed a cloud point upon cooling of 55°C, but the LCST value dropped
to 45, 39 and 18°C with the increase of NaCl concentration from 0 to 0.05, 0.1 and 0.3 wt.%,
respectively.’”® Some studies showed an increase in UCST value of zwitterionic polymers by the

1.**° reported that the

random incorporation of hydrophobic moieties. For example, Woodfield et a
increase of the molar content of the hydrophobic benzyl acrylamide (BAm) within a poly(3-((3-
aminopropyl)dimethylammonio)- propane-1-sulfonate) P(ADPS-co-BAm) random copolymer
increases the UCST value from 6 to 82°C. The phase transition was also sharp, fully reversible and

reproducible in low salt solutions (15 mM and 46 mM of NaCl) (Figure 1.230).
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Figure 1.30. Tunable UCST value of hydrophobically modified copolymers based on PADPS in aqueous solution

and in NaCl solution. Reproduced from ref.'”®

57



An increment in UCST value of poly(sulfobetaine methacrylate)s (R; = CHs, R, = O, Figure 1.27) was
also reported by increasing the spacer length (g, Figure 1.28) separating the ammonium and the
sulfonate groups.”® For example, with p = 2, q = 3 the UCST value was reported to be 41°C and that
value increased to more than 100°C for poly(sulfobetaine methacrylate) with p =2 and q = 4.

In contrast to zwitterionic polymers, the behavior of UCST-type thermosensitive polymers based
on H-bond, is less sensitive to the salt concentration in water since H-bonds are more stable against
ions than the electrostatic interactions. The polymers displaying UCST behavior based on H-bond in

aqueous solution are mainly based on pendant primary amide or ureido groups.
1.3.1.1.3.2 H-bond based UCST-type thermosensitive polymers

1.3.1.1.3.2.1 Poly(N-acryloyl glycinamide)

Poly(N-acryloyl glycinamide) (PNAGA, Figure 1.28) is a non-ionic polyacrylamide bearing a terminal
primary amide group showing UCST behavior. Although PNAGA has been known since 1964, its
UCST behavior was firstly reported by Seuring and Agarwal in 2010. A 1 wt.% aqueous solution of
PNAGA of 13.2 kg.mol™ displayed a UCST value of 22°C upon heating and 12°C upon cooling.**
Similar as PNIPAm, the thermal hysteresis phenomenon of PNAGA is correlated to the capability to
form additional intra- and interchain H-bonds upon aging in the collapsed state.'”® A UCST value of
PNAGA is not affected by low polymer concentrations (Figure 1.30). However, at high concentrations
(greater than 2 wt.% in water), PNAGA can form reversible physical gels whatever the temperature.
The gel melting temperature increases with the PNAGA concentration: from 55°C to about 81°C on

changing the concentration from 5.4 to 14 wt.% (Figure 1.31)."*
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Figure 1.31. UCST value upon heating and cooling, and gel melting temperature as a function of concentration

for PNAGA solution in water. Reproduced from ref."*?

In order to investigate the effect of the molar mass on the UCST behavior of PNAGA, Liu et al.**
have studied the RAFT polymerization of NAGA. The UCST values of PNAGA were independent of
molar mass from 15 to 35 kg.mol™ (Figure .32). Below 15 kg.mol™, the UCST value increases due to
the hydrophobic dodecyl chain end derived from the CTA. Below 8 kg.mol™, the UCST behavior

becomes strongly dependent on molar mass. The UCST value on cooling increased steadily from 9°C

at 15.7 kg.mol™ to 22°C at 3.7 kg.mol™.
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Figure 1.32. Evolution of UCST value with the molar mass of PNAGA in water upon heating and

cooling. Reproduced from ref.'*

It was demonstrated that the phase transition of PNAGA could be suppressed by ionic species
which can be introduced intentionally or unintentionally in a multitude of ways (Figure 1.33), from
impurities present in the monomer, or ionic initiators or CTAs, or hydrolysis of amide group in PNAGA

caused by high polymerization temperature.
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Figure 1.33. Pathways of (unintentional) introduction of ionic species into PNAGA. Reproduced from ref.*

In particular, different PNAGAs were synthesized by the RAFT polymerization in presence of non-
ionic radical initiators and two different CTAs, one with non-ionic and one with ionic chain end.”? In
pure water, the nonionic PNAGA with dodecyl omega end group showed a cloud point on cooling of
17.4°C. For the ionic PNAGA with a sulfonate omega end group, no cloud point could be detected in
pure water. Such results confirmed that the ionic chain end prevents phase separation of resulting
PNAGA in pure water. However, the UCST suppressing effect can be counteracted by the addition of

electrolytes as NaCl or Na,SO, (Figure 1.34).
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Figure 1.34. Cloud point upon cooling of 0.2 wt.% aqueous solutions of PNAGA with different chain ends as a

function of ionic strength for different types of salt. Reproduced from ref.'*®
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The statistical copolymerization of NAGA with hydrophobic monomer such as acrylonitrile (AN)***,

135 provided UCST copolymers showing highly stable and sharp phase

butyl acrylate (BA), styrene (St)
transitions without any significant thermal hysteresis between heating and cooling processes. In
addition, the cloud points were independent on the copolymer concentration in water and can be
tuned easily by changing the ratio of the two comonomers. The Seuring’s study showed that the
incorporation of hydrophobic comonomers within PNAGA increases the UCST value in a controlled
manner.® For example, the increment of BA content in P(NAGA-co-BA) copolymer from 10 to 20
mol.% results in the rise of the UCST value from 8.2°C to 57°C upon cooling. However, the phase
transition temperature of P(NAGA-co-BA) was found to decrease after each heating/cooling cycle
due to increased hydrophilicity resulting from acrylic acid groups formed from the hydrolysis of BA

units above 50°C. By contrast, the UCST of P(NAGA-co-St) was found to be stable over nine

consecutive heating/cooling cycles, because the styrene does not undergo the hydrolysis reaction.

The statistical copolymerization of NAGA with hydrophilic comonomers such as methacrylic acid
(MAAC) leads to the increase of phase transition temperature. For example, copolymerization of
NAGA with MAAc was performed to tune the UCST value of copolymers near to human body
temperature. The copolymer P(NAGA-co-MAAc) showed UCST values between 17 to 37°C with MAAc
molar fractions ranging from 30 mol.% to 60 mol.%. However, the UCST value of P(NAGA-co-MAAc) is
dependent on pH, ionic strength and polymer concentration, thus limiting its biomedical

136

applicability.

Further studies showed that derivatives of PNAGA (Figure 1.28) can exhibit UCST behavior in
water. Nagaoka and coworkers first synthesized poly(N-acryloyl asparagine amide) (PNAAAm),
poly(N-methacryloyl asparagine amide) (PNMAAAm) and poly(N-acryloyl glutamine amide)
(PNAGAAmM) by free radical polymerization and examined their phase transitions at a concentration
of 0.2 w/v.% in water.”® PNAAAmM with molar mass of 16 kg.mol"1 showed UCST values of 22 and 25°C
in pure water and in 20 x 10°M Tris-HC| buffer solution, respectively. The introduction of a methyl
group to the polymer backbone led to a decrease of the UCST-type cloud point to 13°C in Tris-HCl
buffer for PNMAAAmM (molar mass of 17 kg.mol™) and the appearance of dual phase transition
temperatures with UCST of 15°C and LCST of 30°C in water for PNAGAAm. It was also reported that
the cloud points of both PNAAAmM and PNMAAAm are not dependent on salt concentration. This
behavior is probably due to two reasons.'” First, comparing to PNAGA, PNAAAmM, and PNMAAAm
may exhibit stronger interpolymer H-bond due to the second primary amide group. It was
theoretically believed that the increase of interpolymer H-bond can reduce the negative impact of

ionic groups. Second, free-radical polymerization used by Nagaoka et al. leads to a broad high molar
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mass distribution polymers containing a high molar mass fraction polymers which are less affected by

the ionic species.

1.3.1.1.3.2.2 Statistical copolymers based on acrylamide and acrylonitrile

Agarwal’s group showed that statistical copolymers based on two commercially available
monomers, acrylamide (Am) and acrylonitrile (AN) (Figure 1.28), can exhibit UCST behavior in water

135

and phosphate buffer saline (PBS) solution.”” The phase transition temperature of P(Am-co-AN) can

easily be tuned by simply varying the comonomer feed ratio: it increases with increasing the

1.8 pointed out that P(Am-co-AN) with increasing AN molar

acrylonitrile content. Asadujjaman et a
fraction from 0.086 to 0.221 show UCST behavior with cloud point ranging from 5.5 to 56.5°C at 1
mg.mL™? concentration in water. By increasing amount of acrylonitrile, the hydrophobicity of
copolymer increases, interfering with the H- bond between water molecules and copolymer chains
disrupting the regular hydration shell around the temperature sensitive polymer chains. In this case,
the H-bond between polymer chains can be enhanced. Thus, higher temperatures are needed to
reduce these polymer-polymer interactions, resulted in higher UCST value. Moreover, the thermal
hysteresis phenomenon of P(Am-co-AN) is very small, with only 1-2°C in most cases, and UCST value
remains constant over several repeated cycles due to the hydrolytic stability of the repeat units in
water. Beside adjusting AN content in the copolymer, the phase transition temperature can be
controlled by varying the polymer chain length of the copolymer and salt concentrations. The effect
of the copolymer chain length on the UCST value of P(Am-co-AN) was studied at a fixed AN molar
fraction (0.144) using a copolymer concentration 5 mg.mL"’ in water. The phase transition
temperature increased around 10°C by increasing molar mass from 11.4 to 28.3 kg.mol™. The phase
transition of P(Am-co-AN) solution also depends on the nature and the concentration of electrolytes
(Figure 1.35). In pure water, the phase transition temperature of copolymer is 30°C and then
decreased to 20°C and 12°C by the addition of 300 mM NaCl and 300 mM NaSCN, respectively. The
decrease of the phase transition temperature by addition of NaSCN and NaCl can occur due to
polarization effects, surface tension, as well as direct ion binding. The Na,S0O, salt showed the most
interesting effect on the phase transition temperature of P(Am-co-AN). The phase transition
temperature of the copolymer increased to 56 °C by addition of 300 mM Na,SO, to the solution. This
effect was expected as when more ions are present in the solution they interfere with the H-bond
between water molecules and copolymer chains disrupting the regular hydration shell around the

temperature sensitive polymer chains. Therefore, interchain and intrachain hydrophobic effects
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among the polymer chains are favored, which increases the phase transition temperature of the

P(Am-co-AN).
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Figure 1.35. The phase transition temperature of P(Am-co-AN) as a function of different electrolytes

concentration. The data were taken during the cooling of the measurements. Reproduced from ref.’*®

Kafer et al.**® reported the synthesis of a diblock copolymer based on a P(Am-co-AN) block and
poly(ethylene glycol) (PEG) (PEG-b-P(Am-co-AN)), with double thermosensitive behavior (LCST and
UCST behavior). The presence of the PEG block led to a drastic change in the thermosensitive
behavior of P(Am-co-AN) from UCST type to multiphase-type (LCST at low temperature and UCST at
higher temperature). The reason of this phenomenon is probably due to the temperature dependent
close-loop solubility behavior of poly(ethylene glycol) in water.*® For a particular molar mass (0.4-5
kg.mol™), PEG can display both LCST and UCST phase separations at very high temperature (80-
200°C). The PEG-b-P(Am-co-AN) block copolymer with 9 mol.% of AN shows both a LCST value at
~30°C and a UCST value at about 50°C in water. The phase transition of the PEG-b-P(Am-co-AN)
diblock copolymer was found to be dependent on the PEG block length. Diblock copolymer with PEG
block of 2 kg.mol™ (12% mol AN) shows a LCST and UCST of 50 and 68°C, respectively. The increase of
PEG block length to 6 kg.mol™ results in a solube diblock copolymer. In addition, block copolymer
based on P(Am-co-AN) and hydrophobic polystyrene (PSt) or hydrophilic poly(N,N-dimethyl
acrylamide) (PDMAm) or with LCST-type thermosensitive PDEAm has been also reported with the
objective to obtain tunable UCST.™" A P(Am,s;-co-ANsg) in water showed a UCST value of 25°C
meanwhile the UCST value for P(Amys;-co-ANyg)-b-PS,, increased to 50°C with the same polymer
concentration (1 wt%). It is noticeable that as compared to P(Am,s;-co-AN;g)-b-PS,,, the UCST value

of P(Amys;-co-AN;g)-b-PDMAmM;14 appears at lower temperature of 20 °C, understandably due to the
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influence of the water-soluble PDMAm block. The diblock copolymer of P(Am31-co-AN7g)-b-PDEAM344
displayed both UCST and LCST behavior at 22 and 41 °C, respectively.

1.3.1.1.3.2.3 Statistical copolymers based on acrylic acid and acrylonitrile

Poly(acrylic acid) (PAAc) carries both H-donor (-OH) and H-acceptor (-CO) in its repeating unit,
able to form strong intra- and interchain polymer-polymer H bonds. Due to the ionization of -COOH
groups and the ion-dipole interactions with water molecules, PAAc chains can be easily solvated in
aqueous solutions, and the hypothetic UCST is far below 0°C. By introducing a hydrophobic
comonomer AN into PAAc, the UCST value of PAAc can be driven into the ambient temperature
range.'*?

The copolymers with higher AN content exhibit lower water solubility and higher UCST cloud
points. A P(AAc-co-AN) containing 2.0 mol.% of AN content is freely soluble in water at pH 2.0. When
the AN content in the copolymer is raised above 4.5 mol.%, it becomes UCST-type thermosensitive.
The UCST cloud point changes from 7.2 to 37.9°C when the AN content rises from 4.5 to 22 mol %.

The UCST of the copolymer P(AAc-co-AN) depends on the polymer concentration. At pH 2.0, UCST
value of P(AAc-co-AN) with a AN molar content of 22.0 mol.% increases from 29.7 to 40.7°C when the
copolymer concentration increases from 0.1 to 1.0 wt.% and remains almost unchanged at about
41.0°C when the polymer concentration reaches 2.0 wt.%.

The UCST of the hydrophobically modified PAAc is also related to the pH of the solution. A 0.5
wt.% solution of P(AAc-co-AN) with a AN molar content of 22.0 mol.% in deionized water has a pH at
3.5 and shows no signs of phase separation in the measured temperature range. However, on
gradual lowering of its pH by adding HCI, the polymer solution shows a UCST behavior. The UCST of
P(AAc-co-AN) with a AN molar content of 22.0 mol.% increases from 17.2 to 37.9°C with the pH
lowered from 2.7 to 2.0 and reaches a plateau at pH < 2.0. The UCST becomes a constant at pH < 2.0
upon the complete protonation of all carboxylate groups.

Like many other thermosensitive polymers, the transmittance curves of P(AAc-co-AN) show a
thermal hysteresis. The width of the hysteresis does not change significantly with polymer
composition or concentration but becomes larger with increasing pH. For the 0.5 wt.% aqueous
solutions of P(AAc-co-AN) with a AN molar content of 22.0 mol.%, the gap between the two cloud
points measured during cooling and heating changed from 6.9 to 2.6°C when the pH was lowered

from 2.7 to 2.0 and remained constant thereafter. For P(AAc-co-AN), Zhao et al.'*’

speculated that
the main reason for the thermal hysteresis is due to the desynchrony of inter- and intramicellar H-
bond during the cooling process(Figure 1.35). When the temperature is lowered close to the UCST,
intramicellar H-bonds can form easily, whereas the formation of intermicellar H-bonds is limited by

diffusion. This causes a metastate of collapsed micelles, as shown in Figure 1.36, and delayed
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macroscopic phase separation of the polymer solution. In contrast, during the heating process, both
intra- and intermicellar H-bonds are disassociated at the same temperature, since there is no
difference in the disassociation kinetics of the two types of H-bonds. With increasing pH, the stronger
electrostatic repulsion between micelles provides a higher energy barrier for the micellar

aggregation, leading to a broader hysteresis.
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Figure 1.36. Schematic illustration of the self-assembled structure of P(AAc-co-AN) during the cooling process.
The negative charges come from the ionized AAc groups and can be neutralized by the addition of an acid. Blue
and red spheres represent the AAc and AN monomers, respectively, in the polymer chain. Molecular unimers

become protonated and form micelles that shrink close to Tcp (UCST) and eventually phase-separate and

precipitate below UCST. Reproduced from ref.!?

The impact of the salt has also been shown on P(AAc-co-AN) with a AN molar content of 22.0 mol.%.
When the salt concentration reached 0.15 M in the P(AAc-co-AN) with a AN molar content of 22.0
mol.%, at pH 2.0 (adjusted by the addition of HCI), the UCST increased by 5.2°C with Na,SO, and
2.2°C with NaCl and decreased by 11.6°C with NaSCN. It is interesting to note that NaSCN has a
salting-in effect for the polymer in the protonated state here at pH 2 whereas the same salt shows a
salting-out effect for the deprotonated polymer. This behavior is different from the effects of added

salts for nonionizable copolymers as in the case of P(Am-co-AN).

1.3.1.1.3.2.4Polymer based on ureido group

In 2011, Shimada et al.'® reported a series of ureido-derivatized polymers able to form inter-
and/or intramolecularH- bond among ureido groups and their UCST behavior under physiological
buffer conditions (Figure 1.37). The PAU copolymers demonstrate UCST phase transition with high
stability in solution and the UCST value was found to increase linearly with the increase of the molar
ratio of ureido groups in the feed (from 80 to 95 mol.%), and to be tunable between 8 to 65°C under
physiological salt and pH conditions. The UCST-type thermosensitive behavior of poly((L-ornithine)-
co-(L-citrulline)) (POC) copolymers containing ureido groups also demonstrated UCST behavior under
physiological conditions, which was dependent on both ureido content and molar mass of

copolymer. In fact, with 85 mol.% ureido in the copolymer, the increase of molar mass from 5 kg.mol

65



! to 15 and 150 kg.mol™ results in the rise of UCST from 8 to 25 and 30°C, respectively. The thermal
hysteresis phenomenon was not observed for UCST phase transition of all copolymers containing
ureido groups.

Besides ureido content and molar mass, the UCST of PAU is also dependent on pH. In the case of
PAU with a molar mass of 15 kg.mol™" and 85 mol.% ureido content, UCST value was unchanged in
the pH range from 5.5 to 8.5 and increased at pH above 9.5. Since the pKa of the polyallylamine
homopolymer is near 9.7, deprotonation of the amino groups around pH 9.5 presumably resulted in
the increase of UCST above pH 9.5. The deprotonation reduces the electrostatic repulsions among
the charged amino groups and reduces the osmotic pressure, resulting in an increase of UCST by
facilitating inter- and/or intramolecular interactions of PAU polymers. The pH dependency decreased
with increasing ureido content, and no pH dependency was observed for a PAU with a molar mass of
15 kg.mol™ and 94 mol.% of ureido content. These results confirmed a major contribution of ureido
groups to generate UCST behavior and the unsubstituted amino groups to provide the pH
dependency.

Shimada et al.'** developed hydrophobically modified PAUs by acylation of amino groups of
polyallylamine block in order to rationally obtain UCST-ureido polymers with desired UCST values.
UCST value of modified PAUs can be regulated in a wide temperature ranging from about 20 to 80°C
or even higher by 20 mol.% acylation with acetyl, propionyl, isobutanoyl or pivaloyl groups. This
study showed the considerable impact of hydrophobic groups on UCST phase separation of polymers
containing ureido groups. The acetylation of the PAU copolymers have been done through acetyl
(AC-PU), propionyl (PR-PU), isobutanoyl (IS-PU), and pivaloyl (PI-PU) groups (Figure 1.37). While pH
strongly affected UCST of unsubstituted AM-PU copolymer in the pH range from 6.5 to 10.5, no
significant change in UCST of acylated PR-PU copolymer was observed in the same pH range,

indicating that thermal responses of PR-PU were not influenced by pH condition.

H ¢=0 (=0 t=0 c=0
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Figurel.l.37. Structural formula of hydrophobically modified poly(allylamine-co-allylurea)s.
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After reviewing on thermosensitive behaviors and different parameters that can impact the phase
transition temperatures of several LCST- and UCST-type thermosensitive polymers, the strategies to
target the LCST- and UCST-thermosensitive nanogels based on previously described polymers, and

their thermal properties will be discussed.

1.3.1.2 Thermosensitive nanogels

Recently, thermosensitive nanogels, particularly LCST-type, are mainly prepared via

polymerization-induced thermal self-assembly (PITSA) in aqueous dispersion.®®’*7>14>714% p|TgA
syntheses using RAFT polymerization have become a powerful method to prepare thermosensitive

nanogels.”%*

RAFT-PITSA in aqueous dispersion employs an hydrophilic macro-CTA to chain extend
a thermosensitive polymer block in order to generate amphiphilic diblock copolymers that self-
assemble into nanodomains; the in situ crosslinking of the diblock copolymers in presence of

crosslinker results in the formation of nanogel (Figure 1.38).
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Figure 1.38. Preparation of nanogel by RAFT-PITSA process.

The synthesis of thermosensitive nanogels takes advantage of the precipitation of the
thermosensitive polymer from the reaction medium during polymerization at a temperature higher
(LCST-type thermosensitive nanogel) or lower (UCST-type thermosensitive nanogel) than phase

transition temperature.

1.3.1.2.1 LCST-type thermosensitive nanogels

155-157

The area of thermosensitive nanogels is largely dominated by LCST systems. The first report

of RAFT-PITSA in aqueous dispersion was published by An et al."*® in 2007 to synthesize LCST-type
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thermosensitive nanogel based on PDMAmM-b-PNIPAm diblock copolymers (Figure 1.39). The
polymerization was initiated by microwave irradiation at 70°C and the presence of MBA as
crosslinker during RAFT-PITSA allowed the elaboration of well-defined nanogels. PDMAmM macro-
CTAs with different structural characteristics were examined: Macro-CTA1 with hydrophobic dodecyl
tails and the fully hydrophilic Macro-CTA2. In both cases, the size of the nanogels decreases with
increasing concentration of macro-CTA. The authors also demonstrated a strong dependence of the
nanoparticles size with the molar mass of the macro-CTA. As the molar mass of Macro-CTAl
decreased from 8.3 to 5.9 kg.mol™, D, of the nanogels increased from 129 to 168 nm for a fixed
NIPAmM concentration of 0.15 M and for an initial molar ratio of [NIPAm]o/[Macro-CTA]o/[V-50], of
333/1/2 with [MBA], = 3.0 mM. Further decreasing the molar mass to 4.3 kg.mol'1 resulted in the
formation of agglomerates. A similar trend was also observed for Macro-CTA2. Nanogels consisting
of crosslinked PDMAmM-PNIPAmM chains were used as particle seeds for further polymerization with
NIPAm. When nanoparticles prepared with Macro-CTA2 (66 nm) were used as the “seeds”, reaction
with different amounts of NIPAm (31 wt.% and 57 wt.% relative to NIPAm in the seed nanoparticle)
in the presence of 2 mol % MBA gave nanoparticles with increased diameter (77 and 84 nm,
respectively). Therefore, original core-shell nanogel structures with a phase transition temperature

of 32-33°C similar to that of the original seed nanoparticles were obtained.
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Figure 1.39. Synthesis of LCST-type thermosensitive nanogel based on PDMAm-b-P(NIPAm-co-MBA) diblock

copolymers via RAFT-PITSA at 70°C in water. Reproduced from ref. 158

1.**° In this case, double-

LCST-type thermosensitive nanogels were also prepared by Rieger et a
hydrophilic PEO-b-PDMAmM macro-CTAs were chain-extended with a mixture of DEAm and MBA via
RAFT-PITSA aqueous dispersion at 70 °C (Figure 1.40). When DEAm was copolymerized with 3 mol.%
of MBA, nanogel particles with a D, of 68 nm at 15°C were obtained. Upon heating to 50 °C, the D,, of
the particles shrank to 47 nm. This behavior was reversible and reproducible. The LCST reported for
PDEAmM nanogels is about 30°C after heating or cooling, and no hysteresis could be observed. The
authors demonstrated that a critical minimum length of the PDMAmM segment was necessary to
obtain nanometric particles, whose size decreased with increasing length of this soluble polymer
block. In fact, when macro-CTA composed of a slightly shorter PDMAm segment of 1.2 kg.mol™ is
employed, heterogeneous dispersions were obtained containing aggregates. At 15 °C, with increasing
length of the stabilizing PDMAm block from 5 to 10.3 kg.mol™, Dy, of the nanogels decreased from
110 to 63 nm. The polydispersity in size (pdi) was not affected significantly. The influence of the
initial monomer and crosslinker concentrations in the reaction medium was also studied. All RAFT-
PITSA were performed with the PEO-b-PDMAm macro-CTA with a M, ppyam Of 6.8 kg.mol™ at
constant initial [DEAm+MBA]o/[Macro-CTA], molar ratio of 200 and in the presence of 3 mol.% MBA.

The Dy, of the particles at 15°C increases from 68 to 91nm and similar trend for the pdi (from 0.13 to

0.17) with increasing monomer and macro-CTA concentrations from 3 to 12 wt%.
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Figure 1.40. Synthesis of LCST-type thermosensitive nanogels by RAFT-PITSA of DEAm in water and at 70°C in

presence of PEO-b-PDMAm macro-CTA containing trithiocarbonate group (TTC).Reproduced from ref.">
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Although poly(2-methoxyethyl acrylate) (PMEA) is not water-soluble, copolymers containing MEA
units with more hydrophilic units are water-soluble and can exhibit thermosensitive properties

depending on their relative composition."****!

.*2 reported on a novel type of core-shell LCST-type thermosensitive nanogel consisting

Shen et a
of linear poly(ethylene glycol) (linear-PEG) and/or their nonlinear analogues such as polymers
derived from oligo(ethylene glycol) (meth)acrylates (grafted-PEGs) via RAFT-PITSA of MEO,MA or
statistical copolymerization of MEO,MA with PEGA (Figure 1.41). The impact of architecture of
different macro-CTAs of linear-PEG (PEG-TTC) and grafted-PEG (POEGMA,-TTC and POEGMA,-DT,
where x represents the DP,, pogama, TTC stands for trithiocarbonate and DT stands for dithioester)
was studied on physico-chemical properties of nanogels. Nanogels prepared using linear PEG were
obtained with a single size distribution and Dy, in the range of 50 to 80 nm and those obtained using
grafted PEG are with tunable size. The molar masses of grafted PEGs can be easily controlled by the
number-average degree of polymerization of OEGMA. With increasing DP,, ppgz4, the Dy of nanogels
becomes smaller. However, no well-defined nanogels could be obtained using POEGMA,,-TTC and
POEGMA,-DT with a DP,, ppreu4 of 10. The size of nanogels can also be tuned by varying the molar
ratio of macro-CTA/monomer. For example, the nanogel size is tuned from 52 to 82 nm when the
molar ratio of POEGMA;,-DT/MEO,MA is increased from 1/150 to 1/250. Increasing the solid content
leads to an increase in the nanogel size, but further increase in concentration results in the formation
of macrogels. RAFT-PITSA of statistical copolymerization of MEO,MA with PEGA with adjustable
molar ratios leads to nanogels with tunable thermo-sensitivity. The molar ratio of the monomers also
affects the size of nanogels. When the incorporation of PEGA is high, no nanogels are formed
possibly due to the significantly increased hydrophilicity of the resulting polymers which could not

collapse to form nanogels.
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Figure 1.41. Elaboration of LCST-type thermosensitive nanogels consisting of linear poly(ethylene glycol) (linear-
PEG) and/or their nonlinear analogues such as polymers derived from oligo(ethylene glycol) (meth)acrylates

(grafted-PEGs) via RAFT-PITSA of statistical copolymerization of MEO,MA with PEGA in aqueous dispersion at

70 °C . Reproduced from ref.'®

The double thermosensitive nanogels with multi-domains were prepared in water-ethanol

mixtures by RAFT-PITSA by Li and co-workers.'®®

These nanogels consisted of a crosslinked
thermosensitive P(NIPAm-co-MBA) core with a LCST of 32°C, a hydrophilic PDMAm midblock, and a
thermosensitive POEG3;MA shell with a LCST of 15°C. The unique location of these two
thermosensitive blocks with different phase transition temperatures in the POEG;MA-b-PDMAmM-b-
P(NIPAm-co-MBA) nanogels was expected to facilitate thermo-induced gelation and provided
mechanical enhancement in comparison with PNIPAm-b-PDMAmM-b-P(OEG;MA-co-MBA) nanogel
and POEG;MA-b-PDMAmM-b-PNIPAm triblock polymer. By a simple inverted vial test, the thermo-
induced solution/gelation transition was visually determined. As shown in Figure 1.42, when
temperature increased up to the phase transition temperature of the shell thermosensitive
POEG;MA, the hydrophobic association of POEG;MA block would lead to physically crosslink of
nanogels and thus thermally induced gelation, while the hydrophilic PDMAm mid-block acted as the

interconnected bridge. The gelation ability, sensitivity, and mechanical properties could be tuned by

changing the polymerization parameters, such as the block ratios and the crosslinking density.
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Figure 1.42. Schematic representation of reversible thermally induced solution/gelation transition of
POEG;MA-b-PDMAmM-b-P(NIPAmM-co-MBA) nanogel, which was physically crosslinked by hydrophobic
association of thermosensitive POEG;MA block when temperature increase up to LCST and de-crosslinked

when temperature decrease below LCST of POEG3MA.Reproduced from ref. 163

In our group, we target LCST-type thermosensitive nanogels based on P(NIPAm-co-MBA) core and
PPEGA shell by sonochemically induced RAFT-PITSA process (Sono-RAFT-PITSA).**® High frequency
ultrasound (490 kHz) at moderate temperature (45°C) in the absence of organic initiator was applied
for the controlled copolymerization of NIPAm and MBA from PPEGA macro-CTA and using water as

inisolv (initiator and solvent) (Figure 1.43).
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Figure 1.43. Synthesis of LCST-type thermosensitive nanogels based on PPEGA-b-P(NIPAm-co-MBA) via Sono-
RAFT-PITSA process. Reproduced from ref.148

Different synthetic parameters including PPEGA macro-CTA chain length and NIPAm molar

content affected the size, dispersity, swelling, and stability of nanogels. A minimum DP,, of the
PPEGA macro-CTA is necessary to reach effective stabilization of the nano-objects formed in situ

during the PITSA process. An heterogenous dispersion was obtained containing aggregates from a
PPEGA macro-CTA with DPy, ppgga of 7. By contrast, higher DP, pppga (11, 20, 26, 33, and 49)

produced stable thermosensitive nanogels. With increasing DP,, ppg4 from 11 to 49, Dy, of nanogels
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decreased from 272 to 33 nm. The pdi and the volume swelling ratio were not affected significantly
by the m. The impact of m was further investigated. With increasing m
block from 204 to 500, D, of the particles at increased from 42 to 222 nm and the volume swelling
ratio upon heating from 25 to 45°C increased from 3 to 11, respectively. TEM images also confirmed
the formation of spherical object with a size consistent with the DLS study of the shrinked nanogel as
the sonochemical activation process process did not impact spherical morphology of resulting

nanogels.

1.3.1.2.2 UCST-type thermosensitive nanogels

First UCST-type thermosensitive nanogels based on a POEGMA shell and a crosslinked
thermosensitive P(DMAPS-co-MBA) core were reported on 2017 by Fu et al.*® The UCST-type
zwitterionic block copolymer nanogels were synthesized by RAFT-PITSA of DMAPS using POEGMA as

a macro-CTA in water-organic mixture at 70 °C and through in-situ crosslinking strategy (Figure 1.44).
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Figure 1.44. Synthesis of UCST-thermosensitive nanogels by RAFT PITSA in water/ethanol mixture and schematic

illustration of thermally induced reversible swelling/shrinking of nanogels in water. Reproduced from ref.'®

The critical requirement for the synthesis of nano-objects by PITSA is that the second block must
precipitate out from the reaction media and self-assemble into nanodomains, which are stabilized by
the macro-CTA during the polymerization. As UCST-type thermosensitive polymers show a better
solubility in water at higher temperatures, the authors change the solubility of a PDMAPS in water by
adding ethanol or THF, leading to the aggregation of polymer even at high temperature (higher than
its UCST in water). Spherical nanogels with a single size distribution were obtained. At 70°C, the D,
was 278 nm, and the pdi was 0.083. The Dy, decreased upon cooling, reaching 226 nm at 10°C. This
corresponds to a volume shrinkage of 46%. The UCST value upon cooling was 46.6 C (Figure 1.45.A)
and the phase transition temperature upon heating was 40°C (Figure 1.45.B). The thermal induced

swelling/shrinking was reversible (Figure 1.45.C).
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Figure 1.45. Plots of D, and pdi of POEGMA-b-PDMAPS-based nanogels in water at a concentration of
0.05 mg.g'l, obtained from a DLS study, versus temperature upon cooling (A) and heating (B) in the

temperature range of 70 to 10°C. (C) The Dy, values of nanogel at 70 and 10°C in water at a concentration of

0.05 mg.g'1 from repeated heating and cooling experiments. Reproduced from ref. 1e4

The authors shows that the D;, volume swelling ratio, and UCST value of nanogels based on

PDMAPS can be tuned in the range of 40 to 50°C by changing the polymerization parameters as
nature and DB, of PDMAm macro-CTA, ethanol content in water/ethanol mixture or monomers-to-

macro-CTA molar ratio. Firstly, two PDMAmM macro-CTAs with D_Pn of 38 and 116 were employed to
target PDMAPS-based nanogels under similar conditions than for the synthesis of nanogels obtained
from POEG¢MA with a D_Pnof 40 (called POEGsMA,) but both were unsuccessful; precipitation was
observed during the polymerization. Although the reason was unclear, POEGsMA,, appeared to have
a better ability to stabilize the insoluble PDMAPS block in the reaction mixture. Secondly, with
decreasing ethanol content from 60 to 40 wt.% in water/ethanol mixture, the nanogel’s D, at 10 °C
decreased from 226 to 125 nm and the volume swelling ratio upon heating from 10 to 70°C increased
from 1.86 to 2.78. These are likely because a higher water content in the medium increased the
solubility of PDMAPS. The water content was increased to 80% and resulted in two size distributions.
Although there was still a very poor medium for PDMAPS, the self-assemblies during the RAFT

polymerization may be irregular, and the nanodomains may not be well stabilized, likely because the
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mobility of PDMAPS chains increased with increasing water content. Thirdly, with increasing initial
molar ratio of DMAPS, the nanogel’s Dy increased. The phase transition temperatures and the
volume swelling ratio upon heating from 10 to 70°C were in the same order of increasing DMAPS
amount in the synthesis of nanogels. Finally, with decreasing amount of MBA crosslinker, the volume
swelling ratio of nanogel increased. Further decreasing amount of MBA crosslinker, multiple size

distributions were observed due to the insufficient crosslinking.

The nanogels based on poly(2-((2-(methacryloyloxy)ethyl)dimethylammonio)acetyl)-(phenyl-
sulfonyl)amide (PMEDAPA) with different degrees of crosslinking were prepared via free radical
precipitation polymerization in water using sodium dodecyl sulfonate (SDS), MBA as surfactant to

stabilize nanogels and crosslinker, potassium peroxodisulfate as initiator (Figure 1.46).*%
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Figure 1.46. (a) Structure of nanogel based on P(MEDAPA-co-MBA). (b) The illustration of the D, change of

nanogels with temperature. Reproduced from ref.'®

The resulting nanogels showed reversible thermal induced swelling/shrinking transition,
demonstrating UCST behavior with phase transition temperature in the range of 44 to 54°C. The D, of
P(MEDAPA-co-MBA) nanogel containing 5 wt.% of MBA crosslinker was 155 nm at 10°C and
increased to 191 nm at 70°C, and the swelling ratio was calculated to be 1.86. The D, of nanogels
increased from 155 nm to 234 nm with the increasing degree of crosslinking from 5 to 20 wt.%. In
contrast, the UCST value and volume swelling ratio of P(MEDAPA-co-MBA) nanogels decreased when

the degree of crosslinking increased, the reason is probably due to the more compact structure of
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P(MEDAPA-co-MBA) nanogels with a higher degree of crosslinking which impaired the swelling ability
of the nanogels. The pdi of nanogels remained low and nearly constant (< 0.1). In addition, the
P(MEDAPA-co-MBA) nanogels exhibited a NaCl-induced swelling behavior. The Dy, of P(MEDAPA-co-
MBA) nanogels containing 5 wt.% of MBA crosslinker was 166 nm in water at 25°C and increased to
370 nm in 0.9 wt.% NaCl solution and the swelling ratio was as high as 11. Meanwhile, the pdi of the
P(MEDAPA-co-MBA) nanogel also increased from 0.065 to 0.231 when the NaCl concentration
increased from 0 wt.% to 0.9 wt.%, may be owing to the significant volume expansion in this process.
As in pure water, the volume swelling ratio of P(MEDAPA-co-MBA) nanogels also decreased when the
degree of crosslinking increased. The water-induced shrinking and NaCl-induced swelling was
reversible without significant difference in different cycles. The addition of cations (Na*, K*, Mg** or
Ca”") increased the Dy, of all P(MEDAPA-co-MBA) nanogels, which were significantly prominent in the
samples with a low degree of crosslinking. Furthermore, it appeared that divalent cations (Ca** and
Mg?*) led to larger Dy, in all nanogels than did monovalent cations (Na* and K*), demonstrating that
the divalent cations bind more strongly with sulfamide groups compared to monovalent cations.
With regard to anions, nanogels showed the largest Dy, in salt solutions with NO;™ and the smallest Dy,
in salt solutions with SO,>, which agreed well with the hydration ability order of the Hofmeister

effect.’®’

H-bond UCST-type thermosensitive nanogel based on ureido polymers was prepared through 2
steps by Ohshio et al.'®® Firstly, a diblock copolymer composed of a water-soluble poly(2-
methacryloyloxyethyl phosphorylcholine) (PMPC) first block and a second block based on a statistical
copolymer of poly(2-ureidoethyl methacrylate) and cationic poly(2-aminoethyl methacrylate) (named
P(U/A10 in Figure 1.46) was synthesized via RAFT polymerization using PMPC,, macro-CTA in water.
Below the UCST-phase transition temperature (24°C), the block copolymer forms micelles composed
of UCST-type thermosensitive (U/A10)¢s core and hydrophilic PMPC,g shell in water The nanogel was
prepared by physical crosslinking of pendent primary amines within the micelle core using
tetrakis(hydroxymethyl)phosphonium chloride as crosslinker at 20°C (Figure 1.47). The nanogel with
an UCST value of 26°C shows a Dy, of 30 nm at 10°C. With increasing temperature, the nanogel swells
1.2 times upon hydration while retaining its core-shell structure. The nanogel is capable of reversibly
swelling and shrinking with temperature change. The UCST value of micelle increases with increasing
concentration of diblock copolymer solution, whereas the UCST value of the nanogel is independent
of concentration. Below UCST, the nanogel core being hydrophobic, a fluorescence-labeled bovine

serum albumin (BSA) was encapsulated then released to the aqueous phase at 40°C.
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Figure 1.47. Chemical structure of UCST-type thermosensitive diblock copolymer based on PMPC,, and

P(U/A10).¢5 and the thermo-responsive behavior of the resulting nanogel in water. Reproduced from ref. 168

More recently, Auge et al."® reported the synthesis of light-sensitive and UCST-thermosensitive
nanogels based on PDMAm shell and P(Am-co-AN) core covalently crosslinked with both MBA and a

photo-thermally active nickel-bis(dithiolene) complex (Figure 1.48).
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Figure 1.48. (A) Synthetic steps to obtain the triblock copolymer PDMAmM-b-P(Am-co-AN) and chemical
structures of the monomers used. (B) Schematic showing the principle of conversion of light into heat by the
crosslinked core based on the nickel-bis(dithiolene) complex, leading to phase transition of the near-infrared

(NIR) light-responsive and thermosensitive copolymer nanogel. Reproduced from ref.'®

Resulting nanogels shows UCST-type thermosensitive properties as the Dy, increases gradually
from 100 nm at 10°C to 210 nm at 40°C. The crosslinking did not affect much the phase transition
temperature since the nanoparticles, before and after crosslinking possess nearly the same UCST

value of around 40-45°C. The volume of the nanogel above the phase transition temperature is about
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2.1 times larger than that at 10°C. The UCST-type thermosensitive behavior for nanogels was
reversible for different heating/cooling cycles. The efficiency of light-to-heat conversion of nanogel
can reach 64%, placing the nickel-bis(dithiolene) complex among the most efficient photo-thermal

agents in the NIR region around 1000 nm.

1.3.2 Dual temperature/pH-sensitive nanogels

To date, the intelligent biomaterials that can generate a cooperative response under multiple
stimuli, such as pH and temperature, have shown advantages over those systems sensitive to a single
stimulus. In this section, the chemistry of different pH-degradable entities, dual pH-sensitive and

thermosensitive nanogels were discussed.

1.3.2.1 Chemistry of pH-degradable entities

A range of chemical bonds are known to be unstable in strong acid or basic solution. This is the
case for the various protective groups commonly used in organic synthesis. However, only a few of
them show an enhanced degradation or hydrolysis in the presence of slightly acidic media, while
being stable at neutral pH. This unique property, determined by the chemical structure of the bond,
makes them candidates of choice for the preparation of acid-degradable polymers. The acid-sensitive
linkers most commonly employed in the literature include orthoester, acetal, hydrazone and
170-172

imine. The mechanism of the hydrolysis of each moiety was illustrated in the following parts.

1.3.2.1.1  Acetal and ketal linker

The acetal and ketal are functional groups with the connectivity R,CH(OR,), and R3R,C(OR;),,
respectively. In an acidic solution, one oxygen of the acetal group is protonated, which activates the
neighboring carbon. This facilitates the attack of water, resulting in the cleavage of the acetal to the
appropriate aldehyde and alcohol. The mechanism of the hydrolysis of the acetals and ketals is
shown in Scheme I.1. In the hydrolysis process, formation of the intermediate of resonance-stabilized
carboxonium ion (shown within the red color square bracket in Scheme 1.1) has been suggested to be
the rate determining step. Therefore, the stability of this carboxonium ion would dictate the
hydrolysis rate of the corresponding acetal or ketal; i.e., if the intermediate carboxonium ion is more
stabilized, then the hydrolysis rate would be faster. Due to the cationic character of the
intermediate, electron-donating group substituents are generally expected to stabilize the

intermediate and thus accelerate hydrolysis.

79



H H
| ® |
o.__O. * o] N 0. _R 0@.R H,0 o) N
R™OK TRy H RFOWEBR, — | RF NP = ROY T 2 rrO%8w
R, Rs R, Rs R, R, R, Rs
Os_R; H0 ® H,0 A H ”
3 M2 .O_ _R L0 @R 2 R
ROH® T RoH + | WO L WP == g OOy RO OH
Ry R, R, R, Rs R, Rs

Scheme I.1. The mechanism of the hydrolysis of acetals and ketals.

1.3.2.1.2 Orthoester linker

The orthoester is a functional group containing three alkoxy groups attached to one carbon atom
(R1C(OR;)3) that can be prepared by the reaction of nitriles with alcohols under acid catalysis. They
are readily hydrolyzed in mild aqueous acid to form esters, and therefore usually used as protecting
groups for esters. The mechanism for the acid-catalyzed hydrolysis of orthoesters consists of three
separate reaction steps: generation of a dialkoxy carbonium ion, hydration of this ion to a hydrogen
orthoester, and breakdown of the latter to alcohol and carboxylic acid or ester products (Scheme

1.2).17

HO 1)

1 + ROH
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Scheme 1.2. The three-steps mechanism for the acid-catalyzed hydrolysis of a cyclic orthoester.

1.3.2.1.3 Imine linker

An imine is a functional group containing a carbon-nitrogen double bond, with the nitrogen
attached to a hydrogen atom or an alkyl group (R:R,C=NR; with R; = H or an alkyl group). If this group
is an alkyl group, then the compound is more stable and defined as a Schiff base. They are obtained
by reaction of an aldehyde or ketone with a primary amine. The mechanism of the hydrolysis of the
imines is shown in Scheme [.3. It starts by protonation of the nitrogen converting the imine into
iminium ion which is very electrophilic and is attacked by water in the next step. After a proton
transfer from the oxygen to the nitrogen (likely an intermolecular process), the ammonium ion is
kicked out as a neutral amine. This step forms an oxonium ion which, after a deprotonation, gives the

desired ketone.'”*
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Scheme 1.3. The mechanism of the hydrolysis of imine.

1.3.2.14 Hydrazone linker

Hydrazones (R;HC=NNR,R;) are a class of organic compound, usually formed by the reaction of
hydrazine on ketones or aldehydes. Under acidic conditions, the hydrolysis reaction of hydrazone
starts with the protonation of nitrogen, followed by the formation of carbinolamine intermediate
(Scheme 1.4). In the following step, a proton is lost from positively charged oxygen to vyield

intermediate which decomposes into corresponding hydrazine and aldehyde/ketone species.'”
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Scheme |.4. Mechanism proposed for the hydrolysis of hydrazone.

1.3.2.2 Dual pH-sensitive and LCST-type thermosensitive nanogels

To the best of our knowledge, several LCST-thermosensitive nanogels containing acetal/ketal and
imine groups have been reported. For instance, in the study of Chen et al.,"’”® thermosensitive and
pH-degradable nanogels, with defined shape and size for encapsulation of Paclitaxel (PTX, a
chemotherapy medication used to treat a number of types of cancer) and intracellular release were
prepared by photo-crosslinking. A pre-polymer based on acetal-linked poly(vinyl alcohol)
functionalized with vinyl ether acrylate (PVA-VEA) was first synthesized by acetalization between
vinyl ether groups and hydroxyl groups and then crosslinked under UV-light using a water-soluble
photo-initiator (Figure 1.49). The nanogel PVA-VEA with 6 mol.% VEA showed a D;, of 180 nm with a
particularly narrow size distribution of 0.05 and LCST value of 16°C. Such resulting nanogel showed
rapid degradation (the half-life of acetal hydrolysis at pH = 5 was about 6h) and a pH-triggered drug

release in a controlled manner under intracellular acidic conditions at 37°C.
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Figure 1.49. Synthesis of thermosensitive and pH-degradable nanogels loading PTX based on PVA-VEA and their

degradation under acidic pH. Reproduced from ref.’

Banejiee et al. "7 also reported the use of acetal linkage to form crosslinking which undergo
decrosslinking at lysosomal pH of cancer cells (~5.0). The diol groups of PEG-b-PNIPAmM-b-PGMA
poly(glycidyl methacrylate) diol functionalized triblock copolymer were used to form the core
crosslinked nanogel by reaction with aldehyde functionalized crosslinkers through formation of
acetal linkages. Resulting nanogels show a single size distribution with Dy, in the range of 80-110 nm.
The nanogels indicated a nearly complete breakage after incubation for 48h at pH 5.0. The nanogel
showed efficient loading of doxorubicin with the loading capacity of 29.6% at pH ~ 7.4 at 20°C and
more than 80% of the loaded drug molecules were freed from the acetal functionalized crosslinked
networks after incubation for about 20h in pH ~ 5.0 medium at 37°C, a temperature higher than LCST
of PNIPAm (32 °C) (Figure 1.50).
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Figure 1.50. The preparation of core crosslinked dual thermo- and pH-sensitive PEG-b-PNIPAm-b-PGMA -based

nanogels via acetal formation and the acid hydrolysis of the nanogels gives back the reactants. Reproduced

177
from ref.

Beside acetal and ketal groups, degradability of nanogels based on imine bond are also reported.
Fulton et al.***’® have synthesized a wide range of LCST-type thermosensitive and pH-degradable
shell and core crosslinked polymer assemblies respectively using thermosensitive PNIPAm and acid
cleavable imine bond. For example, core crosslinked polymers possessing responsiveness to pH and
temperature stimuli have been prepared from aldehyde-functionalized diblock copolymer (P1) based
on poly(N-ethylacrylamide-2-(4-formylbenzamide)) and amine-functionalized diblock copolymers
based on poly(N-(tert-butoxycarbonyl)-propylaminoacrylamide).*” Dual pH- and thermo-sensitive
nanogels can be used to trigger the release and uptake of a hydrophobic dye molecule. Nile Red can
be encapsulated within the hydrophobic core of nanogel at 45°C and be released at 5 °C. In addition,
at pH 5.5, the release of Nile Red can be triggered by pH-induced disassembly and the encapsulation
occurred at pH 11. Both of these processes are reversible, and the Nile Red can be re-encapsulated

upon removal of the pH or temperature stimuli.
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Figure 1.51. The preparation of core crosslinked dual thermal and pH-sensitive nanogel based on aldehyde-
functionalized diblock copolymer from poly(N-ethylacrylamide-2-(4-formylbenzamide) and amine-
functionalized diblock copolymers from poly(N-(tert-butoxycarbonyl)-propylaminoacrylamide). via imine bond
formation. The reversible encapsulation and release cycles of Nile Red when temperature and pH change.

Reproduced from ref.”

1.3.2.3 Dual pH-sensitive and UCST-type thermosensitive nanogels

From our knowledge, there is no pH-degradable and UCST-type thermosensitive nanogel in the
literature up to now. Moreover, the pH-dependent synthetic UCST-type thermosensitive polymers
that operate within a physiological window are also extremely rare and only a few examples have
been reported. Sponchioni et al.'’® developed a new class of degradable zwitterionic UCST-type
thermosensitive polymer nanoparticles by synthesizing poly(sulfobetaine-co-sulfabetaine)-g-poly(e-
caprolactone) copolymers via RAFT polymerization. They showed that the degradation rate of the
nanoparticles at pH 14 is dependent on the length of the oligoester grafts. Roth et al."*® described
the synthesis of thioester-based statistical UCST-type thermoensitive copolymers based on the
radical copolymerization of the dibenzo[c,e]oxepane-5-thione with either the zwitterionic sulfobutyl
betaine or either AN and Am comonomers. They studied the degradation of such UCST-type

thermosenstive polymers through aminolysis. More recently, Zhang et al ***

reported the preparation
of a pH-degradable and UCST thermosensitive polymer based on poly(N-(2-hydroxypropyl)
methacrylamide-glycolamide) (P(HPMA-GA)). N-(2-hydroxypropyl) methacrylamide was firstly
modified on the hydroxyl-position with glycolamide to form the HMPA-GA monomer with a

degradable carbonate ester linkage and a primary amid pendant group to potential H- bond
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formation. The P(HPMA-GA) was obtained by RAFT polymerization of modified monomer HPMA-GA
The obtained modified PHPMA-GA shows both UCST-thermosensitive and pH-degradable properties.
An aqueous solutions of the polymer with D_Pn of 50 displays UCST of 22°C upon heating at a
concentration of 5 mg.mL™. In addition, there was a gradual decrease of the cloud point temperature
upon hydrolysis at pH 7.4 of the polymer side chains until it becomes lower than 37°C leading to
solubilization of the polymer. This is an interesting finding as it indicates that despite the relatively
slow degradation (10 h) of the polymer, a rather rapid phase transition takes place at physiological

temperature (37°C) and pH (7.4).

1.4 Conclusions

We mainly focused our attention to the relevant literature regarding available methods used for
general preparation of nanogel including physical crosslinking and chemical crosslinking methods.
Physically crosslinked nanogels are prepared using non-covalent interactions between polymer
chains as hydrophobic interactions, electrostatic interactions or host-guest interactions. Compare to
physically crosslinked type, the chemically crosslinked nanogels are much more stable and well-
defined. A variety of methods have been developed to synthesize chemically crosslinked nanogels
including the crosslinking of polymer precursors, the direct crosslinking through radical
polymerization of co-monomers and through polymerization-induced self-assembly (PISA) process.
By employing crosslinking reactions via post-modification of preformed reactive polymer precursors
like thiol-disulfide exchange reaction, amidation reaction, Schiff base reaction or photodimerization
of coumarin entities, a wide range of nanogels with precise control of the chemical functionality
could be obtained. This technique has evolved from polymer synthesis, where post-polymerization
functionalization enables the introduction of active groups into polymer chains which can be further
crosslinking. In the direct crosslinking through radical polymerization of co-monomers, the
polymerization and the crosslinking reaction occur at the same time. There are different
polymerization processes and synthetic strategies based on conventional (Inverse (mini)emulsion
polymerization, Inverse microemulsion polymerization) or controlled radical polymerizations (NMP,
ATRP, RITP, RAFT) to prepare nanogels. In the PISA process, typically, a soluble homopolymer (A) is
chain-extended using a second monomer in a suitable solvent such that the growing second block (B)
gradually becomes insoluble, which drives in situ self-assembly to form AB diblock copolymer nano-
objects. The A block is usually prepared via solution polymerization and acts as a surfactant, while
the insoluble B block is prepared via either dispersion or emulsion polymerization. Among the
various chemical crosslink processes, RAFT-PITSA is a powerful method to prepare LCST-type

thermosensitive nanogels in a one-pot process. Up to now, there are only few reports on the
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synthesis procedure of UCST-type thermosensitive nanogels, which all have disadvantage as
purification requirement, post-polymerization for crosslinking or involving unfriendly environment
organic solvent. The dual pH-sensitive and UCST-type thermosensitive systems are also rare in the

literatures and no dual pH-sensitive and UCST-type thermosensitive nanogel was reported.
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CHAPTER I

SYNTHESIS AND CHAIN EXTENSION OF
PPEGA MACROMOLECULAR CHAIN
TRANSFER AGENTS

2.1 Introduction

Poly(ethylene glycol) (PEG) is a hydrophilic, biocompatible polymer widely used in the
biopharmaceutical and biomedical fields to increase the stealth of bioactive molecules such as
proteins, peptides and biopolymers. Covalent conjugation of PEG to a therapeutic agent, i.e.
PEGylation, helps prolong blood circulation lifetimes, improve passive targeting, and decrease
proteolysis and renal excretion of the agent, thereby allowing a reduced therapeutic dosing
frequency’. Resulting bioconjugates show changes in their physical characteristics depending on the
PEG architecture (linear, branched, comb-like, cyclic, multi-arm and dendronized PEGs).

Reversible deactivation radical polymerization (RDRP) techniques are particularly well suited to
enable precise control over the architecture, molar mass, and dispersity of PEG polymers. RAFT
polymerization has been employed to induce PEGylation through the polymerization of PEG
macromomers, such as oligo(ethylene glycol) methyl ether acrylate, also called poly(ethylene glycol)

3-10

methyl ether acrylate (PEGA).” " The relevance of RAFT in the elaboration of well-defined polymers
for PEGylation is due to both the absence of cytotoxic metal catalysts and the functionality that can
be introduced into the CTA to allow various coupling chemistries at the R or Z moieties for

subsequent conjugation.e'“_13

A precise control over the end-group functionality of the PPEGA
polymer is nontrivial due to the fact that the radical polymerization of acrylate monomers is strongly
affected by radical transfer events, where the presence of mid-chain radicals caused by backbiting or
intermolecular radical transfer leads to branching of the polymer chain."*™® Additionally,
intermolecular chain transfer and termination through combination can result in chains of high molar

mass and broadening of molar mass distributions.’® The undesirable branching phenomenon is

exacerbated by high polymerization temperatures, low monomer concentrations (<3 wt.%) and/or
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high conversions,'® and has been previously observed in the literature for the PPEGA polymer. Zhao
et al. optimized the synthesis of PPEGA employing water as the predominant co-solvent with dioxane
to induce acceleration of the polymerization kinetics in order to offset the retardation effects
associated with lowering the temperature (44 °C) and initiator loading."” Under these polymerization
conditions, a very high percentage of theoretical living chains was observed; moreover, the high
molar mass shoulder ascribed to chain transfer side reactions (exhibited at higher temperatures)
could be minimized, especially if the reaction is stopped at moderate monomer conversion (67%). In
general, PEGA polymerizations are usually stopped at low-to-moderate monomer conversion to
preserve a high proportion of living chain ends and low dispersity, despite the associated waste of

the monomeric product which necessitates dialysis.>****®

Motivated by the wide utility of brush
PPEGA and the relative synthetic strategies reported in the literature, we sought to expand the
arsenal of RAFT polymerization techniques to synthesize this high-value hydrophilic material. In this
chapter, the RAFT polymerization of the PEGA will be conducted using various initiating radical
sources: thermal activation and UV-light irradiation to target well-defined PPEGAs with high chain-
end fidelity at high monomer conversion. The optimized conditions will then be used to synthesize a

wide range of PPEGA with different number-average polymerization degrees (DP,) which will be

used for the subsequent elaboration of nanogels in Chapters 3 and 4.

2.2 Synthesis of PPEGA macromolecular chain transfer by RAFT

. - *
polymerization

A chain  transfer agent, namely  2-cyano-5-oxo-5-(prop-2-yn-1-ylamino)pentan-2-yl
dodecyltrithiocarbonate (COPYDC) was employed, which is synthesized as described in the
literature.'® This compound contains an alkyne R-group and a trithiocarbonate Z-group. The alkyne
group is linked via an amide functionality. The stability of the alkyne bond could avoid side reactions
during the polymerization, and the amide group is a robust functionality that can resist to hydrolysis
in view of further (biological) applications in aqueous media. The alkyne group can react with a thiol
by thiol-yne coupling reaction to functionalize the a-position and the trithiocarbonate group can be
removed thanks to a radical process to functionalize the w-position of the RAFT-synthesized

polymer.®

"A part of this study has been published in Polymer Chemistry (A.R. Mazo et al. Polym. Chem. 2020, 11, 5238-
5248).
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2.2.1 PPEGA obtained by thermally-initiated RAFT polymerization (named
Thermal-PPEGA)’

A lot of literature works report the synthesis of PPEGA by thermally-initiated RAFT
polymerization®™° in organic or aqueous media, through the use of initiators which decomposition
temperatures varied from 40 °C to 70 °C. In the present work, given the hydrophobicity of the
COPYDC, the PEGA polymerization was performed in N,N-dimethylformamide (DMF) at 70 °C with
the use of 4,4'-azobis(4-cyanovaleric acid) (ACVA) as an initiator. Our aim was to optimize the
thermally-initiated RAFT polymerization of PEGA by investigating the impact of [PEGA],/[COPYDC],

initial molar ratio on the control of polymerization.

2.2.1.1 Impact of the [PEGA]o/[COPYDC], initial molar ratio

Scheme II.1 shows thermally-initiated RAFT polymerization of PEGA using COPYDC as CTA, ACVA
as initiator in DMF at 70°C. During the course of the RAFT polymerizations, aliquots were taken to
monitor the PEGA conversion by * H-NMR spectroscopy by comparing the integration values of the
formamide proton of DMF at 8.02 ppm and of the alkene protons of PEGA between 5.7 and 6.5 ppm.
The number-average molar mass (m) and dispersity (D) values are obtained by size exclusion

chromatography (SEC) in THF using polystyrene (PSt) standards.
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Scheme II.1. Thermally-initiated RAFT polymerization of PEGA using COPYDC as CTA, ACVA as initiator in DMF
at 70°C.

Different [PEGA],/[COPYDC], initial molar ratios were studied for the RAFT polymerization using a
constant initial concentration of PEGA ([PEGA], = 1.45 M), a constant [COPYDC],/[ACVA]yinitial molar
ratio of 1/0.1 and changing the [PEGA],/[COPYDC], initial molar ratio (50/1, 60/1 and 80/1). The
influence of the [PEGA],/[COPYDC], initial molar ratio on the polymerization kinetics, the m and
D evolutions with PEGA conversion were studied. The Figure Il.1 shows the comparison of the

evolution of In([M]o/[M];) and conversion vs. time of three RAFT polymerizations of PEGA with

" Thermal-PPEGA: PPEGA was synthesized through thermally-initiated RAFT polymerization. Wenhao Zhang is
thanked for his contribution about the kinetic study of PEGA polymerization with [PEGA],/[COPYDC], initial
molar ratio of 80/1.
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[PEGA],/[COPYDC], initial molar ratio of 50/1, 60/1 and 80/1. An inhibition period has been observed
whatever the [PEGA]o/[COPYDC], initial molar ratio and is shorter for the higher [PEGA],/[COPYC],
initial molar ratio: this result is consistent with a RAFT polymerization process.”” The possible
explanations are based on slow fragmentation, slow re-initiation by the expelled radical, and the

1.%° also

ability of the propagating radical to add to the CTA rather than to monomer. Monteiro et a
postulate an additional and overriding mechanism to explain the retardation in rate, namely
intermediate radical termination of the radicals. In our experiments, after the inhibition period, a
constant slope of In([M]y/[M];) vs. time, in agreement with a constant concentration of propagating
radicals, was observed up to 74%, 64% and 53% PEGA conversions for [PEGA],/[COPYDC], equal to

50/1, 60/1 and 80/1, respectively.
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Figure 11.1. Evolution of In([M]o/[M]y) (A) and conversion (B) versus time during the RAFT polymerization of
PEGA mediated through ACVA and COPYDC in DMF at 70°C, [PEGA]o/[COPYDC]o/[ACVA], = 50/1/0.1 (<),
[PEGA]o/[COPYDC]o/[ACVA],= 60/1/0.1 (m) and [PEGA],/ [COPYDC]o/[ACVA], = 80/1/0.1 (A).

The influence of the [PEGA]o/[COPYDC]; initial molar ratio on the evolution of M, ¢, and D with
PEGA conversion was studied. Figure 1.2 illustrates the evolution of M, ¢, and D versus PEGA
conversion and highlights an increase of M), ;cc with PEGA conversion. The increase of the initial

molar ratio of [PEGA],/[COPYDC], led to the loss of control of the polymerization as shown by the

[PEGA]o
[COPYDC],

kinetic study (Figure I.1) and by the discrepancy between M, sec and M), oo (M), theo =

conv X My, pega + Mcopypc Where conv is the PEGA conversion) and higher B values (Figure 11.2).
Therefore, the polymerization of PEGA for [PEGA],/[COPYDC], = 50/1 is no longer controlled beyond
180 min (at 74% PEGA conversion). However, this critical time for [PEGA],/[COPYDC], = 60/1 is 150
min, at 64% PEGA conversion and decrease to 120 min for [PEGA],/[COPYDC], = 80/1 at PEGA
conversion of 53%. Whatever the initial molar ratio of [PEGA],/[COPYDC], studied, at higher PEGA
conversions, the m of resulting PPEGAs seem to remain stable, which is expected due to side

reactions such as irreversible terminations or irreversible transfer reactions. Additionally, the
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discrepancy between M, ¢ccand M), e, is also due to the SEC calibration as the hydrodynamic
volume of PS, used for SEC calibration, is different from the hydrodynamic volume of branched
PPEGA in THF. A decrease of the apparent propagation rate constant was also observed (Figure I.1A)
with a sharp increase in D values (Figure 11.2B). This is probably due to side reactions coming from
irreversible bimolecular termination by coupling. However, low dispersity values (P < 1.2) for PPEGA
can be obtained for PEGA conversion up to 74% using a [PEGA]o/[COPYDC],/[ACVA], initial ratio of
50/1/0.1.
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Figure 11.2. Evolution of (A) M, sz (symbol) and m (line) and, (B) P versus PEGA conversion of thermally-
initiated RAFT polymerizations of PEGA mediated through ACVA and COPYDC in DMF at 70°C,
[PEGA],/[COPYDC],/[ACVA], = 50/1/0.1 (<), [PEGA],/[COPYDC]o/[ACVA], = 60/1/0.1 (m) and
[PEGA]o/[COPYDC]o/[ACVA], = 80/1/0.1 (A ).

The SEC traces of crude polymerization media (Figure I.3) show a decrease in the intensity of the
PEGA signal as the reaction proceeds. However, at the higher conversions tested, asymmetric
chromatograms were observed where the emergence of a high molar mass shoulder could be
evidenced at lower elution times. Again bimolecular coupling terminations or intramolecular and
intermolecular transfer events known for radical polymerization of acrylates operate.” The Perrier’s
group®’ showed that a reduction in the ratio of the initiator to CTA employed in the PEGA
polymerization, as well as a careful choice of the initiator with longer radical half-life (i.e., lower
decomposition rate), led to a lower extent of bimolecular termination. Nonetheless, these
formulation steps failed to eliminate the high molar mass shoulder observed in PPEGA.” The authors
showed that only by targeting a much lower temperature (from 70 to 44 °C) and stopping the
reaction at 67% conversion could suppress polymer branching and/or bimolecular coupling
terminations."® These actions are in line with the literature on acrylate polymerizations, where it has
been noted that chain transfer to the polymer is vastly decreased upon decreasing temperature, or

by targeting high monomer concentrations and low conversions. Very low monomer concentrations
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cause an increase in the concentration of mid-chain radicals, and the probability of B-scission is also

greater under these conditions.®
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Figure 11.3. Overlaid SEC traces of crude polymerization media using Rl detection obtained at different PEGA
conversions of thermally-initiated RAFT polymerization of PEGA mediated through ACVA and COPYDC in DMF

([PEGA], = 1.45 M) at 70°C at various initial molar ratios [PEGA],/[COPYDC],= 50/1 (A), 60/1 (B) and 80/1 (C).
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To conclude on this part, the optimized synthesis conditions to target well-defined Thermal-
PPEGA through thermally-initiated RAFT  polymerization of PEGA is an initial
[PEGA],/[COPYDC]o/[ACVA], ratio of 50/1/0.1, a monomer concentration of 1.45 M in DMF at 70°C
and stopping the reaction at PEGA conversions below 74%. These conditions were used in the

following part in order to synthesize a range of Thermal-PPEGA with variable DP,, ppega-

2.2.1.2  Synthesis of Thermal-PPEGA with different DP,

Well-defined Thermal-PPEGAs with different DP,, were targeted using the optimized experimental
conditions defined in previous §ll.1.a. RAFT polymerizations of PEGA were performed using the
[PEGA],/[COPYDC]o/[AVCA], initial molar ratio of 50/1/0.1 with the monomer concentration of 1.45
M in DMF at 70°C and stopping the reaction at PEGA conversions below 74%. The PEGA conversion
was determined by 'H-NMR analysis of the crude reaction mixture. Final crude reaction mixtures
were purified by dialysis in pure water during 3 days and freeze-dried. The pure Thermal-PPEGAs
obtained were analyzed by 'H-NMR spectroscopy to determine experimental m and by SEC in
THF to determine M, s;c and dispersity. One purified Thermal-PPEGA is employed as an example to
show the detailed calculation to determine the experimental m by 'H-HMR spectroscopy. The
'H NMR spectrum (Figure 11.4) shows the characteristic signals of the CH,CH,O of the EO repeating
unit at 3.65 ppm (labeled e and f in Figure 11.4) of Thermal-PPEGA. The singlet at 3.38 ppm
corresponds to the methyl protons (CH,CH,0)sCH; of the repeating units of PPEGA (labeled g in
Figure 11.4). The triplet at 0.88 ppm is characteristic of the methyl protons of the dodecyl chain
(labeled a in Figure 11.4). The DP, pprgs Was calculated by comparing the integration values of the
methyl protons of the dodecyl chains (3 protons, labeled a in Figure 11.4) with the integration values
of the methylene protons C(=0)OCH,CH,0(CH,CH,0)s and HC=CCH,NH (2n+2 protons, labeled d and

hin Figure 1.4, respectively). The DP,, ppgg4 is equal to 20.
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Figure 11.4. "H-NMR spectrum (400 MHz, CDCI;) of a purified Thermal-PPEGA synthesized by thermally-initiated
RAFT polymerization of PEGA using ACVA and COPYDC ([PEGA],/[COPYDC],/[ACVA], = 50/1/0.1, [PEGA], = 1.45
M) in DMF at 70°C after 2h of reaction.

The SEC trace of the above purified Thermal-PPEGA of DP,, ppr4 equal to 20 using the RI detection
shows an unimodal and narrow signal with M, szc = 10 400 g.mol™ (PS equivalents) and P = 1.18
(Figure 11.5). As shown on SEC analysis using UV-vis detection (Figure II.5), the Thermal-PPEGA,,
absorbs at 309 nm which is the characteristic wavelength of the trithiocarbonate end-group

associated with the n—rt* transition of C=S bond.
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Figure 11.5. Overlaid SEC traces of purified Thermal-PPEGA,, using Rl detection (line) and UV-vis detection (dash

line) at 309 nm obtained by thermally-initiated RAFT polymerization of PEGA using ACVA and COPYDC

([PEGA],/[COPYDC],/[ACVA], = 50/1/0.1, [PEGA],= 1.45 M) in DMF at 70°C after 2h of reaction.
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The macromolecular characteristics of Thermal-PPEGAs with different DP,, ppr4 Obtained through

thermally-initiated RAFT polymerizations of PEGA are summarized in Table II.1.
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Table II.1. Macromolecular characteristics of Thermal-PPEGAs synthesized through thermally-
initiated RAFT polymerization in DMF at 70°C with [PEGA]o/[COPYDC],/[AVCA], = 50/1/0.1 with
[PEGA]y=1.45 M.

Time Conv. X M, theo ‘ M, sec ‘ .
Run , DPy, ppeGa 2
(h) (%) (g.mol™) (g.mol™)
1 1.5 17 7 3800 4000 1.13
2 1.67 40 15 7640 7500 1.13
3 2 42 20 10840 10400 1.18
4 2.4 60 24 11960 9300 1.23
5 2.5 62 30 14840 10600 1.22

® Determined by 'H NMR spectroscopy (200 MHz, CDCl;) by comparing the integration values of the formamide
proton of DMF at 8.02 ppm and of the alkene protons of PEGA between 5.7 and 6.5 ppm. ® Determined by 'H-

¢c=——— __[PEGA]p
NMR spectroscopy (400 MHz, CDCls). " Mp theo = TCOPYDCl

conversion, M, pesa is the number-average molar mass of PEGA (Mpgs, = 480 g.mol'l) and Mcopypc = 440 g.mol'l.
? Determined by SEC in THF using PSt equivalents.

X conv X M, pega + Mcopyoc Where conv is the PEGA

The results in Table Il.1 show the increase of DP, pppg4 and M, s with time and monomer
conversion. The dispersity is also lower at lower PEGA conversions. Generally, the RAFT
polymerization of PEGA with initial molar ratio [PEGA]o/[COPYDC], = 50/1 shows a good control at
low PEGA conversion (<74%). Desiring to target well-defined PPEGAs at near-total PEGA conversion
and knowing that at low temperatures side reactions including irreversible transfer reactions are
reduced, RAFT polymerizations of PEGA were then studied at room temperature. Therefore, the

activation mode was switch to UV-light initiation mode.
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2.2.2 PPEGA obtained by UV-light initiated RAFT polymerization (named UV-
PPEGA)*

Interestingly, the UV-light initiated polymerization of butyl acrylate has been found to vyield
polymers with a very low degree of branching, five-fold lower than that with comparable thermally-
initiated polymerization.” For this reason, we switched to this method of initiation in order to carry
out the reaction at room temperature, to verify whether a low reaction temperature could improve
polymerization control. In addition to reaction temperature, monomer concentration plays an
important role to limit side reactions during the RAFT polymerization of acrylates.'® Particularly, in
solution polymerization of acrylic monomer, where monomer concentration is lower (< 3 wt.%), the
relative rate of backbiting is higher and thus a higher amount of mid-chain radicals is produced.™
Hence, in this part, we conducted the RAFT polymerization with different PEGA initial concentrations
to investigate how the monomer concentration can impact the formation of PPEGA through UV-light

initiated RAFT polymerization at room temperature (25°C).

2221 Impact of the PEGA initial concentration

The UV-light initiated polymerization of PEGA was carried out in the presence of COPYDC in DMF
with various initial concentrations of monomer ([PEGA], = 0.39 M, 1.42 M and 5 M) using an initial
molar ratio [PEGA],/[COPYDC]y/[Initiator], of 50/1/0.1 and a UV lamp source (A = 365 nm, P = 34
mW/cm?). 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (photo-1) was used as a water-
soluble photoinitiator and the polymerizations were conducted at 25 °C. Kinetic plots for UV-light
initiated RAFT polymerizations were obtained by withdrawn samples at different time intervals. As
shown in Figure 11.6, a fast initial rate of polymerization was observed: approximately 80% conversion
are reached after 100 min under UV irradiation (in comparison, 250 min for thermally-initiated RAFT
polymerization) for the polymerization with PEGA initial concentration of 1.42 M. The inhibition
period is longer for lower PEGA initial concentration. For example, the inhibition time changes from
30 min to 60 min when initial concentration of PEGA changes from 5 M to 0.39 M. A constant slope
of In([M]o/[M],) vs. reaction time, relevant with a constant concentration of propagating radicals, is
observed till 54 %, 68 % and 72 % PEGA conversion for the polymerization with PEGA initial
concentration of 0.39 M, 1.42 M and 5 M, respectively. However, as in thermally-initiated RAFT
polymerization, a decrease of the apparent propagation rate constant was observed at higher PEGA

conversions.

* UV-PPEGA: PPEGA was obtained via UV-light initiated RAFT polymerization. Yuwen MENG is thanked for her
contribution to this work.
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Figure 11.6. Evolution of In([M]o/[M];) (A) and conversion (B) versus time during the UV-light initiated RAFT
polymerization of PEGA using photo-l and COPYDC in DMF at 25 °C, [PEGA]o= 5 M (<), [PEGA]p = 1.42 M (m)
and [PEGA], = 0.39M (A ).

As shown in Figure 11.7, an increase of M, s and ® with PEGA conversion whatever the initial
PEGA concentration. Dispersity values of the obtained UV-PPEGA were relatively low (D < 1.3) for
PEGA conversion below 80%. Moreover, for a similar PEGA conversion, such values were generally
lower using [PEGA]y =5 M in comparison with [PEGA], = 0.39 M and 1.42 M. This is consistent with
previously reported studies by Ballard et al.: lower monomer concentration leads to higher relative
rate of irreversible transfer reaction (backbiting) and thus a greater fraction of mid-chain radicals is

produced.™
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Figure I1.7. Evolution of M, sec (symbol) and M, 4., (line) (A) and D (B) obtained by SEC (THF) versus PEGA
conversion of RAFT polymerizations of PEGA using photo-l and COPYDC in DMF at 25 °C, [PEGA],=5 M (),

[PEGA]o= 1.42 M (m) and [PEGA], = 0.39M (A ).

Figure 11.8 shows the evolution of SEC traces of crude polymerization mixtures with PEGA
conversion for different [PEGA],. A decrease in the intensity of the PEGA signal is observed as the
reaction proceeds. Moreover, SEC traces of resulting PPEGAs showed symmetrical monomodal peaks
that shift to higher molar mass with increasing PEGA conversion up to 60, 68, and 76 % at [PEGA]y=5
M, 1.42 M, and 0.39 M, respectively (Figure 11.8A, B and C). At higher PEGA conversions, the presence
of shoulders at high molecular weights was observed (Figure II.8 A and B) due to irreversible

termination reactions and/or irreversible chain transfer reaction during PEGA polymerization.
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Figure 11.8. Overlaid SEC (THF) traces of crude polymerizations mixtures using Rl detection obtained by UV-light
initiated RAFT polymerization of PEGA using photo-l and COPYDC ([PEGA],/[COPYDC],/[Photo-I], = 50/1/0.1) in
DMF at 25 °C at various initial PEGA concentrations, (A) [PEGA];=5 M, (B) [PEGA], = 1.42 M and (C) [PEGA], =
0.39 M.
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Despite a low temperature reaction, UV-light initiated RAFT polymerization did not afford an
improved control compared to the thermally-initiated RAFT polymerization with the same PEGA
initial concentration of 1.42 M for a PPEGA conversion above 60%. An explanation could be the
existence of premature termination reactions due to an undesired photolysis-derived fate of the CTA

22724 These

(i.e., decomposition of the thiyl radical species under UV and subsequent side reactions).
concerns were partially allayed by the examination of the UV response of the polymers at 310 nm,
characteristic of the presence of a trithiocarbonate chain-end (Figure 11.9). An alternative hypothesis
that we considered to a lesser extent is the photodegradation of the PEG side chains to produce
additional radicals and subsequent branching. This photodegradation could be possible based on
reports of PEG-based polymers undergoing photodegradation when irradiated with UV light, albeit at

higher light intensities.””*’
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Figure 11.9. Overlaid SEC (THF) traces of UV-PPEGA using Rl detection (—) and UV detection at 310 nm (---)
obtained by UV-light initiated RAFT polymerization of PEGA using photo-l and COPYDC at final time (150 min;
conv. = 88 %) ([PEGA]o/[COPYDC]o/[Photo-I], = 50/1/0.1) in DMF at 25 °C and at [PEGA], = 1.42 M.

In conclusion, the optimized synthesis conditions for UV-PPEGA prepared through UV-light
initiated polymerization at ambient temperature is: an initial molar ratio [PEGA],/[COPYDC], = 50/1.
Results show lower dispersity values and better control of polymerization for PEGA initial
concentration of 5 M when the polymerization is stopped at low PEGA conversions (< 60%). At higher
PEGA conversion (70%) the polymerization with [PEGA], = 5 M leads to the presence of a shoulder of

high molar mass which is not observed using [PEGA],=0.39 M.
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2.2.2.2 Synthesis of UV-PPEGA with different DP,,

Different UV-PPEGAs were synthesized keeping the [PEGA],/[COPYDC]o/[Photo-I], initial molar
ratio to 50/1/0.1 and the initial PEGA concentration of 0.39 M. The same purification protocol and
characterizations used for Thermal-PPEGAs were applied to UV-PPEGAs. The macromolecular

characteristics of the so-obtained UV-PPEGAs are reported in Table 11.2.

Table I.2. Macromolecular characteristics of UV-PPEGAs synthesized by UV-light initiated RAFT
polymerization in DMF at 25 °C with [PEGA],/[COPYDC],/[Photo-I], = 50/1/0.1 and [PEGA], = 0.39 M.

Run Time Conv. DP, ppeGa b M:heo M, sec p°
(h) (%) (g.mol™)° (g.mol™)°
1 1.45 35 18 9080 8500 1.27
2 3 60 24 11960 11200 1.22
3 4 62 30 14840 11700 1.25

® Determined by 'H-NMR spectroscopy (200 MHz, CDCl;) by comparing the integration values of the formamide
proton of DMF at 8.02 ppm and of the alkene protons of PEGA between 5.7 and 6.5 ppm. ® Determined by 'H-

NMR spectroscopy (400 MHz, CDCls). < M, o = % X conv X Mpeaa + Mcopype Where conv is the PEGA
0

conversion, M, pe6a is the number-average molar mass of PEGA (Mpgs, = 480 g.mol'l) and Mcopypce = 440g.mol'1. d
Determined by SEC in THF using PSt equivalents.

The Table 1.2 shows the increase of the DP, pprgp and the M, g with time and monomer
conversion. Compared to Thermal-PPEGA in Table II.1 having the same DP,, ppega (= 24), M, sec of UV-
PPEGAs are closer to M, e, With lower dispersity values, showing a better control of PEGA

polymerization (run 4, Table II.1 versus run 2, Table I1.2).

As the trithiocaronate group is sensitive to UV-light®, additional SEC analysis using UV detection
was performed on a purified UV-PPEGA45 (run 1, Table 11.2) used as an example to check the end-
group fidelity. The SEC trace using Rl detection shows a unimodal and narrow signal giving M,, sz =
8500 g.mol™ (in THF, PSt equivalents) and ® = 1.27 (Figure 11.10). Overlaying Rl and UV traces

confirmed the chain-end fidelity of the polymer by a trithiocarbonate group.
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Figure 11.10. Overlaid SEC (THF) traces using Rl detection (line) and UV-Vis detection (dash line) at 310 nm of
purified UV-PPEGA45 (Table I1.2, run 1) obtained by UV-light initiated RAFT polymerization of PEGA using Photo-
| and COPYDC ([PEGA],/[COPYDC]o/[Photo-I], = 50/1/0.1, [PEGA], = 0.39 M) in DMF at 25 °C after 1h45 of

reaction.

In conclusion, PPEGAs could be obtained by RAFT polymerization using either thermal activation
or UV-light activation with a sufficient molar mass control and narrow molar masses distributions for
low PEGA conversions. Employing a lower monomer concentration and stopping the reaction at low
conversion results in a better control of PEGA polymerization. Such well-defined PPEGAs can be used
as macro-CTAs for further synthesis of thermosensitive diblock copolymers by RAFT polymerization in

water.

2.3 Chain extension of PPEGA macromolecular chain transfer agents

through RAFT polymerization in water

Having evidenced the high @w-end group retention of PPEGAs obtained by thermal activation and
UV-light irradiation in the previous section, we then wish to further demonstrate the level of w-group
chain-end fidelity by doing chain extension of these PPEGAs with thermosensitive (LCST and UCST)
polymers via thermal activation and UV-light irradiation RAFT polymerization in aqueous medium.
2.3.1 Extension with monomers precursors to LCST-type thermosensitive
polymer
Chain extension experiments were carried out with NIPAm as the corresponding polymer (PNIPAm)

has received considerable attention due to its LCST value of 32°C (between room and body
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temperature) in water making it very interesting for biomedical applications.”™*

In line with several
other studies where PPEGAs between 10 and 22 kg.mol™ were synthesized,***** the chain extension
of Thermal-PPEGA,, and UV-PPEGA,z were herein realized by thermally- and UV-light initiated RAFT

polymerizations of NIPAm in water at different temperatures in the presence of water-soluble

initiators 2,2'-azobis(2-methylpropionamidine) dihydrochloride (V50) or photo-I (Scheme II.2).

S S. NH
/\H \C n\[s]/ CiaHzs 4 m/\g W/

fe) O
)S NIPAm
0
8-9

Thermally-initiated UV-light initiated
RAFT Polymerization RAFT Polymerization

V50 Photo-I

water water

70°C RT, 37°C, 50°C 70°C

O

= N SN Sve
= H NG m \[]/ 12125

Scheme II.2. RAFT polymerization of NIPAm using PPEGA as macro-CTA in water at different temperatures with

various initiating radical sources (thermal, UV-light irradiation).

2.3.1.1 Synthesis of Thermal-PPEGA-b-Thermal-PNIPAm® diblock copolymers by
thermally-initiated RAFT-PITSA of NIPAm in aqueous dispersion from Thermal-PPEGA
The thermally-initiated RAFT polymerization-induced thermal self-assembly (PITSA) **"* of NIPAm

was studied in aqueous dispersion, at a low solid content (2.4 wt.%) in the presence of Thermal-

S Thermal-PPEGA-b-Thermal-PNIPAm: diblock copolymers by thermally-initiated RAFT of NIPAm in aqueous
dispersion from Thermal-PPEGA macro-CTA.
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PPEGA,, as macro-CTA (run3, Table I1.1) and at 70°C (T°C > LCST of PNIPAm).The term PITSA is used
here as the RAFT polymerization of NIPAm in water involves the chain extension of a hydrophillic
PPEGA acting both as macro-CTA and stabilizer with a hydrophobic polymer to generate self-
assembled nanodomains at T > LCST of PNIPAm). Thermally-initiated RAFT-PITSA of NIPAm was
conducted in presence of V50 as hydrosoluble initiator with an initial molar ratio of
[NIPAmM]o/[Thermal-PPEGA,0]o/[V50]o = 204/1/0.3 at 70 °C. A kinetic plot for the thermally-initiated

RAFT-PITSA of NIPAm was obtained by withdrawing samples at different time intervals (Figure

I.11A).
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Figure 11.11. Evolution of (A) In([M]o/[M];) and conversion vs. time and (B) evolution of M, szc and D vs. NIPAm
conversion during the thermally-initiated RAFT PITSA of NIPAm using V50 and Thermal-PPEGA,, in aqueous

dispersion at 70°C.

Figure I1l.11A shows that the conversion of NIPAm increases with the increase of polymerization
time and a constant slope of In([M]o/[M];) vs. reaction time, relevant with a constant concentration
of propagating radicals observed until NIPAm conversion of 66 %. At higher NIPAm conversions, a
decrease of the apparent propagation rate constant was observed, with sharp increases in both
m and D (Figure 1.11B). A decrease in the radical concentration would be expected due to

irreversible bimolecular termination by coupling, which would entail an increase in dispersity as the

percentage of dead chains becomes significant and also higher M,, ¢¢c than M,, ... Moreover, the SEC
traces of crude polymerizations mixtures (Figure 11.12) showed the appearance of high molar mass
shoulders relevant with the loss of polymerization control from 41% NIPAm conversion, due to a

moderate proportion of dead chains.
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Figure 11.12. Overlaid SEC (DMF, LiBr) traces of crude polymerization mixtures using Rl detection obtained
during the thermally-initiated RAFT-PITSA of NIPAm using V50 and Thermal-PPEGA,, in aqueous dispersion at
70°C.

To target the Thermal-PPEGA,o-b-Thermal-PNIPAm block copolymers with a DP, pyspaps = 200,
the initial molar ratio between Thermal-PPEGA,;,, NIPAm and V50 ([NIPAM]y/[Thermal-
PPEGA]0/[V50],) of 204/1/0.3 was employed with the solid content of 2.4 wt.%. The reaction was
stopped after 6h of polymerization and a total NIPAm conversion was observed by 'H-NMR

spectroscopy with the disappearance of vinyl protons between 5.52 and 6.25 ppm (Figure 11.13).
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Figure 11.13. 'H-NMR spectrum (200 MHz in D,0) showing the complete conversion of NIPAm after 6h of
thermally-initiated RAFT-PITSA of NIPAm using V50 and Thermal-PPEGA, in aqueous dispersion at 70°C.

The 'H-NMR spectrum (Figure 11.14) of the resultingThermal-PPEGA,o-b-Thermal-PNIPAm shows
signals at 3.35 ppm ((CH,CH,0)sCH3;, labeled b) and 4.15 ppm (C(=0)OCH,CH,0-(CH,CH,0)s, labeled a
and e, respectively) characteristic of the PPEGA block and a signal at 3.95 ppm (-NH-CH(CHs),, labeled
c) characteristic of the PNIPAm block. These signals were used to determine the molar composition

of the resulting Copolymer: DPn, PPEGA = 20 and DPn’ PNIPAM = 200.
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Figure 1.14. 'H-NMR spectrum (400 MHz, CDCl;) of purified Thermal-PPEGA,q-b-Thermal-PNIPAM g0
synthesized by thermally-initiated RAFT-PITSA of NIPAm using V50 and Thermal-PPEGA,, ([PEGA]y/[Thermal-
PPEGA,0]o/[V50], = 204/1/0.3, solid content 2.4 wt.%) in water at 70°C after 6h of reaction.
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The overlaid SEC traces of Thermal-PPEGA,; and Thermal-PPEGA,o-b-Thermal-PNIPAmM,qo block
copolymer obtained using Rl detection was illustrated in Figure I.15. The chain extension of Thermal-
PPEGA,, using NIPAm monomer by thermally-initiated RAFT-PITSA is quasi-quantitative but a
bimodal and broad SEC signal was observed illustrating the presence of irreversible termination

reactions (M, sec = 41200 g.mol'l, b = 1.56) at total NIPAm conversion.

9 10 11 12 13 14 15 16 117 18
Elution time (min)

Figure I1.15. Overlaid SEC (DMF, LiBr) traces using Rl detection of the Thermal-PPEGA,, (line) and of the
Thermal-PPEGA,o-b-Thermal-PNIPAm (dash line) copolymer obtained after chain extension by thermally-
initiated RAFT-PITSA of NIPAm in aqueous dispersion at 70°C (dash line).

In the following section, we perform UV-light initiated RAFT polymerizations of NIPAm in the
presence of photo-l and a UV-PPEGA used as macro-CTA at different temperatures to figure out the
impact of radical activation and polymerization temperature on the macromolecular structure of the

resulting PPEGA-b-PNIPAm block copolymers.

2.3.1.2 Synthesis of UV-PPEGA-b-UV-PNIPAmM diblock copolymer by UV-light
initiated RAFT polymerization of NIPAm in water from UV-PPEGA

The UV-PPEGA;; previously synthesized (Table I1.2, run 1) was used as macro-CTA in the UV-light
initiated RAFT polymerization of NIPAm in water. For the synthesis of UV-PPEGAs-b-UV-PNIPAmM
block copolymers, the initial molar ratio between UV-PPEGA;5, NIPAm and Photo-I ([NIPAm],/[UV-
PPEGAg]o/[Photo-1],) was fixed at 204/1/0.3 with the solid content of 2.4 wt.% (similar experimental
conditions as the chain extension initiated by the thermal activation). A first test was carried at 25 °C
and so in an aqueous homogeneous medium (T < LCST of PNIPAm). As shown in Figure 1l.16A, a very
fast initial rate of polymerization was observed which reached approximatively 100 % NIPAm
conversion after 60 min (instead of 100 % NIPAm conversion after 360 min for the thermally-initiated
RAFT-PITSA in aqueous dispersion). The conversion of NIPAm increases with the increase of
polymerization time and a constant slope of In([M]o/[M];) vs. reaction time, relevant with a constant

concentration of propagating radicals is observed. Figure 11.16B illustrates the evolution of M), sz and
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D versus NIPAm conversion and Figure 11.17 shows the overlaid SEC traces of resulting copolymers at

different NIPAm conversions. The RAFT polymerization of NIPAm seems under a good control as P

remains stable around 1.3-to-1.4. The discrepancy between M, s and M), 4,0, can be attributed to
the difference between the hydrodynamic volume of PMMA, used for SEC calibration, and the
hydrodynamic volume of the copolymer in DMF. This conclusion is in agreement with the absence of

high molecular weight shoulder in the SEC traces, even at full conversion of NIPAm (Figure 11.17).
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Figure 11.16. Evolution of In([M]o/[M];) and conversion vs. time (A) and, evolution of M, sz (symbol) and M,, 44,
(line) and D vs. NIPAm (B) during the UV-light initiated RAFT polymerization of NIPAm using Photo-l as
photoinitiator and UV-PPEGA;g as macro-CTA in water at 25 °C.
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Figure 1.17. Overlaid SEC (DMF, LiBr) traces of UV-PPEGA-b-UV-PNIPAm using Rl detection obtained during the
UV-light initiated RAFT polymerization of NIPAm using Photo-I as photoinitiator and UV-PPEGA,g as macro-CTA

in water at 25 °C.
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The SEC analysis of the resulting copolymer showed a quantitative extension and a narrow
monodal peak with M, s = 56 400 g.mol’1 (PMMA equivalents) and B = 1.34 (Figure 11.18). The

trithiocarbonate chain-end functionalization of the polymer was confirmed by overlaying Rl and UV

traces (Figure 11.19).

Rl detection (a.u)

Elutiontime (min)

Figure 11.18. Overlaid SEC (DMF, LiBr) traces using Rl detection of UV-PPEGA;g (dash line) and of UV-PPEGAg-b-
UV-PNIPAm copolymers (line) obtained after chain extension by the UV-light initiated RAFT polymerization of

NIPAm using Photo-I as photoinitiator and UV-PPEGA,g as macro-CTA in water at 25 °C.

Elutiontime (min)

Figure 11.19. Overlaid SEC (DMF) traces of purified UV-PPEGA,g-b-UV-PNIPAm using Rl detection (line) and UV-

vis detection (dash line) at 310 nm obtained after chain extension by UV-light initiated RAFT polymerization at

25 °C after 1h of reaction.
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The efficient chain extension obtained by UV-light initiated RAFT polymerization in comparison
with the one obtained through thermally-initiated RAFT-PITSA can be explained by either the
initiating radical source or by the reactional medium temperature generating two different processes
(PITSA at 70°C and homogeneous solution at 25°C). As the LCST of PNIPAm being 32°C, the UV-light
initiated RAFT-PITSA of NIPAm at various temperatures (37°C, 50°C and 70°C) was studied and
compared with the results of the UV-light initiated RAFT polymerization at 25°C (Table 1.3, run 2) and
thermally-initiated RAFT-PITSA polymerization at 70°C (Table II.3, run 1). The resulting UV-PPEGA5-b-
UV-PNIPAms obtained at 37, 50 and 70°C were analyzed by 'H NMR spectroscopy and SEC analysis to

determine NIPAm conversion, M, sec and D values (Table 11.3, runs 3, 4 and 5).
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Table II.3. Macromolecular characteristics of PPEGA-b-PNIPAm block copolymers synthesized by RAFT polymerization in water with initial molar ratio

[NIPAmM]o/[PPEGA]o/[1]0=204/1/0.3 (2.4 wt.% solid content) at different temperatures using different activation modes.

Run Name Initiator T°C Time Conv.? m" 7 — m" pe
(h) (%) (g-mol™) (g-mol™)
1 Thermal-PPEGA,y-b-Thermal-PNIPAmM V50 70 6 100 200 32600 41200 1.56
2 UV-PPEGA ;g b-UV-PNIPAmM Photo-I 25 1 98 201 31800 56400 1.34
3 UV-PPEGA ;g b-UV-PNIPAmM Photo-I 37 1 94 190 30500 47200 1.32
4 UV-PPEGA ;g b-UV-PNIPAmM Photo-I 50 1 100 204 32100 42500 1.86
5 UV-PPEGA ;g b-UV-PNIPAmM Photo-I 70 1 100 204 32100 43600 2.01

? Determined by "H-NMR spectroscopy (200 MHz, CDCl;) by comparing the integration values of the formamide proton of DMF at 8.02 ppm and of the alkene protons of
NIPAm between 5.7 and 6.5 ppm. ® Determined by "H-NMR spectroscopy (400 MHz, CDCl;) by comparing the integration values of signals at 3.35 ppm ((CH,CH,0)sCH3,)
and 4.15 ppm (C(=0)OCH,CH,0-(CH,CH,0)s) characteristic of the PPEGA block and a signal at 3.95 ppm (-NH-CH(CHs),) of the PNIPAm block.

C

My nur = DPp pnipam X Myipay + My ppgga,  Where My pppga s the  number-average molar mass of PPEGA, Mypay = 113.16 g.mol ™.
9 Determined by SEC in DMF using PMMA equivalents.
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At almost full NIPAm conversion (conv. = 94 %), the dispersity values increase with reaction
temperature using the UV-light initiated RAFT polymerization. Indeed, they increase from 1.3 at 25 °C
and at 37 °C to 2.01 at higher temperature (70°C). The shoulders observed in SEC traces at short
elution times (Figure 11.20) for the block copolymers obtained by UV-light initiated RAFT-PITSA at
50°C and 70°C reflect the presence of irreversible termination reactions and/or irreversible transfer
reactions predominant at higher temperature and in a confined space related to a reaction carried
out at T > LCST. However, the efficiency of RAFT-PITSA polymerization of NIPAm initiated by UV-light
irradiation at low temperature (37 °C) makes possible to target well-defined UV-PPEGA-b-UV-

PNIPAmM block copolymers (run 3 in Table 11.3 and Figure 11.20).
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Figure 11.20. Overlaid SEC (DMF, LiBr) traces using Rl detection of UV-PPEGA;g (dash line) and of UV-PPEGA;g-b-
UV-PNIPAms copolymers (line) obtained after chain extension by UV-light initiated RAFT polymerization at

various reaction temperatures.

In conclusion, well-defined PPEGA-b-PNIPAm diblock copolymers could be obtained by RAFT
polymerization using UV-light activation at 25°C or 37 °C with a sufficient molar mass control and

narrow molar masses distributions.

2.3.2 Extension with monomers precursors to UCST-type thermosensitive

polymers

As mentioned in Chapter |, unlike LCST polymers, only a few polymer materials with UCST
behavior in water are known. One of them is the poly(N-acryloyl glycinamide) (PNAGA). Due to the
fact that many parameters can impact the UCST property of PNAGA, including monomer purity and
the presence of ionic species, we first focused our study on other acrylamide monomers having
chemical structures similar to that of NAGA to achieve potential UCST-type thermosensitive polymers

from easily accessible monomers.

23.2.1 Synthesis of potential monomers precursors to UCST polymers, RAFT

polymerization of these monomers and thermal properties of polymers
2.3.2.1.1 Synthesis of VDM-derived acrylamide monomers

2-vinyl-4,4-dimethylazlactone (VDM) contains the azlactone ring which displays a high reactivity
toward nucleophilic molecules such as primary amines, alcohol and thiols by means of a ring-opening
addition reaction without the use of catalysts. In addition, there is no by-product eliminated from the
ring-opening reaction between VDM and nucleophiles.***’ Moreover, the azlactone functionality
shows a good resistance to hydrolysis at neutral pH: this is a considerable advantage compared to
other activated acid forms.>® Ammoniac and primary amines containing primary amid group(s) were
chosen to react with VDM to prepare new VDM-derived acrylamide monomers with potential UCST-

type thermosensitive property due to their ability to form hydrogen bonding (Scheme 11.3).
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Scheme 11.3. Synthesis of VDM-derived acrylamide monomers.

The experimental conditions of the synthesis of VDM-derived acrylamides and their
characterization by 'H NMR analysis are summarized in Table 11.4. Three different VDM-derived
acrylamide monomers are successfully synthesized by the reaction of VDM with ammoniac and

primary amines.
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Table II.4. Experimental conditions of the synthesis of VDM-derived acrylamide monomers and their

characterization by 'H NMR analysis.

Resulting _ - Yield | 'H-NMR signals attribution®
5 Reagents Reaction conditions
monomer (%) 5 (ppm)
VDM-Am VDM/NH; stoechiometry, THF, 100 5.78-6.36 (m, -CH,CH-),
RT, 1h 1.45 (s, -CH)
VDM-Gly VDM/ steechiometry, DMF, 70 | 5.78-6.36 (m, -CH,CH-), 3.82 (s,
glycinamide 50 °C, 12h NH-CH,CO-),1.45 (s, -CH;)
VDM-Aspa VDM/ steechiometry, DMF, 63 5.78-6.36 (m, -CH,CH-), 4.65 (m,
L-asparaginamide 50 °C, 12h -NHCHCH,CO0-),2.65 (m,
CHCH,CO-), 1.45 (s, -CH)

®The resulting monomers with their chemical structures are illustrated in scheme 1.3,
® Determined by 'H-NMR spectroscopy (400 MHz, D,0).

2.3.2.1.2 RAFT polymerization of the VDM-derived acrylamide monomers

UV-light initiated RAFT polymerization was employed for the synthesis of potential UCST-type
thermosensitive polymer from precursor monomers based on VDM due to shorter time
polymerization compared to thermal activation. The polymerizations were performed under UV-light
irradiation using 4-cyano-4-(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid (ECT) as CTA and
photo-I as photoinitiator with a monomer content of 2.5 wt.% in water at 25°C, ECT was first

dissolved in a minimum amount of DMF as co-solvent (Scheme 11.4).
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Scheme I1.4. UV-light initiated RAFT polymerization of VDM-Am, VDM-Gly and VDM-Aspa monomers using ECT

as chain transfer agent and photo-l as photoinitiator, in water at 25 °C.
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UV-light initiated RAFT polymerization of VDM-Am, VDM-Gly and VDM-Aspa monomers was
conducted at 25°C until complete conversion of the monomer as checked by 'H NMR spectroscopy.
P(VDM-Am), P(VDM-Gly) and P(VDM-Aspa) were freeze dried without purification. The resulted
polymers were characterized by 'H-NMR spectroscopy, SEC in water using PEO standards to
determine m and D. The experimental synthesis conditions and macromolecular characteristics
of polyacrylamides obtained through UV-light initiated RAFT polymerizations were shown in Table
I.5. The three different polyacryamides were obtained through UV-light initiated RAFT
polymerizations at 25 °C using the same initial molar ratio of [M]y/[ECT]o/[photo-1], =200/1/0.3 with
100% conversion of monomers from 1.5 to 2h. The dispersity values are 1.20, 1.67 and 1.71 for

P(VDM-Am), P(VDM-Gly) and P(VDM-Aspa), respectively.

Table II.5. Experimental synthesis conditions and macromolecular characteristics of polyacrylamides
obtained through UV-light initiated RAFT polymerization of VDM-Am, VDM-Gly and VDM-Aspa

monomers using ECT and photo-l, in water at 25 °C.?

Run | Monomer (M) | [M]o/[ECT]o/[photo-l], | Time M, theo” M, sec p°
(h) (g.mol?) (g.mol™)
1 VDM-Am 200/1/0.3 2 31400 13900 1.20
2 VDM-Gly 200/1/0.3 1.5 33600 22300 1.67
3 VDM-Aspa 200/1/0.3 1.5 53900 25600 1.71

? Polymerizations were run at full monomer conversion. b M theo = 200 X Mponomert Mect Where Mypa—am =
156 g.mol ™, Mypm-giy = 167 g.mol”, Mypm-aspa = 268.5 g.mol™ and Mecr = 225 g.mol™ .  Determined by SEC in
water using PEO standards.

The SEC traces of the so-obtained polyacrylamides show unimodal and narrow signals (Figure
11.20). Overlaid RI SEC trace and UV SEC trace at 310 nm confirmed the chain-end functionalization of

polymers P(VDM-Am), P(VDM-Gly) and P(VDM-Aspa) by a trithiocarbonate group (Figure I1.20).

Results reported in Table II.5 show a significant discrepancy between M, ¢;c and M), ;... The reason
is probably due to the SEC calibration as the hydrodynamic volume of PEO, used for SEC calibration in

water, is different from the hydrodynamic volume of resulting polymers in water.
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Figure 11.21. Overlaid SEC (water, NaNO3) traces using Rl detection (line) and UV-vis detection (dash line) at 310
nm of different polyacrylamides obtained by UV-light initiated RAFT polymerization of VDM-Am (A), of VDM-
Gly (B) and of VDM-Aspa (C).

2.3.2.1.3 Thermal properties of polymers based on VDM-derived acrylamide monomers

Thermosensitive behaviors of P(VDM-Am), P(VDM-Gly) and P(VDM-Aspa) were studied by UV-Vis
spectrophotometer by following turbidity of the samples to measure the cloud points (= UCST value)
with the cooling/heating rate of 1°C.min™ from 5°C to 60°C. The polymer solutions were prepared in
ultra-pure water with a concentration of 10 g.L"*. No phase transition was observed for all polymers
from the 5°C to 60°C. The reason is probably due to the presence of di-methyl groups in the pendant
units preventing the formation of inter- and intramolecular hydrogen bonds within and between
polymer chains, which are responsible for UCST phase transition behavior.

Well-defined P(VDM-Am), P(VDM-Gly) and P(VDM-Aspa) polymers are obtained by UV-light
initiated RAFT polymerization of corresponding monomer precursors in water at 25 °C. However, the
resulting polymers did not display UCST-type thermosensitive behavior. Therefore, NAGA monomer
was selected as a well-known monomer precursor to UCST-polymer for further chain extension of

PPEGA.

2.3.2.2 N-Acryloyl glycinamide (NAGA) monomer

PNAGA is a promising non-ionic polymer showing UCST behavior in water and saline solutions.*™*

In the following part, the synthesis of NAGA monomer, the synthesis of PNAGA by thermal RAFT
polymerization (Thermal-PNAGA, the synthesis of UCST-type thermosensitive block copolymers
based on PNAGA by RAFT polymerization with different radical activation processes and their UCST

thermosensitive behavior will be studied.
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2.3.2.2.1 Synthesis of NAGA monomer

NAGA was synthesized according to the previous reported procedure *°(Scheme I1.5) with a yield

of 28.8%. The purified compound was analyzed by *H NMR spectroscopy.
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Scheme I1.5. Synthesis of NAGA.

The 'H-NMR spectrum (Figure 11.22) shows the characteristic signals of vinyl protons CH,CH at
5.78-6.36 ppm (labeled a and b), a singlet at 3.82 ppm (labeled c) corresponding to the methylene
protons HNCH, CO.
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Figure 11.22. "H-NMR spectrum (D,0, 400 MHz) of NAGA.

The high-resolution mass spectra (HR-MS) analysis also confirms the identity of NAGA monomer:
calculated value for [CsHgO,N, + Na]" = 151.0473 Da, experimental = 151.3568 Da. The differential
scanning calorimetry (DSC) analysis was applied to confirm the purity of NAGA through the melting
point measurement (T,, = 140°C) which is close to the previously reported melting point *°: 140-141

°C.
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2.3.2.2.2 PNAGA obtained by UV-light initiated RAFT polymerization (named UV-PNAGA) and
thermal properties of UV-PNAGA

2.3.2.2.2.1 PNAGA obtained by UV-light initiated RAFT polymerization

RAFT polymerization of NAGA was performed using same conditions that for the synthesis of
polyacrylamides in part 1ll.2.b.1, under UV-light irradiation with ECT used as CTA, photo-l as
photoinitiator and a NAGA content of 2.5 wt.% in water at 25 °C with initial molar ratio

[NAGA]o/[ECT]o/[Photo-I], = 200/1/0.3 (Scheme 11.6).
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Scheme I1.6. UV-light initiated RAFT polymerization of NAGA using ECT as CTA, photo-l as initiator in

water at 25 °C.

NAGA conversion was determined by "H-NMR spectroscopy by comparing the integration values
of the formamide proton of DMF at 7.8 ppm and of the alkene protons of NAGA between 5.8 and 6.4
ppm at initial and final times of the polymerization. After 2h, 100% conversion of NAGA was
observed. The resulting polymer was characterized by *H NMR spectroscopy. The *H NMR spectrum
(Figure 11.23) of the resulting UV-PNAGA shows signals between 3.6 to 4.1 ppm (NHCH,CO, labeled c),
2.0 to 2.5 ppm and 1.3 to 1.8 ppm corresponding to the backbone protons (CH,CH), and (CH,CH),
(labeled a and b, respectively). As a conversion of NAGA of 100% was confirmed by the absence of

vinylic protons at final polymer, DP, pyaca = 200.
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Figure 11.23. 'H-NMR spectrum (400 MHz, D,0) of UV-PNAGA synthesized by UV-light initated RAFT
polymerization of NAGA mediated through Photo-I and ECT ([NAGA],/[ECT]o/[Photo-I], = 200/1/0.3, NAGA

content 2.5 wt.%) in water at 25 °C after 2h of reaction.

The SEC trace of PNAGA using the Rl detection shows an unimodal signal with M, s;c = 60 500

g.mol™ and P = 1.84 (Figure 11.24).

M, = 60500 g.mol?
b=1.284

10 15 20
Elution time (min)

Figure 11.24. SEC (DMSO, LiBr) traces using Rl detection of UV-PNAGA obtained UV-light initiated RAFT

polymerization of NAGA.
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2.3.2.2.2.2 Thermal properties of UV-PNAGA

The UCST-type thermosensitive behavior of UV-PNAGA,,, was studied by UV-vis
spectrophotometry at a wavelength of 650 nm with a polymer concentration of 10 g.L" in water
(Figure 11.25). The applied cooling/heating rate was 1 °C.min™. The transmittance increased gradually
from 20 to 25°C, the solution became completely transparent at 25 °C, the UCST value of polymer
was taken as mid-point of the curve at 22.5 °C upon heating. A significantly broad hysteresis of
around 12 °C can be observed in the cooling process. The existence of a hysteresis in the cooling and
heating of polymers in water was attributed to additional intra-chain or inter-chain H-bonds in the
collapsed state. These intersegmental hydrogen bonds act as “the crosslinking” points among
different chains so that each chain aggregate swells like a gel and the chain dissociation is delayed,

which results in the observed hysteresis, which is already reported.*’
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Figure 11.25. Plots of transmittance as a function of temperature measured for aqueous solution (10 g.L™") of UV-

PNAGA;q0.

2.3.23 Synthesis of UCST-type thermosensitive block copolymers based on

PNAGA(Thermal-PPEGA-b-PNAGA)

In this section UCST-type thermosensitive block copolymers based on PNAGA (Thermal-PPEGA-b-
PNAGA) were targeted through thermally initiated and UV-light initiated RAFT polymerization in
water. The impact of different radical activation processes on the polymerization of NAGA and
thermosensitive behavior of resulting PPEGA-b-PNAGA block copolymers will be studied. The RAFT
polymerization of NAGA by thermal activation and UV-light irradiation were conducted in water

using a Thermal-PPEGA with a DP,, ppgg, Of 24 (Table I1.1, run 4) as macro-CTA in the presence of V50

and photo-l as initiator (Scheme 11.7).
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Scheme II.7. RAFT polymerization of NAGA using Thermal-PPEGA,,; as macro-CTA with various initiating radical

sources (thermal and UV-light irradiation) and different temperatures.
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2.3.2.3.1 Synthesis and thermal properties of Thermal-PPEGA-b-Thermal-PNAGA diblock

copolymers

2.3.2.3.1.1 Synthesis of Thermal-PPEGA-b-Thermal-PNAGA diblock copolymers by thermally-

initiated RAFT polymerization of NAGA in water

The thermally-initiated RAFT polymerization of NAGA was studied at 70 °C in water using
Thermal-PPEGA,; as macro-CTA and V50 as hydrosoluble initiator with the initial molar ratio of
[NAGA]/[Thermal-PPEGA,4]o/[V50], equals to 200/1/0.3 and a solid content of 2.4 wt.%. A kinetic
plot for the thermally initiated RAFT of NAGA was obtained by withdrawing samples at different time
intervals (Figure 11.26). Figure I1.26A shows the evolution of In([M]o/[M];) and conversion vs. time. A
constant slope of In([M]o/[M];) vs. reaction time, relevant with a constant concentration of
propagating radicals is observed up to 80% NAGA conversion. The evolution of WSEC versus NAGA
conversion shows a slight increase during polymerization, as obtained for the trend of m (Figure

11.26B), which demonstrate that the polymerization is under a good control. The dispersity seems to

remain stable around 1.4. The discrepancy between M, ¢cc and M, 4, is attributed to the use of
linear PMMA standards for the determination of WSEC since the hydrodynamic volume of PMMA in
DMSO differs from that of PNAGA, causing overestimation of the molar mass (Figure 11.26B). At high
NAGA conversion (> 80%), a decrease in the radical concentration would be expected due to a
moderate proportion of dead chains with the appearance of high molar mass shoulders in the SEC

traces at high NAGA conversions (Figure 11.27).
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Figure 11.26. Evolution of (A) In([M]y/[M];) (black square) and conversion (blue triangle) vs. time and (B)
evolution of M, sz (black square) and D (blue triangle) vs. NAGA conversion during the thermally-initiated RAFT

polymerization of NAGA using V50 and Thermal-PPEGA,, in water at 70°C with a solid content of 2.4 wt.%.
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Figure 11.27. Overlaid SEC (DMSO, LiBr) traces using Rl detection of crude polymerization mixtures obtained

during the thermally-initiated RAFT polymerization of NAGA using V50 and Thermal-PPEGA,, in water at 70°C

with a solid content of 2.4 wt.%.

The "H-NMR spectrum (Figure 11.28) of the final Thermal-PPEGA,-b-Thermal-PNAGA shows signals

at 3.35 ppm ((CH,CH,0)sCH;, labeled e) and 4.22 ppm (C(=0)OCH,CH,0-(CH,CH,0),, labeled d)

characteristic of the PPEGA block. The signal from 1.3 to 2.5 ppm corresponds to the CH, and CH

protons of PPEGA and PNAGA backbones. These signals were used to determine the molar

composition of the resulting copolymer: DP,, pprga = 24 and DP,, pyaca = 196.
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Figure 11.28. "H-NMR spectrum (400 MHz, D,0) of Thermal-PPEGA,4;-b-Thermal-PNAGA;o; synthesized by
thermally-initiated RAFT polymerization of NAGA mediated through V50 and Thermal-PPEGA,,
(INAGA]o/[Thermal-PPEGA,,4]o/[V50], = 200/1/0.3, solid content of 2.4 wt.%) in water at 70°C after 150 min of

reaction.

The overlaid SEC traces of Thermal-PPEGA,, and Thermal-PPEGA,s-b-Thermal-PNAGA o block
copolymer obtained using Rl detection was illustrated in Figure 11.29. The chain extension of Thermal-
PPEGA,; using NAGA monomer by thermally-initiated RAFT polymerization at 70°C is nearly
quantitative but a bimodal and broad SEC signal was observed illustrating the presence of side
reactions including irreversible termination reactions at complete NAGA conversion. M, szc = 91 700

g/mol and D = 1.54 (SEC DMSO, PMMA standards).
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Figure 11.29. Overlaid SEC (DMSO, LiBr) traces using Rl detection of the Thermal-PPEGA,, (dashed line) and of
the Thermal-PPEGA,4-b-Thermal-PNAGA,9s copolymer (full line) obtained after chain extension through
thermally-initiated RAFT polymerization of NAGA mediated through V50 and Thermal-PPEGA,,
(INAGA]o/[Thermal-PPEGA,4]0/[V50], = 200/1/0.3, solid content of 2.4 wt.% in water at 70°C.

2.3.2.3.1.2 Thermal properties of Thermal-PPEGA,,-b-Thermal-PNAGA,4; diblock copolymers

The UCST-type thermosensitive behavior of Thermal-PPEGA,;-b-Thermal-PNAGA,9s block
copolymer was studied by UV-vis spectrophotometry at a wavelength of 650 nm with a polymer
concentration of 10 g.L™ in water. The applied cooling/heating rate was 1 °C.min™. There was a sharp
phase transition of the sample upon heating (Figure 11.30). The transmittance increased gradually
from 15 to 22°C, the solution became completely transparent at 22 °C. The UCST value of copolymer
was taken as mid-point of the curve at 18.5 °C upon heating. A hysteresis of 8 °C can be observed,
the UCST value upon cooling of Thermal-PPEGA,4-b-Thermal-PNAGA 46 is 10°C. Compare to the UCST
value of PNAGA,y (22.5 °C upon heating and 10.5 °C upon cooling), when the PPEGA block was
introduced, the UCST value of Thermal-PPEGA,4-b-Thermal-PNAGA 4 diblock copolymer is lower. This
phenomenon is consistent with the literature® as incorporating the hydrophilic block into polymer

results in the decrease of UCST value.
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Figure 11.30. Plots of transmittance as a function of temperature of a Thermal-PPEGA,,-b-Thermal-PNAGA 44

block copolymer aqueous solution at 10 g.L’l.

2.3.2.3.2  Synthesis and thermal properties of UV-PPEGA-b-UV-PNAGA diblock copolymers

2.3.2.3.2.1 Synthesis of UV-PPEGA-b-UV-PNAGA diblock copolymers by UV-light initiated

RAFT-PITSA of NAGA

In the following section, we perform UV light-initiated RAFT-PITSA of NAGA in the presence of
photo-| at low temperature 5°C (T < UCST of PNAGA) with a solid content of 2.4 wt.%. The initial
molar ratio of [NAGA]y/[Thermal-PPEGA,4]o/[Photo-1], equals to 200/1/0.3. A kinetic plot for the UV-
light initiated RAFT of NAGA was obtained by withdrawing samples at different time intervals. As
shown in Figure 1.31A, a very fast initial rate of polymerization was observed which reached
approximatively 90 % NAGA conversion after 20 min (instead of 80% NAGA conversion after 50 min
for the thermally-initiated RAFT polymerization). A constant slope of In([M]y/[M],) vs. reaction time,
relevant with a constant concentration of propagating radicals is observed until reaching 80% NAGA
conversion. At high NAGA conversion, a decrease of the apparent propagation rate constant was
observed, with a sharp increase in both WSEC and D. In addition, broad SEC traces (Figure 11.32) of
block copolymers have been obtained by UV-light initiated RAFT-PITSA of NAGA at 5°C. The loss of

control observed could be explained by the collapse of PNAGA at T < UCST.
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Figure 11.31. Plots of (A) evolution of In([M]o/[M];) and conversion vs. time and (B) evolution of M, ¢z (symbol)
and M, 1., (line) and D vs. NAGA conversion during the UV-light initiated RAFT-PITSA of NAGA using Photo-I as

photoinitiator and Thermal-PPEGA,, as macro-CTA in aqueous dispersion at 5 °C.
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Figure 11.32. Overlaid SEC (DMSO, LiBr) traces using Rl detection of crude polymerization mixture obtained

during the UV-light initiated RAFT-PITSA of NAGA using Photo-l as photoinitiator and Thermal-PPEGA,, as

macro-CTA in aqueous dispersion at 5 °C.

The final solution was opalescent due to the collapse of PNAGA block at low temperature (Figure

11.33).
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S

Figure 11.33. The final solution picture resulting from UV-light initiated RAFT-PITSA of NAGA using Photo-l as

photoinitiator and Thermal-PPEGA,, as macro-CTA in aqueous dispersion at 5 °C.

The "H NMR spectrum (Figure 11.34) of the resulting Thermal-PPEGA,,-b-UV-PNAGA shows signals
at 3.35 ppm ((CH,CH,0)sCH;, labeled e) and 4.22 ppm (C(=0)OCH,CH,0-(CH,CH,0)s, labeled d)
characteristic of the PPEGA block. The signal from 1.5 to 2.7 ppm corresponds to the CH, and CH

protons of P(PEGA-b-NAGA) backbone. These signals were used to determine the molar composition

of the resulting copolymer: DP,, ppea = 24 and DP,, pyaga = 187.
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Figure 11.34. "H-NMR spectrum (400 MHz, D,0) of Thermal-PPEGA,;-b-UV-PNAGA5; synthesized by UV-light
initiated RAFT-PITSA of NAGA using Photo-l and Thermal-PPEGA,, ([NAGA]o/[Thermal-PPEGA,,]o/[Photo-I], =

200/1/0.3) in aqueous dispersion at 5°C and a solid content of 2.4 %.
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The SEC analysis of the resulting copolymer Thermal-PPEGA,;-b-UV-PNAGA15; showed a
quantitative extension of Thermal-PPEGA,, resulting in a monodal chromatogram (Figure 11.35) with

M., sec =92 100 g.mol‘land D =1.84 relative to PMMA standards.
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Figure 11.35. Overlaid SEC (DMSO, LiBr) traces using Rl detection of the Thermal-PPEGA,, (dash line) and of the
Thermal-PPEGA,4-b-UV-PNAGA g, copolymer (line) obtained after chain extension of Thermal-PPEGA,, through
UV-light initiated RAFT-PITSA of NAGA using the [NAGA],/[Thermal-PPEGA,.]o/[Photo-I], initial molar ratio of

200/1/0.3, in aqueous dispersion at 5°C and a solid content of 2.4 wt.%.

The difference in chain extension efficiency using either UV-light initiated RAFT-PITSA at 5 °C or
thermally-initiated RAFT polymerization at 70°C can be explained by either the initiating radical
source and/or the polymerization process (homogeneous polymerization at 70°C or PITSA in aqueous
dispersed medium at 5°C). Results show lower dispersity values through thermally-initiated
homogeneous polymerization. However, the higher temperature employed in thermal activation
process leads to the presence of a shoulder of high molecular weight, which is not observed using

UV-light irradiation.

2.3.2.3.2.2 Thermal properties of UV-PPEGA,,-b-UV-PNAGA3; diblock copolymers

There was a sharp phase transition of Thermal-PPEGA,,-b-UV-PNAGA g, diblock copolymer upon
heating (Figure 11.36). The transmittance of polymer solution increased gradually from 12 to 16°C and
became completely transparent at 16 °C. The UCST value of copolymer was taken as mid-point of the
curve at 14 °C upon heating. A hysteresis of 5 °C can be observed in the cooling process, results in the
UCST upon cooling of 9 °C. Interestingly, there is a significant difference in the phase transition
temperature of the Thermal-PPEGA,,;-b-UV-PNAGA g, obtained by UV-light initiated RAFT-PITSA and
Thermal-PPEGA,;-b-Thermal-PNAGA,os obtained by homogeneous thermally initiated RAFT
polymerization. The cloud point of Thermal-PPEGA,4-b-UV-PNAGA5; solution upon heating is 14 °C,
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lower than that of Thermal-PPEGA,,-b-Thermal-PNAGA ;4 (18.5°C). However, the Thermal-PPEGA,,-b-
UV-PNAGA5; represents a sharper phase transition temperature with narrower hysteresis of 5 °C
between heating and cooling processes. This is probably due to the lower DP,, pyaga Of the PNAGA

block in the case of Thermal-PPEGA,;-b-UV-PNAGA;g;, which leads to a lower UCST value of

copolymer, as previously reported.*
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Figure 11.36. Plots of transmittance as a function of temperature measured for an aqueous solution (10 g.L—l) of
Thermal-PPEGA,4-b-UV-PNAGA g, block copolymer.

Therefore, the UV-light initiated RAFT-PITSA at low temperature (5°C) allows to target a well-
defined block copolymer with UCST-type thermosensitive behavior and displaying a sharp phase

transition temperature with a narrow hysteresis compared to thermal activation at high

temperature.

2.4 Conclusions

PPEGAs were obtained by RAFT polymerization using either thermal activation or UV-light
activation with a sufficient molar mass control and narrow molar masses distributions at low PEGA
conversions. Despite a low temperature reaction, UV-light initiated RAFT polymerization did not
afford an improved control compared to the thermally-initiated RAFT polymerization. However,
employing a lower monomer concentration and stopping the reaction at low conversion results in a
better control of PEGA polymerization. Such well-defined PPEGAs are able to be used as macro-CTA
for further synthesis of thermosensitive diblock copolymers by RAFT polymerization in water.

Well-defined LCST-type thermosensitive PPEGA-b-PNIPAm diblock copolymers were obtained by
RAFT polymerization using UV-light activation at 25 °C or 37 °C with a sufficient molar mass control
and narrow molar masses distributions. Compare to thermal activation, UV-light activation offer a

very fast initial rate of NIPAm polymerization, which reached 100% conversion after 1h (instead of 6h
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for the thermally-initiated RAFT polymerization). However, the dispersity value is higher for PPEGA-b-
PNIPAm diblock copolymers obtained by UV-light initiated RAFT polymerization at 70 °C

UCST-type thermosensitive PPEGA-b-PNAGA diblock copolymers were prepared using either UV-
light initiated RAFT-PITSA at 5 °C or thermally-initiated RAFT polymerization at 70°C. Results show
lower dispersity values through thermally-initiated homogeneous polymerization. However, the
higher temperature employed in thermal activation process results in the presence of a high molar
mass shoulder, which is not observed in the case of UV-light irradiation. In addition, compared to
thermal activation at high temperature, UV-light initiated RAFT-PITSA at low temperature (5°C)
allows targeting a block copolymer with UCST behavior displaying a sharper phase transition
temperature with narrow hysteresis. The UCST value of Thermal-PPEGA,,-b-UV-PNAGA5; solution
upon heating is 14 °C, lower than that of Thermal-PPEGA,,;-b-Thermal-PNAGA 45 (18.5°C)
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2.5 Experimental section

2.5.1 Materials

All reagents were purchased from Sigma-Aldrich unless otherwise noted. N-isopropylacrylamide
(NIPAmM, >99%), 4,4'-azobis(4-cyanovaleric acid) (ACVA, 98%), 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (V50, 97%), 2-hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Photo-I, 98%),
N,N-dimethylformamide (DMF, 99%), and aluminum oxide (basic activated), ammonia 0.5M (NH3,
98%), tetrahydrofuran (THF, 99%), potassium carbonate (K,CO;, 98%), L-asparaginamide
hydrochloride (Aspa, 98%), glycinamide hydrochloride (98%), acryloyl chloride (98%), methanol
(analytical use, 99%), dichloromethane (CH,Cl,, HPLC grade, Fisher Chemical), diethyl ether (99.8 %,
Carlo Erba) and acetone (pure, Carlo Erba) were used without purification. All deuterated solvents
were purchased from Euriso-top. Oligo(ethylene glycol) acrylate (PEGA of M, = 480 g.mol™, pure) was
passed through a column of aluminum oxide prior to polymerization. The 2-cyano-5-oxo-5-(prop2-yn-
1-ylamino)pentan-2yldodecyltrithiocarbonate (COPYDC) have been synthesized following reported
procedures.™ Ultra-pure water was obtained from a PurelLab ELGA system and had a conductivity of

18.2 MQm at 25°C.

2.5.2 Characterizations

Nuclear magnetic resonance (NMR) spectroscopy. Nuclear Magnetic Resonance (NMR) spectra were
recorded on a Bruker AC-400 spectrometer for "H-NMR (400 MHz and 200 MHz). Chemical shifts are

reported in ppm relative to the deuterated solvent resonances.

Size exclusion chromatography (SEC). The average molar mass (number average molar mass M, sz
and dispersity (D = M,sc / M,sc)) values of PPEGAs were measured by size exclusion
chromatography (SEC) using THF as an eluent. Molar masses and dispersities were calculated using
BREEZE 2 software. SEC was carried out using a system equipped with a pre-column (Waters, Styragel
Guard column, 4.6 x 30 mm) followed by 2 columns (Waters, Styragel HR4 THF, 300 x 7.8 mm and
Waters, Styragel HR2 THF, 300 x 7.8 mm) and with a Waters 2414 differential refractometer (RI) and
a Waters 2998 UV-visible detector. The instrument was operated at a flow rate of 1.0 mL.min™, at a
temperature of 30 °C, and was calibrated with narrow linear polystyrene (PS) standards ranging in
molar mass from 580 g.mol™* to 483 000 g.mol™".

The average molar masses and dispersity values of PPEGA-b-PNIPAm diblock copolymers were
measured by SEC using DMF-LiBr (1 g L™) as an eluent and using a system equipped with a guard
column (Polymer Laboratories, PL Gel 5 um), followed by two columns (Polymer Laboratories, 2 PL

gel 5 um MIXED-D columns) and equipped with a Waters 410 differential refractometer (RI) and a

151



Waters 481 UV-Visible detector. The instrument was operated at a flow rate of 1.0 mL.min"" at 60 °C
and was calibrated with narrow linear poly(methyl methacrylate) (PMMA) standards ranging in molar
mass from 904 g mol™ to 304 000 g mol™ . Molar masses and dispersities were calculated using
Waters EMPOWER software.

The average molar masses (number-average molar mass M, s, weight-average molar mass
M,,sec) and dispersity (D = My, sec / M, sec)) of PPEGA-b-PNAGA diblock copolymer were measured by
SEC using DMSO (LiBr 0.1M) as an eluent, and carried out using a system equipped with a pre-column
and one PSS-GRAM analytical column. The instrument operated at a flow rate of 0.7 mL.min™ at 50°C
and was calibrated with narrow linear PMMA standards ranging in molecular weight from 900 g.mol™
to 537 000 g.mol™.

The average molar masses and dispersity values of different polyacryamides P(VDM-Am), P(VDM-
Gly) and P(VDM-Aspa) were measured by SEC in water with 0.1 M of NaNO; and carried out using a
system equipped with a pre-column (Waters, Ultrahydrogel, 6 * 40 mm) followed by 3 columns
(Waters, Ultrahydrogel 1000, 500, 120, 300 * 7.8 mm) and with a Waters 2998 UV detector and a
Waters 2414 differential refractometer detector. The mobile phase is an aqueous solution (utra pure
water from ELGA Lab Water system) of 0.1 M NaNO; at a flow rate of 1.0 mL.min™ and temperature
of 35°C. Column calibration was provided by narrow poly(ethylene oxide) (PEQ) standards with molar
mass from 615 g.mol™ to 942 000 g.mol™.

UV-Vis Spectrophotometry. Turbidity measurements were carried out on a Aligent Cary 100 UV-Vis
Spectrophotometer at wavelength of 650 nm. The phase transition temperatures were determined
using polymer solution at a concentration of 10 g.L™" in water. The solution was cooled to 5°C
overnight before UV measurement; a heating rate of 1 °C.min™" was employed to determine the

phase transition temperature of the thermosensitive polymer.

HR-MS. High-resolution Mass Spectra (HR-MS) were recorded on a Bruker MicroTOF-Qlll (ESI+) to

determine the molar mass of NAGA monomer.

Differential scanning calorimetry (DSC). Measurement was performed on a TA Instruments Q100
connected to a computer in aluminum pans under nitrogen. The DSC instrument was calibrated using
an indium standard. Sample was heated from 25 to 200 °C at a heating rate of 10 °C.min"* and under

a static nitrogen atmosphere.

Thermally-initiated RAFT polymerization of PEGA in DMF using COPYDC as CTA (Thermal-PPEGA).
In a round bottom flask, PEGA (1.364 g, 2.84 mmol, 50 equiv.) and COPYDC (0.025 g, 0.057 mmol, 1
equiv.) were dissolved in 1 mL DMF. Then 1 mL of ACVA (1.59 mg, 0.1 equiv.) solution (15.9 mg
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ACVA/ 10 mL of DMF) was added ([PEGA], = 1.45 mol.L™). The resulting solution was degassed for 30
min by bubbling with Argon. The flask was placed in a preheated oil bath of 70°C for 120 min. The
reaction was stopped by cooling the round bottom flask in nitrogen liquid. PEGA conversion of 42 %
was obtained by 'H-NMR spectroscopy. The polymer was purified by dialysis in water for 3 days and
freeze-dried. A final yellow highly viscous liquid was obtained. "H-NMR (400 MHz, CDCl;) & (ppm) =
3.65 (m, -CH,CH,O- from EO repeating units), 3.38 (s, -(CH,CH,0)sCH;- from repeating units of
PPEGA), 0.88 (t, -CH; from dodecyl chain), 4.1-43 (from methylene protons

C(=O)OCH2CH20(CH2CH20)9 and HCECCHzNH), DPH, PPEGA = 20, Mn,NMR = 10840 g.m0|'1; SEC (THF, PS
standards), M, sec = 10400 g.mol’1 and ©=1.18

UV-light initiated RAFT polymerization of PEGA in DMF using COPYDC as CTA (UV-PPEGA). A photo-
| solution was prepared by dissolving 50.9 mg of Photo-I in 10 g of DMF. PEGA (5.445 g, 11.3 mmol,
50 equiv.), COPYDC (0.1 g, 0.2 mmol, 1 equiv.) and 1 g of photo-I solution (0.02 mmol, 0.1 equiv.)
were added to 26.2 mL DMF ([PEGA], = 0.39 M). After purging with argon for 30 minutes, the mixture
was placed in the middle of a UV lamp (A = 365 nm, P = 34 mW/cm?) under an argon atmosphere
with stirring. The reaction was conducted for 1h45min and stopped by turning off the light and
cooling the mixture in nitrogen liquid. PEGA conversion of 35 % was obtained by 'H-NMR
spectroscopy. The polymer was purified by dialysis in water for 3 days and freeze-dried. A final yellow
highly viscous liquid was obtained and the number-average polymerization degree was determined
by *H-NMR spectroscopy (400 MHz, CDCls): DP, ppeea = 18, My, nur = 9080 g.mol™. The molar mass
and dispersity were determined by SEC in THF (PS standards): M, szc = 8500 g.mol™ and £ = 1.27.

Synthesis of Thermal-PPEGA-b-Thermal-PNIPAm diblock copolymer by thermally-initiated RAFT-
PITSA polymerization of NIPAm from Thermal-PPEGA. In a round bottom flask, a Thermal-PPEGA
(run 3, Table 11.1) (DP,, ppgga = 20, 0.05 g, 0.005 mmol, 1 equiv.) was dissolved in 0.05 mL DMF. The
NIPAm monomer (0.113 g, Immol, 204 equiv.) and 0.1 mL (0.0015 mmol, 0.3 equiv.) of V50 solution
in water (containing 0.14 mg in 1 mL of water) was added. Total amount of water is 4.5 g. The final
solid content is 2.4 wt.%. The solution was degassed by bubbling argon for 30 min. The flask was
placed in a preheated oil bath of 70°C for 6h. A complete conversion of NIPAm was observed by *H-
NMR spectroscopy. The reaction was stopped by opening the flask to air. The copolymer was freeze-
dried to obtain final product. "H-NMR (400 MHz, CDCl;) & (ppm) = 3.35 ((CH,CH,0);_sCH;) and 4.15
(C(=0)OCH,CH,0-(CH,CH,0);.5) from PPEGA block, 3.95 (-NH-CH(CHs),) from PNIPAM block.
DP,, pnipam = 200, M, theo = 32 640 g.mol™; SEC (DMF, PMMA standards): M, sz = 41200 g.mol™ and
D =1.56.
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Synthesis of UV-PPEGA-b-UV-PNIPAm diblock copolymer by UV-light initiated RAFT polymerization
of NIPAm from UV-PPEGA. A photo-l solution was prepared by dissolving 1.86 mg Photo-l in 1 g
water. UV-PPEGA (run 2, table 11.2) (DP,, ppega =18, 0.025 g, 0.0028 mmol, 1 equiv.), NIPAm (63.8 mg,
0.564 mmol, 204 equiv.) and 0.1 mL of photo-I solution (0.00084 mmol, 0.3 eq.) were added to 3.47
g of water to give a solid content of 2.4 wt%. 0.05 g of DMF was added in the mixture as an internal
reference for "H-NMR analysis to determine monomer conversion. Then, after purging with argon for
30 minutes, the mixture was placed in the middle of a UV lamp (A = 365 nm, P = 34 mW/cm?) under
an argon atmosphere with stirring. The reaction was stopped by turning off the light and cooling the
mixture in nitrogen liquid. NIPAm conversion of 100 % was obtained according to 'H-NMR
spectroscopy after 1h at 25 °C. The copolymer was freeze-dried to obtain final product. The number-

average polymerization degree was determined by 'H-NMR spectroscopy (400 MHz,

CDCl3): DP,, ppega =18 DPp, pyipams = 201, Mpyvr = 31793 g.mol™. The molar mass and dispersity
were determined by SEC in DMF (PMMA standards): M, sec = 56 400 g.mol*and P = 1.34.

Synthesis of VDM-based acrylamide from VDM and NH; (VDM-Am). To a solution of 0.5 g VDM (3.6
mmol) in THF (0.4 mL), a solution of ammonia (92 mg, 5.4 mmol) in THF (1.1 mL) with initial molar
ratio of VDM/NH; equal to 1/1.5, was added dropwise. The reaction was conducted at soft condition
as room temperature. After 1h, a white precipitate was observed and volatiles were removes under
reduced pressure to give a white solid. The yield of reaction was 100%. "H-NMR (400 MHz, D,0) &
(ppm) = 5.78-6.36 (m, - CH,CH —vinyl protons), 1.45 (s, -CH;).

Synthesis of VDM-based acrylamide from VDM and glycinamide (VDM-Gly). The synthesis of VDM-
Gly was performed using VDM (1 g, 7.2 mmol) and glycinamide hydrochloride (0.8 g, 7.2 mmol) as
reagents in 10 mL DMF at 50°C. The reaction was launched overnight in the oil bath. The final
solution was passed through an aluminum oxide (base active) column, the solvent was removed by
reduced pressure. The yield of reaction was 70%. ‘H-NMR (400 MHz, D,0) 6 (ppm) = 5.78-6.36 (m, -
CH,CH —vinylic protons), 1.45 (s, -CH3), 3.82 (s, NHCH,CO).

Synthesis of VDM-based acrylamide from VDM and L-asparaginamide (VDM-Aspa). VDM (1 g, 7.2
mmol) and L-asparaginamide hydrochloride(1.2 g, 7.2 mmol) were added in 10 of mL DMF. The
reaction was launched overnight in the oil bath at 50°C. The final solution was passed through an
aluminum oxide (base active) column, the solvent was removed by reduced pressure. The yield of
reaction was 63 %. "H-NMR (400 MHz, D,0) & (ppm) = 5.78-6.36 (m, - CH,CH —vinyl protons), 1.45 (s, -
CHjs), 2.65 (m, CHCH2CO), 4.65 (m, NHCH (CO)(CH,)).

Synthesis of P(VDM-Am). In a 10 mL glass vial, 1 mg of ECT (0.003 mmol, 1eq) was dissolved by 0.05
mL DMF. Then, 93.6 mg VDM-Am (0.6 mmol, 200 eq) and 3.7 g water containing 0.2 mg photo-I
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(0.001 mmol, 0.3 eq) were added to give a VDM-Am content of 2.5 wt.%, [VDM-Am], = 0.18 M. The
glass vial was bubbled with argon for 30 min, then the mixture solution was placed under an UV-light
source (A = 365 nm, P = 34 mW) with a stir bar. The polymerization was then stopped after 2h after
checking a total conversion of monomer. M, szc = 13900 g.mol™ (SEC in water, PEO equivalents) and £

=1.2.

Synthesis of P(VDM-Gly). In a 10 mL glass vial, 1 mg of ECT (0.003 mmol, 1eq) was dissolved by 0.05
mL DMF. Then, 100 mg VDM-Gly (0.6 mmol, 200 eq) and 4 g of water containing 0.2 mg photo-I
(0.001 mmol, 0.3 eq) were added to give a final VDM-Gly content of 2.5 wt.%, [VDM-Gly], = 0.18 M.
The glass vial was bubbled with argon for 30 min then the mixture was placed under an UV-light
source (A = 365 nm, P = 34 mW/cm?) with a stir bar. The polymerization was stopped after 1.5h after
checking a total conversion of monomer. M, szc = 22300 g.mol™ (SEC in water, PEO equivalents) and £

=1.67.

Synthesis of P(VDM-Aspa). In a 10 mL glass vial, 1 mg of ECT (0.003 mmol, leq) was dissolved by
0.05 mL DMF. Then, 161 mg VDM-Aspa (0.6 mmol, 200 eq) and 6.4 g of water containing 0.2 mg
photo-I (0.001 mmol, 0.3 eq) were added to give a final VDM-Aspa content of 2.5 wt.%, [VDM-Aspa]
= 0.18 M. The glass vial was bubbled with argon for 30 min, then the mixture solution was placed
under an UV-light source (A = 365 nm, P = 34 mW/cm?) with a stir bar. The polymerization was
stopped after 1.5h after checking a total conversion of monomer. M, s = 25600 g.mol™ (SEC in

water, PEO equivalents) and = 1.71.

Synthesis of N-acryloyl glycinamide (NAGA).NAGA was synthesized according to the previous
reported procedure in literature.” Typically, glycinamide hydrochloride (3 g, 27.13 mmol) and K,COs
(7.5 g, 54.27 mmol) were dissolved together in 50 mL of water and cooled using an ice bath. Acryloyl
chloride (1.975 mL, 24.42 mmol) dissolved in 100 mL of diethyl ether was added dropwise to the
cooled solution under vigorous stirring. The reaction was allowed to proceed at room temperature
for 2h. Diethyl ether was removed and the remaining solution was freeze-dried. The crude solid
product was extracted with acetone (5 times, 200 mL, 40 °C, 10 min). Insoluble potassium salt was
filtered off and acetone was removed by rotary evaporation at 40 °C. The crude product obtained is
dissolved in a methanol / dichloromethane mixture (1/4, Viota = 240mL) and then purified using silica
column (Rf NAGA =0.68 ; Rf acrylate de potassium =0.15). The solvents were removed by evaporator.
The NAGA crystal was filtered, dissolved in deionized water and freeze-dried. The yield of the
reaction is 64%. Melting point T, = 140 °C, 'H-NMR (400 MHz, D,0) & (ppm) = 5.78-6.36 ppm
(CH,CH), s, 3.82 ppm (HNCH, CO), HR-MS: CsHgO,N, + Na]" = 151.0473 Da.
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Synthesis of PNAGA by UV-light-initiated RAFT of NAGA from ECT. In a 10 mL glass vial, 1 mg of ECT
(0.003 mmol, 1 eq) was dissolved by 0.05 mL DMF. Then, 76.8 mg NAGA (0.6 mmol, 200 eq) and 3.1 g
water containing 0.2 mg photo-I (0.001 mmol, 0.3eq) were added to give a NAGA content of 2.5 wt%,
[NAGA],; = 0.18 M. The glass vial was bubbled with argon for 30 min, then the mixture solution was
placed under an UV-light source (A = 365 nm, P = 34 m\W/cm?) with a stir bar. The polymerization was
stopped after 2h after checking a total conversion of NAGA by 'H NMR spectroscopy. ‘H-NMR
(400 MHz, D,0) & (ppm) = 3.6- 4.1 ppm (NHCH,CO), 2.0- 2.5 ppm(CHCH,), and 1.3 -1.8 ppm
(CHCH2)n. M, sec = 60 500 g.mol™ (SEC in DMSO, PMMA equivalents) and £ = 1.84.

Synthesis of Thermal-PPEGA-b-Thermal-PNAGA diblock copolymer by thermally-initiated RAFT
polymerization of NAGA. In a 10 mL round bottom flask, 107 mg of NAGA (0.84 mmol, 200 eq.) and
50 mg of Thermal-PPEGA,; (run 4 Table 1.1, 0.0042 mmol, 1 eq.) were dissolved in 6.4 g of water
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containing 0.34 mg V50 (0.0013 mol, 0.3 eq.) to give a final solid content of 2.4 wt%
([ThermalPPEGA.,4]o/[NAGA],/[V50]o= 1/200/0.3; [NAGA], = 0.13 M). The solution was bubbled with
argon for 30 min in a preheated oil bath of 70°C. After checking a total conversion of NAGA by 'H
NMR spectroscopy, the polymerization was stopped after 3h. DP,, ppega = 24 and DP,, pyaga = 196
were determined by comparing the integration area values of the signals at 3.35 ppm
((CH,CH,0)sCH;), 4.22 ppm (C(=0)OCH,CH,0-(CH,CH,0)s) and the signals from 1.5 to 2.7 ppm
corresponds to the protons of extended alkane from "H-NMR spectrum. M,, sz = 91 700 g/mol and £

= 1.54 (SEC DMSO, PMMA standards).

Synthesis of Thermal-PPEGA-b-UV-PNAGA diblock copolymer by UV-light initiated RAFT PITSA of
NAGA from Thermal-PPEGA. In a 10 mL glass vial, 107 mg of NAGA (0.84 mmol, 200 eq.) and 50 mg
of Thermal-PPEGA,, (run 2 Table 11.2, 0.0042 mmol, 1 eq.) were dissolved in 6.4 g of water containing
0.28 mg photo-I to give a final solid content of 2.4 wt% ([Thermal-PPEGA,4]o/[NAGA]o/[Photo-I]o=
1/200/0.3; [NAGA], = 0.13 M). The glass vial was bubbled with argon for 30 min, then the mixture
solution was placed in an ice-bath under an UV light source(A = 365 nm, P = 34 mW/cm?) with a stir
bar. After checking a total conversion of NAGA by ‘H NMR spectroscopy, the polymerization was
stopped after 1h. DP,, pprga = 24 and DP,, pyaga = 187 were determined by comparing the integration
area values of the signals at 3.35 ppm ((CH,CH,0)sCHs), 4.22 ppm (C(=0)OCH,CH,0-(CH,CH,0);) and
the signals from 1.5 to 2.7 ppm corresponding to the protons of extended alkane from ‘H-NMR

spectrum. SEC DMSO (0.1 M LiBr): M, szc = 92 100 g.mol™ and D = 1.84 relative to PMMA standards.
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CHAPTER Il

Elaboration of LCST-type thermosensitive
and pH-degradable nanogels by RAFT-PITSA

3.1 Introduction

Nanogels, defined as chemically or physically crosslinked hydrogel particles with a nanoscale size,
represent interesting soft nanomaterials as they are able to uptake a large amount of water with
relatively low surface tension.™ These nanomaterials can be designed to respond to a wide variety of
stimuli, such as temperature.>® As studied in chapter 1, thermosensitive nanogels were prepared via
PITSA process by taking advantage of the copolymer precursor solubility change in water at LCST or
at a UCST during the polymerization. In my work, LCST-type thermosensitive nanogels based on a
crosslinked LCST-type thermosensitive polymer core were synthesized via direct RAFT-PITSA of a
monomer precursor to LCST behavior and a crosslinker, using UV- and Thermal-PPEGA synthesized in
chapter 2 as both macro-CTA and stabilizer, through both thermally and UV-light initiated systems in
aqueous dispersion. PNIPAm-based nanogels containing a non-degradable MBA or a pH-degradable
(ketal-derived) crosslinker will be synthesized and studied in order to extend their potential
applications that require polymeric materials to be degraded into water-soluble products that can be
cleared from the body for instance. In the first part of this chapter, the impact of radical activation
process on the LCST-type thermosensitive nanogels synthesized by RAFT-PITSA in aqueous dispersion
was studied. In the second part, we developed pH-degradable nanogels based on ketal-linked
PNIPAm via UV-light initiated RAFT polymerization in aqueous dispersion. For this, a new
hydrolyzable crosslinker containing an ketal group was first synthesized and then incorporated into
the core of a LCST-type thermosensitive nanogel based on PNIPAm. Finally, the degradability of the

so-obtained nanogels was studied at different pH.
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3.2 Synthesis of LCST-type thermosensitive nanogels based on PPEGA-b-
P(PNIPAm-co-MBA) copolymers through RAFT-PITSA

Several radical activation processes including thermal and UV-light ones, were first studied during

the elaboration of LCST-type thermosensitive nanogels by RAFT-PITSA.

3.2.1 Study of the radical activation process

PNIPAm-based nanogels were synthesized through RAFT-PITSA in water using either a thermal

initiator (V50) or a photo-initiator (Photo-1) (Scheme Ill.1).
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Scheme IlIl.1. Synthesis of LCST-type thermosensitive nanogels based on PPEGA-b-P(NIPAm-co-MBA) through

thermally and UV-light initiated RAFT PITSA in aqueous dispersion.

For the thermally-initiated RAFT-PITSA of NIPAm in aqueous dispersion at 70°C, V50 was used as
initiator, a Thermal-PPEGA with DP,, ppg;4 of 20 (Table 1.1 run 3 in chapter Il) as macro-CTA and

surfactant and MBA as crosslinker. The initial molar ratio of reactants employed was

164



[NIPAmM]o/[MBA]y/[Thermal-PPEGA,0]o/[V50], = 204/8/1/0.3 with a solid content of 2.4 wt.% in water

(Scheme IIl.1). After 6h, total conversions of NIPAm and MBA were observed (Figure 111.1)
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Figure Ill.1. Overlay 'H NMR spectra (200 MHz in D,0) of polymerization medium at t = 0 and after 6h. The
thermally-intiated RAFT-PITSA of NIPAm were conducted in aqueous dispersion and 70°C using a Thermal-
PPEGA,, and the MBA with the initial molar ratio of [NIPAm]y/[Thermal-PPEGA,q]o/[MBA]o/[V50], = 200/1/8/0.3

and 2.4 wt.% of solid content.

The final product was purified by dialysis and lyophilized to remove water for '"H NMR and DLS
characterizations. The *H NMR spectrum (Figure 111.2) of the resulting purified nanogel shows signals
at 3.35 ppm ((CH,CH,0)sCH;, labeled g) and 4.2 ppm (C(=0)OCH,CH,0-(CH,CH,0)s, labeled a)
characteristic of the PPEGA block; signals at 3.85 ppm (-NH-CH(CHs),, labeled c) and 1.1 ppm (-NH-
CH(CH5),, labeled b) characteristic of the PNIPAm block. The signal from 1.3 to 2.2 ppm corresponds
to the CH, and CH protons of the PPEGA, PNIPAmM, PMBA backbone (labeled d, e, d’, €', d” and e”).

The comparison of the integrations of signals g, c and d, e, d’, ¢’, d” and e” were employed to

determine the molar composition of the resulting copolymer: DP,, ppgga = 20, DP,, pyipay = 182 and

DP,, prpa =7
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Figure Il1.2. 'H NMR spectrum (400 MHz, D,0) of purified nanogel synthesized by thermally-initiated RAFT-
PITSA of NIPAM/MBA mediated through V50 and Thermal-PPEGA,; ([NIPAm]y/[MBA]y/[Thermal-
PPEGA,0]o/[V50], = 204/8/1/0.3) with a solid content of 2.4 wt.% during 6h in water at 70°C.

The DLS study was performed on an aqueous solution of purified nanogel at a concentration of 5
g.L" at different temperatures. At 20°C, the DLS number-average diameter distribution showed a
single size distribution with the D, of 75 nm and a pdi of 0.081 (Figure lll.3A). To study the
thermosensitive behavior, the nanogel aqueous solution was analyzed by DLS at 45°C: the D,, was 54
nm, and the pdi was 0.059 (Figure Ill.3A). The Dy, and pdi decreased upon heating related to the
collapse of the crosslinked core based on P(NIPAm,g,-co-MBA;). This behavior was reversible and
reproducible; the nanogel regained the same D, over successive shrink/swell cycles (heating 45°C /
cooling 20°C) (Figure I11.3B). This corresponds to a swelling volume ratio (f) of 2.68, which is

determined by the equation f = (Dy, 20-c/Dhasec) -
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Figure 111.3. (A) DLS number-average diameter distributions of the nanogel in water at 20°C (—) and at 45 °C (---

). (B) The Dy, values of nanogel at 20°C and at 45°C from repeated heating and cooling experiments.

Transmission electronic microscopy (TEM) was used to characterize the morphology of the
nanogel (Figure 111.4). TEM images of the nanogel based on Thermal-PPEGA,,.b-P(NIPAmM1g,-co-MBA;)
indicated the formation of spherical nano-objects and size (40 nm) is consistent with the DLS study of

the shrinked nanogel.

Figure Ill.4 TEM image of the purified Thermal-PPEGA,s-b-P(NIPAm,g,-co-MBA;) nanogel synthesized by
thermally-initiated RAFT PITSA of NIPAM/MBA mediated through V50 and Thermal-PPEGA,,
(INIPAmM]o/[MBA]o/[Thermal-PPEGA,.]o/[V50], = 204/8/1/0.3) with a solid content of 2.4 wt.% during 6h in
water at 70°C.

In order to compare with thermal activation process, a PNIPAm-based thermosensitive nanogel
was targeted by UV-light initiated RAFT-PITSA in aqueous dispersion using UV-PPEGA with a
DP,, ppgga Of 18 (Table 1.2 run 1, chapter I1) as macro-CTA and surfactant (PPEGA with a similar
DP, ppgga as the one used for thermal activation process), photo-l as initiator and MBA as

crosslinker, with the initial molar ratio [NIPAm],/[MBA]y/[UV-PPEGA5]o/[photo-I], = 204/8/1/0.3 and
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a solid content of 2.4 wt.% in water at 70 °C in presence of UV-light source (A = 365 nm, 34 mW/cm?-

Scheme IIl.1). After 30 min, a biphasic system appears under UV irradiation (Figure 111.5).
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Figure III.5 Picture of the reaction medium obtained after 30 min of a UV-light initiated RAFT-PITSA of
NIPAm/MBA mediated through photo-l and UV-PPEGA;s ([NIPAm]o/[MBA]y/[UV-PPEGA5]o/[Photo-l], =
204/8/1/0.3) with a solid content of 2.4 wt.% in water at 70°C.

In order to avoid the biphasic solution observed under UV-light irradiation, a second test was
carried out using a PPEGA having a higher DP,, ppg;4 of 30 in order to improve the latex stability.
Therefore, PNIPAm-based nanogels were targeted either through thermally-initiated and through
UV-light initiated process using a PPEGA with DP,, ppg;4 Of 30 as macro-CTA and surfactant, MBA as
crosslinker and V50 or photo-l as initiators, respectively. The initial molar ratios of
[NIPAmM]o/[MBA]o/[PPEGA]/[initiator], are 204/8/1/0.3 and the solid content is equal to 2.4 wt.%.
Thermally-initiated RAFT-PITSA was conducted in aqueous dispersion at 70°C for 6h with complete
NIPAm/MBA conversion whereas UV-light activated RAFT-PITSA was conducted under UV-light at
70°C for 30 min with 86% of NIPAm/MBA conversion. The Figure I11.6 shows the 'H NMR spectrum of
the resulting purified Thermal-PPEGAs-b-Thermal-P(NIPAm-co-MBA) nanogel with: DP,, pyipaps = 188
and DP,, pyga = 7 and the Figure 1.7 shows the 'H NMR spectrum of the resulting purified UV-
PPEGA30-b-UV-P(NIPAm-co-MBA) nanogel with DP,, pyjpaps = 175 and DP,, pypq = 6. Apart from the
kinetic, nanogels with similar DP, of PNIPAm and PMBA blocks were obtained whatever the

activation process.
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Figure IIl.6. 'H NMR spectrum (400 MHz, D,0) of purified Thermal-PPEGA3o-b-Thermal-P(NIPAmM gg-co-MBA;)
nanogel synthesized by thermally-initiated RAFT PITSA of NIPAm/MBA mediated through V50 and Thermal-
PPEGA;, (Table I.1 run 5, chapter Il) ([NIPAm]o/[MBA]y/[Thermal-PPEGA3,]o/[V50], = 204/8/1/0.3) with a solid

content of 2.4 wt.% in water at 70°C after 6h of reaction.
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Figure 111.7. "H NMR spectrum (400 MHz, D,0) of UV-PPEGAz-b-UV-P(NIPAM,5-co-MBAg) nanogel synthesized

by UV light-initiated RAFT-PITSA of NIPAm/MBA mediated through UV-PPEGA;, (Table 1.2, run 3, chapter Il)

(INIPAmM]o/[MBA]y/[UV-PPEGAs]o/[Photo-1], = 204/8/1/0.3) with a solid content of 2.4 wt.% in water at 70°C

after 30 min of reaction.
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The DLS study was performed on two different solutions containing the purified Thermal-
PPEGA;y-b-Thermal-P(NIPAmMyge-co-MBA;) nanogel and UV-PPEGA;y-b-UV-P(NIPAmM1;5-co-MBAg)
nanogel respectively, at a concentration of 5 g.L™" at 20°C and at 45°C (Figure 111.8). DLS analyses of
the aqueous solutions of nanogels both showed a single size distribution at 20°C and at 45°C. In both
cases, the D, decreased with the increase of temperature showing the LCST behavior of these
nanogels. However, there is a significant difference in the D, of Thermal-PPEGAs-b-Thermal-
P(NIPAmM gs-co-MBA;) nanogel and UV-PPEGA;;-b-UV-P(NIPAM,;5-co-MBAg) nanogels in aqueous
solutions at 20 and 45 °C. The Thermal-PPEGA;,-b-Thermal-P(NIPAmgsco-MBA;) nanogel aqueous
solution shows a Dy, of 75 nm with a pdi of 0.081 at 20 °C and at 45°C, where the P(NIPAmgs-co-
MBA;) block is insoluble, the Dy, decreases to 54 nm and the pdi was 0.059 (Figure IIl.8A). In
comparison, the Dy, of UV-PPEGA;y-b-UV-P(NIPAm,5-co-MBA;g) nanogel aqueous solution increases to
122 nm with a pdi of 0.093 (Figure 111.8B) and at 45 °C, the Dy, decreased to 76 nm and the pdi was
equal to 0.065 corresponding to the collapse of crosslinked core based on P(NIPAmM,;5-co-MBAg)
block. The difference in the nanogels D, results in more opalescent color of the sample with bigger
nanoparticle sizes obtained under UV-light initiated RAFT-PITSA activation (Figure I11.9A versus Figure
111.9B). The results demonstrate that thermal activation is more suitable to target LCST nanogels with
lower pdi and smaller particles size in comparison with UV-light activation using comparable
synthesis conditions. The reason is probably due to in the UV-light activation process, the rate of
polymerization is very fast compared to thermal activation (as illustrated in the chapter Il with the
kinetics of RAFT polymerization of NIPAm from PPEGA as macro-CTA using both UV-light and thermal
activation), which result in the higher consumption of NIPAm in a short time and produce bigger

particles. However, for UV-light initiated polymerization, the biphasic system observed when a UV-

PPEGA;s was employed disappears with a UV-PPEGA with higher DP,, ppg;4 (DP, ppgca = 30) and a
monophasic system with a single size distribution of microgels was obtained. A minimum DP,, ppgzq
of the PPEGA block is thus necessary to reach effective stabilization of the nanogels formed in-situ
during the PITSA process. Indeed for short macro-CTAs, the forming nanogels were not sterically
stabilized enough and aggregation occurred during polymerization vyielding in interparticle

crosslinking and the formation of heterogeneous dispersions, as already observed before.”™
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Figure 111.8. DLS number-average diameter distributions of (A) the Thermal-PPEGA;q-b-Thermal-P(NIPAmMgg-cO-
MBA;) nanogel in water with a concentration of 5 g.L'1 at 20°C (—) and at 45 °C (---) and of, (B) the UV-PPEGA;,-
b-UV-P(NIPAmM,5-co-MBAg) nanogel in water with a concentration of 5 g.L'1 at 20°C (—) and at 45 °C (---).
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Figure 111.9. Pictures of (A) Thermal-PPEGA;,-b-Thermal-P(NIPAm4gs-co-MBA-) nanogel aqueous solution and (B)
UV-PPEGA;o-b-UV-P(NIPAM5-co-MBAg) nanogel aqueous solution at a concentration of 5 g.L at 20°C and
45 °C.

In conclusion, the thermally and UV-light initiated RAFT-PITSA were compared to target LCST-type
thermosensitive nanogels based on PNIPAm by using PPEGAs with different DP,, ppgs4 as macro-CTA
and surfactants. The results demonstrate that thermal activation is more suitable to target LCST
nanogels with lower pdi and smaller particles size in comparison with UV-light activation using

comparable synthesis conditions. After that, thermally-initiated RAFT PITSA will be employed to

study the influence of DP,, ppg;4 and DP,, pyipapr ON Nanogel size, size distribution and swelling ratio.

3.2.2 Impact of DP, ppgga ON nanogel size, size distribution and swelling ratio

A range of PPEGA with different DP, ppg;4 was employed to synthesize PNIPAm-based nanogels
through thermally-initiated RAFT-PITSA. The experimental conditions to target Thermal-PPEGA-b-
Thermal-P(NIPAm-co-MBA) nanogels and their characteristics including Dy, pdi and thermosensitive

properties (f) are shown in Table 1l1.1.
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Table III.1. Synthesis conditions, Dy, and pdi at 20°C and at 45°C, swelling ratio of Thermal-PPEGA-b-
Thermal-P(NIPAm-co-MBA)-based nanogels synthesized through thermally-initiated RAFT-PITSA in

aqueous dispersion using PPEGAs with different DP,, ppg;4.”

DP,, ppeca D.?20°C D, 45°C N pdi® swelling

Run ! pdi° 20°C . .

(Thermal -PPEGA) (nm) (nm) 45°C ratio (f)

1 7 d d d d d

2 15 83+/-3 60+/- 2 0.089 0.069 2.65
3 20 75 +/-3 54+/-2 0.081 0.059 2.68
4 24 59 +/-2 43+/-2 0.102 0.050 2.58
5 30 46 +/-2 34+/-1 0.081 0.061 2.48
6 33 43 +/-2 32+/-2 0.082 0.055 2.43
7 49 39 +/-2 30+/-1 0.109 0.064 2.20

® Polymerization conditions: [Thermal-[PPEGA]y/[NIPAM]o/[MBA]o/[V50]o=1/204/8/0.3, solid content =2.4
wt.%, 70°C, 6h; NIPAm and MBA conversions were all quantitative as attested by 'H NMR spectroscopy with
DP,, pnipam = 204 and DP,, pyga= 8. ® Hydrodynamic diameters (Dy,) and size distribution (pdi) of nanogels
determined by DLS measurements conducted with 5 g.L_1 water solutions at 20 and 45°C.d The volume swelling
ratios f = (Dhyzoec/DhAsoc)g. ° Destabilization of the reactional medium during the polymerization with the
formation of aggregates.

With the Thermal-PPEGA with DP,, pprg4 €qual and above to 15, stable LCST-type thermosensitive
nanogels (runs -2, -3, -4, -5, -6 and -7, Table Ill.1.) were obtained. Moreover, the pdi and the volume
swelling ratio were not affected significantly by the m (Table 111.1). At 20 °C, with increasing
m, D, of the nanogels decreased from 83 to 39 nm (run 2 to run 7, Table Ill.1). However, with
Thermal-PPEGA;, a heterogeneous dispersion containing aggregates was obtained. A minimum
DP,, ppeGa is thus necessary to reach effective stabilization of the nanogels formed in situ during the
PITSA process as observed before. To better understand this result, the self-assembly of amphiphilic
PPEGAs containing the hydrophilic part based on the succession of PEGA units and the hydrophobic
dodecyl chain is by steady state fluorescence spectroscopy analysis. The pyrene was used as
fluorescence probe and aqueous solutions of Thermal-PPEGAs with m of 7, 15 and 24 were
employed for the study. Figure IIl.9 shows the pyrene excitation spectra of solutions containing
pyrene at an initial concentration of 6.107 mol.L" and PPEGA with various DP, pprga at an initial
concentration of 8 g.L”", which corresponds to the initial concentration of PPEGA in the nanogel
synthesis. The migration of the hydrophobic pyrene from the aqueous phase to the apolar micellar
core is shown by a shift of the first vibronic band from 334 nm to 338 nm, which evidence the
formation of micelles of PPEGA with DP,, ppega = 15 and 24 in aqueous solution. Unlike the other

PPEGAs, the one with a DP,, ppega Of 7 does not form micelles in aqueous solution.
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Figure 111.10 Pyrene excitation spectra (Aem = 371 nm) in the presence of different Thermal-PPEGAs in water

([Thermal-PPEGA], = 8 g.L':l and [pyrene], = 6.10”7 moI.L'l).

The evolution of Dy, of the nanogel vs. DP,, ppgz4 at 20°C and 45 °C is shown in Figure I1l.11(a). The
Dy, at 20 and 45 °C decreased with the increase of DP,, ppggy4 till 30 and then reached a plateau.
Similar phenomenon was reported in the literature.® Indeed, for longer macro-CTAs, the forming
nanogels were more sterically stabilized and aggregation of amphiphilic macro-CTAs occurred during
polymerization resulting in the increase of intraparticle crosslinking and the formation of smaller
particles. Figure l1Il.11(b) shows the aqueous solutions containing Thermal-PPEGA-b-Thermal-
P(NIPAm-co-MBA) nanogels with different DP, ppg;4. These results confirm that higher DP,, ppgg4 of

Thermal-PPEGA macro-CTAs lead to smaller particles and less opalescent sample solutions.
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Figure 111.11 (a) Evolution of the Dy, of the nanogel vs. DP, ppg;4 at 20°C (blue) and 45 °C (red). (b) Pictures of
aqueous solutions (5 g.L™) containing Thermal-PPEGA-b-Thermal-P(NIPAm-co-MBA) nanogel with different
D’Dn, PPEGA at 20°C and 45°C.
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3.2.3 Impact of the DP,, pypam ON Nanogel size, size distribution and swelling
ratio

We further investigated the effect of the DP, pyspaps block on the size, size distribution, and
volume swelling ratio of the nanogels. Using a PPEGA with a higher DP, ppgz4 of 49 (Thermal-
PPEGA,) for targeting more stable nanogels, thermally-initiated RAFT-PITSAs were performed in the
presence of [Thermal-PPEGA4]o/[NIPAM], molar ratios ranging from 1/204 up to 1/600 and a

constant [Thermal-PPEGA,s]o/[MBA], ratio (1/8) with a solid content of 2.4 % (Table Il1.2.).
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Table IIl.2. Synthesis conditions, Dy, and pdi at 20°C and at 45°C, swelling ratio of Thermal-PPEGA,9-b-Thermal-P(NIPAm-co-MBA)-based nanogels synthesized

through thermally-initiated RAFT-PITSA in aqueous dispersion using a Thermal-PPEGA of DP,, ppg¢4 = 49 and different [Thermal-PPEGA4o]o/[NIPAmM]initial

molar ratios.?

Run | [Thermal-PPEGA o]/ [NIPAM]y/[MBAL,/[V50l, |  DP, svpam” | DPr, paima’ D::::;c D:;ﬁ;c Pdi° 20°C | Pdi° 45°C s::iii:dg L(Ci‘l)’
1 1/204/8/0.3 204 8 39+4/-2 304/-1 0109 | 0064 | 220 |335
2 1/400/8/0.3 400 8 82 +/- 4 50 +/-4 0075 | 0028 | 441 |345
3 1/600/8/0.3 600 8 212 4/-5 102 +/-4 0286 | 0191 | 898 | 34

® Polymerization conditions: solid content = 2.4 wt.%, 70°C, 6h; NIPAm and MBA conversions were all quantitative as attested by 'H NMR spectroscopy. b Number-average
polymerization degree determined by '"H NMR spectroscopy. © Hydrodynamic diameters (D) and size distribution (pdi) of nanogels determined from DLS measurements
conducted with 5 g.L_1 water solutions at 20 and 45 °C. ¢ Volume swelling ratio f = (Dh,20°c/Dh,45°C)3- €LCST values determined from DSC with polymer concentration of 0.8

g.mL
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With a [Thermal-PPEGA,s]o/[NIPAM], molar ratio of 1 to 400, nanometric gel particles with single
size distributions and low size distribution values at 20°C and at 45°C were obtained (run 2, Table
111.2). With a molar ratio of 600 ([Thermal-PPEGA4]o/[NIPAM]o= 1/600), the D, and pdi values
obtained by DLS analysis revealed the formation of stabilized microgels (run 3, Table I1l.2). As shown
in Table IIl.2., for run -1, -2, and -3, the volume swelling ratio increased from 2.20 to 4.41 and 8.98
upon heating from 20 to 45°C, with increasing the NIPAm molar equivalent with respect to Thermal-
PPEGA, from 204 to 400 and to 600, respectively. This is due to a less compact core due to the lower
quantity of MBA for the higher amount of NIPAm. Hence, higher DP,, py;p4p, lead to bigger particles
and higher volume swelling ratios. However, the LCST of nanogel remains stable around 34 °C
whatever the DP,, pyipap is.

In conclusion, the thermally-initiated RAFT-PITSA allows to obtain well-defined LCST-type
thermosensitive nanogels with a wide range of PPEGA macro-CTAs with various lengths contrary to
nanogels obtained by UV-light initiated RAFT-PITSA where a high DP,, ppgs4 is necessary to stabilize
nanogel formed. However, the polymerization kinetics using thermal activation for the RAFT-PITSA is
much lower than that obtained using UV-light activation. Therefore, UV-light activation will be used
subsequently to target degradable and LCST-type thermosensitive nanogels in order to avoid the

early degradation of the ketal-based crosslinker during the polymerization process

3.3 pH-degradable and LCST-type thermosensitive nanogels

The acid-labile ketal linkage has been widely introduced to fabricate pH-sensitive nanostructures
and networks for intracellular drug delivery, in which the acetal/ketal groups are relatively stable
under physiological conditions, while rapidly hydrolyzed at a mildly acidic pH to release the

encapsulated cargo.” ™

To target pH-degradable and LCST-type thermosensitive nanogels, a new
hydrolyzable crosslinker containing a ketal group was first synthesized and then incorporated into

the core of PNIPAm-based nanogels. Finally, the degradability of resulting nanogels was investigated.

3.3.1 Synthesis, characterization and stability of a ketal-based crosslinker

The ketal-containing crosslinker (named KB) acting as a divinyl comonomer suitable for one-pot
procedure synthesis strategy and also bringing the pH-responsiveness to the nanogel due to the acid
cleavage ketal group, was synthesized for the first time by a one-step process from 2,2'-[2,2-
propanediylbis(oxy)]diethanamine (PDA) and VDM with an initial molar ratio [PDA],/[VDM], of 1/2 at
room temperature in THF (Scheme IIl.2). After 12 hours, a precipitate was formed and the THF was
removed to obtain white product with a yield of 100 %. The final product was characterized by Fourier-

transform infrared (FT-IR), *H and **C NMR spectroscopies.

174



H H
O Q

Scheme I11.2. Synthesis of ketal-containing crosslinker (KB).

The comparison between the FT-IR spectra of VDM and KB shows the disappearance of signals at
1810 cm™ relative to C=0 lactone stretching band. In addition, the signals at 1660 cm™ and 1529 cm™
appear which are relative to the C=0 amide stretching band and N-H amide bending band,

respectively (Figure I1l.11). This result therefore confirms the formation of KB.
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Figure 111.12. Comparison of FT-IR spectra of VDM (top) and KB (bottom).

The 'H NMR spectrum of KB (Figure 111.13) shows two singlets at 1.25 and 1.38 ppm characteristics
of the methyl protons of -OC(CH3), (labelled f in Figure 111.13) and of -NHC(CH;), (labelled c in Figure
111.13), respectively. The triplets at 3.25 and 3.47 ppm corresponds to methylene protons of -NCH,CH,
(labelled d in Figure 11.13) and of CH,CH,O- (labelled e in Figure l111.13), respectively. The
characteristic signals of vinyl protons are present between 5.68 and 6.52 ppm (labelled a and b,

Figure I11.13).
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Figure 111.13. 'H-NMR spectrum (400 MHz in D,0) of KB.

The *C NMR spectrum of KB (Figure I11.14) shows two signals at 170 and 180 ppm corresponding

to the carbon of two C=0 amide groups (labelled 4 and 3, respectively) confirming the ring opening

of VDM.
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Figure 111.14. BC-NMR spectrum (400 MHz in D,0) of KB.

The stability of KB was investigated at different pH, temperatures or under UV-light. It was first
dissolved in buffer solutions with a range of pH from pH 4 to pH 9 with a concentration of 0.05 g.mL™
which corresponds to the concentration of KB in the polymerization medium to prepare nanogel. The
degradability of KB was followed by "H NMR spectroscopy in D,O at different times. The results are
illustrated in Table 11.3. An example of a *H NMR spectra superposition before and after hydrolysis
performed at pH 7 is shown in Figure Il.15. During the hydrolysis process, the integration of methyl
protons of -OC(CH3), at 1.25 ppm (labeled a in Figure 111.15) decreased and results in the formation of

methyl protons of acetone at 2.15 ppm (labeled b in Figure I1.15). The integration of methyl protons
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of -NHC(CH;), at 1.38 ppm was taken as reference to determine the degradation of KB versus time.

Results are summarized in Table Ill.3.

| © 0

0 0. 4
J RO R o ROH M,

6.0 85 50 4.5 4.0 35 0 2.5 2.0 1.5

1.0-
0.5

0.1
1.0
{04

Figure 111.15. Superposition of 'H NMR spectra (400 MHz, D,0) of KB in solution pH 7 at the beginning and after
2h.

Table 111.3. Results of the degradation study of KB under different conditions followed by 'H NMR

spectroscopy.
Degradation®
Experimental Conditions Time

(%)

30 min 75

Ultra-pure water (pH 5.5) at 25 °C

2h 100
pH 4, pH 5 or pH 6 at 25 °C 2h 100
pH 7 at 25°C 2h 20

pH 9 at 25°C 8 days 0

pH9at 70 °C 3h 40

pH 9 at 70 °C under UV-light” 1h 0

® Determined by "H NMR spectroscopy in comparing the integration of methyl protons of -OC(CHs), at 1.25
ppm or methyl protons of acetone at 2.15 ppm with the integration of methyl protons of -NHC(CH;), at 1.38
ppm taken as reference. b UV-light source (A = 365 nm, 34 mW.cm?).

Table 111.3 shows that after 2h, at room temperature, the KB is completely degraded at acidic
media (pH 4, pH 5 and pH 6), and partly degraded (20%) at neutral pH. With buffer solution pH 9, KB
remains stable for a longer time at 25°C (1 week). However, KB in pH 9 solution was degraded 40 %

after 3h when increasing the temperature to 70 °C. After 1h, at pH 9 under UV-light irradiation at 70
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°C, the hydrolysis of KB was also not observed. Therefore, further synthesis of pH-degradable and
LCST-type thermosensitive nanogel with KB used as crosslinker will be conducted in pH 9 solution

under UV-light irradiation at 70°C for less than 1h.

3.3.2 Synthesis of pH-degradable and LCST-type thermosensitive nanogels

using KB as crosslinker

As discussed previously, the UV-light activation was chosen to initiate the RAFT-PITSA to target
both LCST-type thermosensitive and pH-degradable nanogels. To induce the collapse of PNIPAm into
nanodomains, RAFT-PITSA will be conducted at a temperature above the LCST (70°C). Moreover, an
alkaline solution at pH 9 was employed as continuous phase to avoid the hydrolysis of the ketal
group. Therefore, UV-light initiated RAFT-PITSA of NIPAm were conducted in aqueous solutions at pH
= 9 and 70°C using a UV-PPEGA of DP, pprs4 equal to 30 as macro-CTA and surfactant, KB as
crosslinker and photo-l with the initial molar ratio of [NIPAm]y/[UV-PPEGA;.]o/[KB]o/[Photo-I]y =

200/1/8/0.3 (Scheme 111.3). The solid contents were varied from 2.4 wt.% to 10 wt.%.
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Scheme 1l1.3. Synthesis of pH-degradable and LCST-type thermosensitive nanogels by UV-light initiated RAFT-
PITSA in aqueous dispersion at pH 9 under UV-light irradiation at 70°C with an initial molar ratio of

[NIPAmM]o/[UV-PPEGA;]o/[KB]o/[Photo-I], = 200/1/8/0.3.

The global conversion of NIPAm and KB monomers was calculated by 'H NMR analysis of crude
mixtures. As an example, Figure I11.16 shows the overlay of 'H NMR spectra at initial time (t = 0) and
after 1h for a RAFT-PITSA of NIPAm using a solid content of 10 wt.%. The disappearance of vinyl

protons between 5.62 ppm and 6.25 ppm is consistent with a full NIPAm and KB conversion.
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Figure 111.16. Overlay 'H NMR spectra (200 MHz in D,0) of polymerization medium at t = 0 and after 1h
obtained through UV-light initiated RAFT-PITSA of NIPAm conducted in aqueous dispersion at pH 9 and 70°C
using a UV-PPEGA;, and the KB as crosslinker with the initial molar ratio of [NIPAm]y/[UV-
PPEGA;,]o/[KB]o/[Photo-1]o = 200/1/8/0.3 and 10 wt.% of solid content.

The final product was lyophilized to remove water for *H NMR spectroscopy and DLS
characterizations. The *H NMR spectrum (Figure 111.17) of the resulting nanogel shows signals at 3.35
ppm ((CH,CH,0)sCH;, labeled g) and 4.2 ppm (C(=0)OCH,CH,0-(CH,CH,0)s, labeled a) characteristics
of the PPEGA block; signals at 3.85 ppm (-NH-CH(CHs),, labeled c¢) and 1.1 ppm (-NH-CH(CH5),, labeled
b) characteristics of the PNIPAm block. The signal from 0.6 to 2.5 ppm corresponds to the methyl
protons from NIPAm and KB units, methylene and methine protons of the copolymer backbone
(labeled b, b’,b”, d, e, d’, €', d” and e”). The comparison of these integrations were employed to

determine the molar composition of the resulting copolymer UV-PPEGA;-b-UV-P(NIPAmM-co-KB)

nanOgEI: DPn’ PPEGA = 30, DPn’ PNIPAM = 198 and DPn, PKB = 7.
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Figure 111.17. 'H NMR spectrum (400 MHz, D,0) of UV-PPEGA;y-b-UV-P(NIPAm-co-KB) nanogel synthesized by
UV light-initiated RAFT-PITSA of NIPAm/KB mediated through UV-PPEGA;, (Table 1.2, run 3, chapter Il
(INIPAm]o/[KB]o/[UV-PPEGA3]o/[Photo-1], = 204/8/1/0.3) with a solid content of 10 wt.% in water at 70°C after

1h of reaction.

Afterwards, final products obtained at different solid contents were freeze-dried and re-dispersed
in buffer solution pH 9 with a concentration of 5 g.L™ for DLS characterization. The Dy, values and pdi
of nanogels are shown in Figure 111.18 and in Table Ill.4. The sample obtained using a solid content of
2.4 wt.% shows clearly two size distributions by number (Figure IIl.18A). When the solid content
reaches 5 wt.%, the DLS analysis solution shows a single size distribution and similar D, at 20 and
45°C (Figure 111.18B) which highlights the presence of not-defined nanogels based on PPEGA-b-
P(NIPAmM-co-KB) copolymers. With increasing the solid content to 7.5 wt.%, nanogels showing a LCST
behavior were obtained with a decrease of Dy, from 112 nm at 20 °C to 80 nm at 45°C with a swelling
ratio of 2.74 (run 3 in Table I1I.4, Figure 111.18C) and pdi equal to 0.058 at 45°C, which is much smaller
than the pdi at 20°C. The increase of the solid content from 7.5 to 10 wt% leads to an increase of the
Dy, from 112 to 139 nm corresponding to a swelling ratio of 5.24. This is probably due to the higher
solid content that promotes a higher density of intra-crosslink network in the nanoparticles and more
polymer chains being incorporated into each nanogel which result into bigger particles.”* The LCST
value of PPEGA-b-P(NIPAm-co-KB) nanogel with 10 % solid content is 34 °C, which is slightly lower
than that value of PPEGA-b-P(NIPAmM-co-MBA) nanogels.

180



20

18 - content solid=2.4% 30 (B) content solid= 5%

16 | (A)
14 25
® ] -
T 12 5;- 20
% 10 2 —T=20°C
5 8 - ——T=20"C E s Teas
z .| ]

10

4 -

2 4 5

o ; > .

1 10 100 1000 10000 1 10 100 1000 10000
Dh {(nm) Dh (nm)
35 30
content solid=7.5% id=

04 (C) s | (D) content solid=10%
_ 25 _
= = 20
~ 20
E —T=20°C % 15 —T=20°C
E15 —T=45°C ] —T=45"C
2 2 10

10

5 ElN

0 - : : 0 : : -

1 10 100 1000 10000 1 10 100 1000 10000
Dh (nm} Dh (nm)

Figure 11.18. DLS number-average diameter distributions of UV-PPEGA3y-b-UV-P(NIPAmM-co-KB) nanogels

solutions (5 g.L'l) obtained from a DLS study at 20°C and 45°C using different solid contents during the UV-light

initiated RAFT-PITSA in aqueous solution pH 9 under UV irradiation at 70°C with an initial molar ratio of

[NIPAmM]o/[UV-PPEGA;z]o/[KB]o/[Photo-I], = 200/1/8/0.3.

Table IIl.4. Polymerization conditions,? D, and pdi values at 20°C and at 45°C of UV-PPEGA-b-UV-

P(NIPAm-co-KB) nanogels solutions obtained at 20°C and 45°C using different solid contents during

the UV-light initiated RAFT-PITSA of NIPAmM/KB in aqueous solution pH 9 at 70°C with an initial molar

ratio of [NIPAm]y/[UV-PPEGA.]o/[KB]o/[Photo-1], = 200/1/8/0.3.

Solid content | D, 20°C° D, 45°C° Swelling LCST
Run pdi® pdi®
(wt.%) (nm) (nm) ratio (°C)
2 size
1 2.4 0.255 41 0.032 - -
distributions
2 5 38+/-2 0.253 41+/-1 0.037 - -
3 7.5 112 +/-2 0.114 80 +/-2 0.058 2.74 -
4 10 139 +/-2 0.136 78 +/-2 0.107 5.24 34

? Polymerization conditions: after 1h, complete NIPAm and KB conversions as determined by '"H NMR
spectroscopy. ® The hydrodynamic diameters (Dy,) and size distribution (pdi) of nanogels were obtained from

DLS measurements conducted with 5g.L_1 in aqueous solution at pH9 at 20°C and 45°C.
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3.3.3 Study of the degradability of nanogels based on UV-PPEGA-b-P(NIPAm-
co-KB)

The ability of the UV-PPEGA;,-b-P(NIPAmMgg-co-KB;)-based nanogels to disassemble in aqueous
medium by hydrolysis of ketal moieties was then studied. The dried nanogel (run 4, Table 1l1l.4) was
dissolved at a concentration of 5 g.L™" in different pH buffer solutions. Since hydrolysis of the ketal
group is possible under acidic conditions, we performed the experiments in solutions at pH 4, pH 5,
pH 6 and pH 7 at 25 °C. The evolution of the D, vs. time was determined using DLS measurements

(Figure 111.19A for pH 4, pH 5 and pH 6 and Figure 111.19B for pH 7).
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Figure 111.19. Evolution of Dy, of the UV-PPEGA;y-b-UV-P(NIPAM,og-co-KB,)-based nanogels solutions (5 g.L™") at
25 °C measured by DLS as a function of time in aqueous media at: (A) pH 4, pH 5 and pH 6, and (B) pH 7. The
nanogels were obtained by UV-light initiated RAFT-PITSA of NIPAm/KB in aqueous solution pH 9 at 70°C with an

initial molar ratio of [NIPAmM],/[UV-PPEGA;]o/[KB]o/[Photo-I], = 200/1/8/0.3 with a solid content of 10 wt.%.
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As shown in Figure IlIl.L19A, the degradation of UV-PPEGA;,-b-UV-P(NIPAmMy4;-co-KB5)-based
nanogel is rapid at pH 4.0, with a half-life of 30 min as the Dy, of particles drop dramatically at this
time. The degradation rate dramatically decreased with increasing pH, from a calculated half-life of
60 min and 180 min for pH 5 and pH 6, respectively, while at pH 7, the hydrolysis is slow with a half-
life of around 2 days (48h) (Figure 111.19B). Such results are consistent with the degradability of KB at
pH 4 and 5 solutions reported in Table 1.3 in which a fully KB degradation was observed after 2h.
When the pH 6 is considered, the ketal group in KB hydrolyzed faster than the ketal group in UV-
PPEGA;y-b-UV-P(NIPAmM;4;-co-KB5)-based nanogel as the KB is fully degraded after 2h and the nanogel
is fully degraded at 3h at 25°C. The network polymer structure of the nanogel core seems to give
somehow an additional protection of the ketal group.

To conclude, the nanogel is stable at pH = 7 during 24 h and can be degraded in short time (30
min) at pH = 4. Such behavior is of particular interest to control bio(macro)molecules delivery for

instance.

3.4 Conclusions

Although the kinetic of thermal activation is much lower than that of UV-light activation for the
RAFT-PITSA to target LCST-type thermosensitive PNIPAm-based nanogels, both activations allow to
target nanogels with a single and low size distribution through RAFT-PITSA using a wide range of
PPEGAs, with variable DP, pprs4, used as macro-CTA and surfactant. A minimum DP, ppgg4 is
necessary for the sterical stability of the nanogels formed in situ during the PITSA process and this
value is dependent on activation process as UV-light activation required a higherm to form

stable nanogel.

Both DP,, ppgga and DP,, pyypap of Thermal-PPEGA-b-Thermal-P(NIPAm-co-MBA) have a significant
impact on size, pdi, and swelling ratio of the nanogels as the increase of DP,, ppgz4 up to 33 leads to
smaller well-defined particles. By contrast, the increase of m results in particles having
bigger size and higher swelling ratio. The LCST values of different nanogels remain stable around 33-
34 °C whatever DP,, pyipap i

A new ketal-based crosslinker was synthesized in a simple and efficient way, and its degradability
in different media was investigated. The UV-light initiated RAFT-PITSA of NIPAm were conducted in
aqueous solutions at pH = 9 for 1h at 70°C using a UV-PPEGA of DP,, ppg;4 equal to 30 as macro-CTA
and surfactant, KB as crosslinker and photo-I with the initial molar ratio of [NIPAm]y/[UV-
PPEGA;0]o/[KB]o/[Photo-1]g = 200/1/8/0.3 and the solid contents were varied from 2.4 wt.% to 10
wt.%. With higher solid content (7.5 wt.% and 10 wt.%), more defined dual LCST and pH-sensitive

nanogels were obtained. These nanogels with LCST of 34 °C are stable at pH 7 during 24 hours and
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can be fully degraded in a short time: 1h at pH 4 and 2h at pH 5. Such characteristics makes these

“smart” nanogels excellent candidates in the controlled delivery of bio(macro)molecules.
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3.5 Experimental section

3.5.1 Materials

All reagents were purchased from Sigma-Aldrich unless otherwise noted. 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (photo-l, 98%), 2,2'-azobis(2-methylpropionamidine)
dihydrochloride (V50, 97%), N,N-dimethylformamide (DMF, 99%), tetrahydrofuran (THF, 99%), N,N'-
methylenebis(acrylamide) (MBA, 99%), N-isopropylacrylamide (NIPAm, >99%), 2,2'-[2,2-
propanediylbis(oxy)]diethanamine (PDA, 99%). Different PPEGA-macro CTAs were synthesized in
Chapter II. Vinylazlactone (VDM) was according to previously reported procedure.” All deuterated
solvents were purchased from Euriso-top. All buffer solution with different pH were purchased from
Merck KGaA. Ultra-pure water used for RAFT polymerization and preparation of nanogel solutions

was obtained from a PureLab ELGA system and had a conductivity of 18.2 MQm at 25°C.

3.5.2 Characterizations

Nuclear magnetic resonance (NMR) spectroscopy. Nuclear Magnetic Resonance (NMR) spectra were
recorded on a Bruker AC-400 spectrometer for 'H-NMR and “C-NMR (400 MHz and 200 MHz).

Chemical shifts are reported in ppm relative to the deuterated solvent resonances.

Dynamic light scattering (DLS). DLS measurements were performed on a Malvern Instruments
Zetasizer Nano (ZS) fitted with a Helium-Neon laser operating at 633 nm with an angle detection
(173°). Different samples were prepared by dissolving nanogels in aqueous solutions at different pH
(5 g.L™) and the nanogel solution was filtered using nylon membrane filter of 0.45 pm porosity. The
hydrodynamic diameter (D;) of nanogels and size distribution pdi were recorded at 20°C and 45°C.
The aqueous solutions of nanogels were first equilibrated at 20°C and 45°C for 10 min before
recording. Each measurement was repeated 5 times and hydrodynamic diameter of nanogel was
taken as the average size number distribution. The degradation of nanogel at different pH was follow

by the evolution of the hydrodynamic diameter of nanogel as a function of time at 25 °C.

Transmission electronic microscopy (TEM). TEM analysis was carried out using a JEOL2100 at an
accelerating voltage of 120 kV. To prepare the TEM samples, a dilute aqueous solution (5 g.L™) of
nanogels was dropped onto a carbon-coated copper grid. The sample was left to gently dry 24h at

room temperature.

FT-IR spectra were recorded using a Nicolet iS5 FT-IR spectrometer operating with an attenuated

total reflection (iD5 ATR Diamond) gate. Spectra were analyzed with OMNIC software.
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Fluorescence Measurements. Fluorescence spectra were recorded with a Horiba-Jobin Yvon
fluorescence spectrophotometer in the right-angle geometry. For the fluorescence measurements, 3
mL of each sample were placed in a 1.0 cm square quartz cell. The emission spectra, were recorded
using the excitation wavelength at 329 nm and the excitation spectra, were recorded using the
emission wavelength at 371 nm. The widths of slits were set at 2 nm for both excitation and emission

fluorescent measurements.

Differential scanning calorimetry (DSC). DSC measurement was performed on a TA Instruments
Q100 connected to a computer in aluminum pans under nitrogen otherwise noted. The DSC
instrument was calibrated using an indium standard. Sample was heated from 15 °C to 50 °C at a
heating rate of 10 °C.min™" and under a static nitrogen atmosphere, followed by cooling to 15°C at
the same rate after an isotherm at 50°C during 2 minutes. Thermal transitions was obtained from the

maximum of the endotherm (heating scan).

Elaboration LCST-type thermosensitive nanogel based on PPEGA-b-P(NIPAm-co-MBA) by thermally
initiated RAFT-PITSA A typical procedure: In a 10 mL round bottom flask was added 97 mg of NIPAm
(0.86 mmol, 204 eq.), 54.4 mg of Thermal-PPEGA, (DP,, ppgza = 20, run 3 Table I1.1, 4.2x 10° mmol, 1
eq.) and 50 pL of V50 solution (71.2 mg of V50 in 10 mL of water, (1.26x 10> mmol, 0.3 eq.)) in5.24 g
of water to give a solid content of 2.4 wt.%. The flask was spared with argon for 30 min then placed
in a preheated oil bath of 70°C for 6h. After checking the total monomers conversion by 'H NMR
spectroscopy, the reaction was stopped by opening the flask to air. The reaction medium was freeze-

dried and characterized by *H NMR spectroscopy, DSC and DLS.

Elaboration LCST-type thermosensitive nanogel based on PPEGA-b-P(NIPAm-co-MBA) by UV-light
initiated RAFT-PITSA A typical procedure: In a 10 mL glass vial was added UV-PPEGAs (DP,, pprgs =
18, run 1 Table 1.2, 25 mg, 2.76x 10 mmol, 1 eq.), NIPAm (63.8 mg, 0.564 mmol, 204 eq.), MBA
crosslinker (3.24 mg, 0.021 mmol, 8 eq.), 0.1 mL of photo-I solution (1.86 mg of photo-I in 1 mL of
water) (8.3x 10 mmol, 0.3 eq) and 3.84 g water to give a solid content of 2.4 wt.%. 0.05g of DMF
was added as reference in '"H NMR spectroscopy. After purging with argon for 30 minutes, the
mixture was placed in the middle of a UV lamp (A = 365 nm, 34 mW.cm™) an argon atmosphere with
stirring. The system was placed in an oven to keep the reaction at certain temperature for 1h. The
reaction was stopped by turning off the light and cooling the mixture in nitrogen liquid. NIPAm
conversion of 86 % was obtained by 'H NMR spectroscopy. The final product was obtained by freeze-

drying and characterized by "H NMR spectroscopy, DSC and DLS.

Synthesis of ketal-containing crosslinker The ketal-containing crosslinker (KB) was synthesized by a

one-step process from 2,2'-[2,2-propanediylbis(oxy)] diethanamine (PDA) and vinyldimethylazlactone
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(VDM) with an initial molar ratio [PDA]y/[VDM], of %. In @ 100 mL round bottom flask was added 0.5 g of
PDA (3.08 mmol, 1 equiv.), 0.858 g VDM (6.16 mmol, 2 equiv.) and 30 mL of THF. The mixture was mixed
by a stirring bar at room temperature. After 12 hours, a precipitate was formed. THF was removed under
reduced pressure to obtain KB as a white product with a yield of 100 %. FT-IR (v in cm™): 3306 (C-H),
2981 (C=C), 1660 (C=0, amide), 1529 (N-H, amide)'H NMR (400 MHz, D,0), & (ppm): 1.24 (s,
OC(CHs),, 6 H), 1.38 (s, NHC(CHs),, 12 H), 3.25 (t, NCH,CH,, 4 H), 3.47 (t, CH,CH,O, 4 H), 5.68 (d,
CH,CHCO, 2 H), 6.52 (m, CH,CHCO, 4 H) *C NMR (100 MHz, D,0), & (ppm) : 17 (NHC-CHs), 30 (OC-
CHs), 42 (NHC-CO), 58 (NHCH,-CH,), 60 (CH,-CH,0), 68 (O-CCHs), 128 (CH,=CH), 130 (CH=CH,), 166
(C(C=0)NH-CH;), 176 (CH,CH(C=0)NH).

Elaboration of pH-degradable and LCST-type thermosensitive nanogel based on PPEGA-b-P(NIPAm-
co-KB) by UV-light initiated RAFT-PITSA. A typical procedure: In a 10 mL glass vial was added UV-
PPEGAs, (DP,, ppgga =30, run 3 Table 11.2, 42 mg, 2.76x 10 mmol, 1 eq.), NIPAm (63.8 mg, 0.564
mmol, 204 eq.), KB crosslinker (9.37 mg, 0.021 mmol, 8 eq.), 0.1 mL of photo-I solution (1.86 mg of
photo-l in 1 mL of buffer solution pH 9) (8.3x 10 mmol, 0.3 eq) and 4.67g of buffer solution pH9 to
give a solid content of 2.4 wt%. 0.05g of DMF was added as reference in *H NMR spectroscopy. Then,
after purging with argon for 30 minutes, the mixture was placed in the middle of a UV lamp (A = 365
nm, 34 mW.cm™) under an argon atmosphere with stirring for 1 hour. The reaction was stopped by
turning off the light and cooling the mixture in liquid nitrogen. NIPAm and KB conversions of 100 %
were obtained by 'H NMR spectroscopy. The final product was obtained by freeze-drying and

characterized by 'H NMR spectroscopy, DSC and DLS.
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Chapter IV

Elaboration of UCST-type thermosensitive
and pH-degradable nanogels by RAFT-PITSA

4.1 Introduction

Unlike LCST-type thermosensitive nanogels, the use of the PITSA process to achieve UCST-type
nanogels is comparatively underdeveloped. This is probably due to the behavior of UCST-type
thermosensitive polymers’ that show a precipitation in water at low temperature (lower than UCST
for the polymer to collapse into nanodomains) and limits radical activation methods for the RAFT-
PITSA. Starting from a hydrophilic polymer acting as macro-CTA and surfactant, either a two steps
procedure or either a direct procedure has been reported to synthesize UCST-type thermosensitive
nanogels. The two steps procedure involves the polymer self-assembly and the crosslinking micelles®
and the direct procedure based on RAFT-PITSA.>* Among the hydrogen-bonding UCST-type
thermosensitive polymers, the poly(N-acryloyl glycinamide) (PNAGA),*> known since 1964, presents
tunable UCST-thermosensitive properties which make it useful in applications such as controlled drug
release,’ cell culture’ or catalysis.? It is thus of great interest to develop a simple and robust process
to elaborate this type of nanoparticles in an environmentally friendly aqueous dispersed media and
to study their UCST behavior. In the present chapter, we report for the first time the synthesis of
hydrogen-bonding UCST-type thermosensitive nanogels using the direct RAFT-PITSA protocol. In the
first part of this chapter, the synthesis of hydrogen-bonding UCST-type thermosensitive nanogels
based on PNAGA using the direct RAFT-PITSA process in aqueous dispersion is presented.** PNAGA-
based nanogels containing a non-degradable crosslinker MBA are synthesized and the influence of
various synthesis parameters on nanogels stability, size, polydispersity in size, swelling ratio and

thermosensitive properties, i.e., value of UCST, will also be investigated.

" This study has been published in Macromolecular Rapid Communications (T.N. Tran et al. Macromol. Rapid
Commun. 2020, 41, 2000203).
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A significant disadvantage of up-to-now reported UCST-type thermosensitive nanogels is, their
inherent non-degradability while controlled degradation of polymer materials is more and more
necessary for environmental issues and also for biomedical applications. Whereas gelatin is a good
example of a degradable natural macromolecular UCST system,®® degradable synthetic UCST-type
thermosensitive polymers are extremely rare. Only a few recent studies have been reported. Pineda-
Contreras et al. '° reported the pH-dependent UCST-transitions of diblock of statistical copolymers of
Am and AN. Loss and regeneration of the phase transition temperature of these copolymers was
achieved by changing the pH from basic to acidic. Wolf et al. introduced interesting class of
copolymers containing pendant double bonds with well-defined degradable and adjustable UCST
value.™ By changing the pH value, a reduction of the UCST phase transition temperature and
broadening of the transition range were observed under basic conditions, the polymeric system can
degraded completely. However, due to the presence of ionizable groups these polymers cannot
exhibit UCST behavior at physiological pH. Sponchioni et al.* developed a new class of degradable
zwitterionic UCST-type thermosensitive polymer nanoparticles and found out that the degradation
rate of the nanoparticles at pH 14 is dependent on the length of the oligoester grafts. Roth et al.”
described the synthesis of thioester-based statistical UCST-type thermoensitive copolymers and the
degradation of such UCST-type thermosenstive polymers was investigated through aminolysis. De
Geest and co-workers ** synthesized an amide-functional homopolymer which showed the aqueous
UCST behavior and its hydrolytic degradation within a physiologically relevant window. Boustta et al.
> studied the synthesis and the degradation of UCST-type thermosensitive hydrogels based on
hyaluronic-PNAGA copolymers through enzymatic degradation. Even if just very recent few studies
have been reported on degradable synthetic UCST-type thermosensitive polymers, to the best of our
knowledge, no study has been reported on degradable synthetic UCST-type thermosensitive nanogel.
In our work, the ketal hydrolyzable crosslinker (KB, synthesized in chapter IIlI) will be incorporated
into the core of UCST-type thermosensitive nanogels based on PNAGA. Therefore, in the second part

of this chapter, we report the synthesis of pH-degradable and UCST-type thermosensitive nanogels

by using the KB and the pH-degradability of the so-obtained nanogels.

4.2 UCST-type thermosensitive nanogels synthesized through UV-light
initiated RAFT-PITSA

To target hydrogen-bonding UCST-type thermosensitive nanogels based on a PPEGA-b-P(PNAGA-
co-MBA) copolymers using the direct RAFT-PITSA process, a Thermal-PPEGA;, (run 5, Table Il.1) was

used as both stabilizer and macro-CTA for the UV-light initiated RAFT-PITSA of NAGA and MBA in

aqueous dispersion in order to get a crosslinked P(NAGA-co-MBA) core and a PPEGA shell.
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4.2.1 PPEGA-b-P(PNAGA-co-MBA)-based UCST-type thermosensitive
nanogels: synthesis, macromolecular characterizations and thermosensitive

properties

In order to reach UCST-type thermosensitive nanogel at low temperature, the UV-light initiated
RAFT-PITSA was initiated by photo-I under UV irradiation (A = 365 nm, P = 34 mW.cm?) at 3 °C leading
to the self-assembly of PPEGA-b-P(NAGA-co-MBA) copolymers into nanogels (Scheme IV.1).
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Scheme IV.1. Synthesis of H-bond UCST-type thermosensitive nanogels by UV-light initiated RAFT-PITSA in

aqueous dispersion.

A UCST-type thermosensitive nanogel (UCST-1) was prepared using the Thermal-PPEGA;, and an
initial molar ratio [NAGA]o/[Thermal-PPEGA;0]o/[MBA]o/[photo-1], = 400/1/16/0.3 with a solid
content of 2.4 wt.%. After 1 h of irradiation, complete monomers conversion was observed by 'H-

NMR spectroscopy (Figure 1V.1) and the opalescent reaction medium was stable (Figure 1V.2).

Q
- bl H H
-t-::-h -~ H' - .-"J" ._.-":H'-\-.. _,.N -H__,.-N g _.-"d'-\.t\:.H
F il -” MH: & o ” e
a Q " |
MAGA MBA [
b,b’ | J
Begin | a,a’ _,' |
- N _.|__J_,J_h K _ _'_lll_,l.l e P [ .jl I R . N e __,I -
e — I
|-
i
| |
N |
After 1h - mm."J ‘ | ‘ -|| |
S -
I || e
6.5 6.2 59 5.6 5.3 5.0 4.7 4.4 4.1 38 3.5 3.2
f1 (ppm)

Figure IV.1. Overlaid "H-NMR spectra recorded at room temperature (200 MHz, D,0) of UCST-1 sample at the
beginning and after 1h of UV-light initiated RAFT-PITSA of NAGA/MBA using Thermal-PPEGA;, in water at 3°C.
Initial molar ratio: [Thermal-PPEGA;,]o/[NAGA]o/[MBA]y/[Photo-1], =1/400/16/0.3 with a solid content of 2.4

wt.%.
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Figure IV.2. Picture of the reactional medium of UCST-1 before and after 1h of UV-light initiated RAFT PITSA of
NAGA/MBA  using Thermal-PPEGA;; in  water at 3°C. |Initial molar ratio: [Thermal-
PPEGA;0]o/[NAGA]o/[MBA]o/[Photo-1],=1/400/16/0.3 with a solid content of 2.4 wt.%.

The nanogel then was freeze-dried and characterized by 'H NMR spectroscopy and DSC. The 'H
NMR spectrum of UCST-1 in D,0 showed the characteristic peaks of PPEGA shell and P(NAGA-co-
MBA) core (Figure 1V.3). The signals of vinylic protons were not observed in the range of 5.56 to 6.48
ppm illustrating 100 % monomers (NAGA and MBA) consumptions. The global DP, of P(NAGA-co-
MBA) = 390.
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Figure IV.3. "H-NMR spectrum (400 MHz, D,0, 70°C) of UCST-1 nanogel synthesized by UV-light RAFT-PITSA of
NAGA/MBA  using Thermal-PPEGA;; in  water at 3°C. |Initial molar ratio: [Thermal-
PPEGA;0]o/[NAGA]o/[MBA]o/[Photo-1],=1/400/16/0.3, with a solid content of 2.4 wt.%.
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DSC analysis further confirms the absence of unreacted NAGA and MBA monomers in the final
nanogel, and the glass transition temperature of nanogel UCST-1 was found to be 160 °C (Figure
IV.4), a value consistent with the literature™ where a glass transition temperature between 125 to

186 °C was observed depending on the NAGA molar fraction in the copolymer.
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Figure IV.4. Overlaid DSC thermograms of NAGA, MBA and UCST-1 nanogel with heating ramp of 5 °C.min™.

The nanogel was then re-dispersed in ultrapure water for further DLS and TEM characterizations
(Figure IV.5). DLS study of UCST-1 showed a single size distribution at 25 °C, a D,, of 58 nm and a pdi
of 0.18 were observed (Figure 1V.5.a). The same solution was employed to characterize the
morphology of the nanogel by TEM. Spherical nano-objects were observed by TEM (Figure IV.5.b)

and the size was in the range of 45-50 nm, consistent with a nanogel shrunk in the dry state.
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Figure IV.5. (a) Hydrodynamic diameter (D) distribution obtained from a DLS study at 25 °C. (b) TEM images of

UCST-1 froma s g.L_1 aqueous solution.
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The UCST-thermosensitive behavior in aqueous solution of UCST-1 was further studied by DLS and
UV-Vis spectrophotometry (Figure IV.6). An aqueous solution of UCST-1 (5 g.L™") was first equilibrated
at 55 °C for 10 min, and the Dy, of nanogel was 65 nm with a pdi of 0.19. Then, the UCST-1 solution
was cooled to 5 °C for 10 min, and the Dy, of nanogel and the pdi decreased to 52 nm and 0.15,
respectively (Figure IV.6A). The D;, and pdi decrease upon cooling is related to the collapse of the
crosslinked core based on P(NAGA-co-MBA) that led to the opalescence of the solution at 5 °C
(Figure IV.6B). This behavior was reversible and reproducible, the transparent-cloudy transitions
were observed and the nanogels regained the same D, over successive shrink/swell cycles
(Figure IV.6C) corresponding to a volume swelling ratio of 1.95. We also further investigated the
UCST transition of a 10 g.L™* UCST-1 solution in water by UV-Vis spectrophotometry at a wavelength
of 650 nm. In the cooling process, there was a gradual decrease of the transmittance in function of
temperature, however, the transmittance of the sample increased gradually upon heating from 5 to
40 °C and then remained relatively constant until 70 °C (Figure IV.6D). The solution started becoming
transparent from 40 °C, which was taken as the UCST transition temperature of UCST-1 nanogel

solution upon heating.
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Figure IV.6. (A) DLS number-average diameter distributions. (B) Pictures of 5 g.L_1 solution nanogel UCST-1 in

water at 5 and at 55 °C. (C) Dy, values of UCST-1 solution at 55 and 5 °C from repeated heating and cooling

cycles. (D) Determination of phase transition temperature for 10 g.L™* UCST-1 solution in water.
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We also confirmed the PNAGA chain extension from Thermal-PPEGA;, by performing a control
experiment in the absence of MBA crosslinker. The polymerization of NAGA was conducted using
Thermal-PPEGA;, as macro-CTA and an initial molar ratio [NAGA]y/[PPEGAs.]o/[photo-1], = 400/1/0.3
in aqueous dispersion at 3 °C with a solid content of 2.4 wt.%. The polymerization went to
completion after 1 h. The SEC analysis of crude diblock copolymer showed that the peak of Thermal-
PPEGA;, shifted to high molar mass side and remained monomodal, testifying the successful chain
extension of Thermal-PPEGA;, to form a Thermal-PPEGA3y-b-UV-PNAGA diblock copolymer (Figure
IV.7).
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Figure I1V.7. Overlaid SEC chromatograms (DMSO, LiBr) of Thermal-PPEGA;, macro-CTA and Thermal-PPEGA;q-b-
UV-PNAGA;q; diblock copolymer.

The 'H NMR spectrum (Figure IV.8) of the resulting Thermal-PPEGA;,-b-UV-PNAGA shows signals
at 3.6 ppm ((CH,CH,0)sCH;, labeled e) and 4.45 ppm (C(=0)OCH,CH,0-(CH,CH,0)s, labeled d)
characteristic of the PPEGA block. The signal from 1.2 to 2.2 ppm corresponds to the CH and CH,
protons of the copolymer backbone from both PPEGA and PNAGA blocks. These signals were used to

determine the molar composition of the resulting copolymer: DP,, ppg;4 = 30 and DP,, pyaga =391,
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Figure IV.8. 'H-NMR spectrum (400 MHz, D,0) of Thermal-PPEGA;;-b-PNAGA;., synthesized by UV-light
initiated RAFT-PITSA of NAGA mediated through Photo-l and Thermal-PPEGAs;, ([NAGA]y/[Thermal-
PPEGA;,]o/[Photo-1], = 400/1/0.3) in aqueous dispersion at 3°C.

Taken together, these results demonstrate for the first time that a H-bond UCST-type
thermosensitive nanogel can be successfully synthesized at low temperature using the RAFT-PITSA

process in aqueous dispersion under UV-light irradiation at low temperature.

4.2.2 Influence of synthesis parameters on nanogels size, polydispersity in

size and UCST value

In order to deeper understand the influence of synthesis parameters on PPEGA-b-P(PNAGA-co-
MBA)-based UCST-type thermosensitive nanogels physicochemical characteristics and properties, we
systematically changed the molar ratio of NAGA-to-Thermal-PPEGA macro-CTA and the amount of
the crosslinker MBA in the UV-light initiated RAFT-PITSA of NAGA. The Dy, pdi values, volume swelling
ratios and UCST values of resultant nanogels were characterized by DLS and by UV-Vis

spectrophotometry. The results are shown in Table IV.1.
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Table IV.1. Experimental conditions, Dy, pdi, volume swelling ratio and UCST value of PPEGA-b-P(NAGA-co-MBA) nanogels in aqueous solution®

D (hm)° Dy (hm)° pdi® pdi® Volume swelling ucsT?
Run m [Thermal-PPEGA],/[NAGA],/[MBA],

T=55°C T=5° T=55C | T=5°C ratio® (f) (°C)
UCST-1 30 1/400/16 65 +/-5 52 +/-3 0.192 0.153 1.95 40
UCST-2 30 1/300/16 63 +/-4 51 +/-3 0.203 0.195 1.91 36
UCST-3 30 1/200/16 58 +/-3 49 +/-2 0.174 0.168 1.62 no UCST
UCST-4 30 1/100/16 46 +/-1 44 +/-1 0.380 0.339 1.12 no UCST
UCST-5 30 1/400/8 83 +/-4 61 +/-3 0.223 0.191 2.47 43
UCST-6 30 1/400/32 59 +/-2 51 +/-2 0.220 0.181 1.52 no UCST
UCST-7 14 1/400/16 74 +/-3 53 +/-2 0.235 0.185 2.67 43-44
UCST-8 20 1/400/16 68 +/-3 52 +/-2 0.235 0.181 2.30 43
UCST-9 40 1/400/16 61+/-2 49 +/-2 0.240 0.189 1.86 no UCST

?Polymerization conditions: 3°C, 1h, [Thermal-PPEGA],/[photo-1], = 1/0.3, content solid = 2.4 wt.%, complete monomers conversion. ®The hydrodynamic diameters (Dy,) and
polydispersities in size (pdi) of nanogels were obtained from DLS measurements conducted with 5 g.L_1 nanogel aqueous solutions at 5°C and 55°C.  The volume swelling
UCST transition temperature of 10 g.L'1 nanogel aqueous solution upon heating by UV-Vis spectrophotometry.

ratio f

= (Dy,55°C / Dy,5°C).

d
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4.2.2.1 Impact of the DP,, ppg;,4 of the Thermal-PPEGA macro-CTA

A series of nanogels were synthesized using the same initial molar ratio of PPEGA-to-MBA
crosslinker (1/16) and the same NAGA-to-PPEGA initial molar ratio (400/1) while varying the
DP,, ppgga (14, 20, 30, and 40) (UCST-1, UCST-7, UCST-8 and UCST-9, Table IV.1). At 55°C, Dy of
resulting nanogels decreased from 74 to 68, 65 and 61 nm corresponding to DP,, ppg4 Of PPEGA of
14, 20, 30, and 40, respectively (Figure 1V.9(a)), and the volume swelling ratio dropped sharply from
2.67 to 2.3, 1.95 and 1.86 for UCST-7, UCST-8, UCST-1 and UCST-9 nanogels, respectively (Table IV.1).
For longer macro-CTAs, the formed nanogels were higher sterically stabilized and aggregation
occurred during polymerization yielding smaller particles. This phenomenon was previously observed
in the case of LCST-type thermosensitive PNIPAmM nanogels in chapter 3. The UCST transition upon
heating of UCST-7 and UCST-8 solutions (DP,, pprc4 €qual to 14 and 20, respectively) were around
43°C. This value decreased to 40 °C for UCST-6 (DP,, ppggq = 30) with the same aqueous solution
concentration 10 g.L™". When the DP, ppz;4 reached 40 (UCST-9), the nanogel did not show UCST
transition (Figures 1V.9(b) and IV.9(c)). Such depression of the phase transition temperature can be
ascribed to the increased hydrophilicity of the copolymer having higher DP,, ppg;4 slowing down the
hydrogen bonds formation driving the phase transition. Similar observation was previously made
during Mékinen’s study for diblock copolymer PEO-b-PNAGA which showed a lower UCST value (15.8
°C) compare to the PNAGA (22 °C) with the same DP,, of 220.
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Figure IV.9. (a) Evolution of Dy, of UCST-7, -8, -1 and -9 nanogels with the increase of DP, ppg;4 from 14 to 20,
30 and 40, respectively at 5°C and 55°C; (b) pictures of UCST-7, -1 and -9 nanogel solutions after stopping the
polymerization; (c) turbidity curves of 10 g.L'1 UCST-7, -1 and -9 solutions in water, obtained from UV-Vis

spectrophotometry.

4.2.2.2 Impact of NAGA monomer-to-Thermal-PPEGA macro-CTA molar ratio

A series of four nanogels using the same molar ratio of Thermal-PPEGA macro-CTA-to-MBA
crosslinker (1/16) with different monomer-to-macro-CTA molar ratios (UCST-1, UCST-2, UCST-3, and
UCST-4) were synthesized. Increasing NAGA from 100 (UCST-4) to 200 (UCST-3), 300 (UCST-2), and
400 equiv. (UCST-1) while keeping the DP,, ppg;4 equal to 30, increased the Dy, of nanogels from 46 to
58, 63, and 65 nm, respectively at 55 °C (UCST-1, UCST-2, UCST-3 and UCST-4, Table 1V.1). A similar
trend was observed for the Dy, of nanogels at 5 °C (UCST-1, UCST-2, UCST-3 and UCST-4, Table IV.1;
Figure IV.10.a). The phase transition temperature was not observed neither by visualization (Figure
IV.10.b) nor by turbidity measurements (Figure IV.10.c) for samples UCST-3 and UCST-4. This is likely
due to the lower targeted DP,, py44 responsible for the UCST property. Lutz’s team’” made a similar
observation: PNAGA homopolymer with short polymer chains (DP,, py454 = 100-200) did not form
gels at a concentration of less than 10 wt.%. The absence of UCST property can also be associated to

a higher degree of crosslinking in those samples resulting in a lower swelling capability as shown by
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the low volume swelling ratios (UCST-3 and UCST-4, Table IV.1). The UCST transitions of nanogels
UCST-1 and UCST-2 upon heating were 40 and 36 °C, respectively (Figure 1V.10.c). The decrease of
PNAGA length in the nanogel leads to lower transition temperature, as previously reported.'®
Furthermore, the volume swelling ratios of these nanogels increased from 1.12 to 1.62, 1.91, and
1.95, with increasing NAGA equivalents from 100, 200, 300, and 400 in respect to Thermal-PPEGA;,
macro-CTA and keeping constant the macro-CTA-to-MBA crosslinker initial ratio (UCST-4, UCST-3,
UCST-2 and UCST-1, Table IV.1). This is consistent with a lower degree of crosslinking for higher

amounts of NAGA monomer.

(a) (b)
80
70 | [NAGA]o/[PPEGA], = [NAGAJo/[PPEGAlo = [NAGAJo/[PPEGAl; = [NAGA]o/[PPEGA]p =
i l 100/ 1 200/1 300/ 1 400/ 1
—_ i
60 -
£ I
£ 50 x A L
] ; a
40 -
30 T T T T
0 100 200 300 400 500
[NAGA],/[PPEGA, UCST-4 UCST-3 UCST-2 UCST-1
()
o
= - i
£ & .¢,¢'¢"¢"¢P-¢’ _i--ﬁ"' o
8 oot T apiEEoTOT
£ A 7
E . e --Cr- UGST
2 Y-St
E ﬁ-‘*ﬂ i --#-- UCST-2
g o -- - UCST-3
B ©
o
T T T

)
S
8
2

80

T(*C)
Figure IV.10. (a) Evolution of D, of UCST-1, UCST-2, UCST-3 and UCST-4 with the increase of initial molar ratio
[NAGA],/[Thermal-PPEGA30], at 5°C and 55°C; (b) pictures of UCST-1, UCST-2, UCST-3 and UCST-4 aqueous
solution with a concentration of 10 g.L'1 at 5°C and 55°C; (c) turbidity curves of 10 g.L'1 UCST-1, UCST-2 and

UCST-3 aqueous solutions, obtained from UV-Vis spectrophotometry.

4.2.2.3 Impact of MBA crosslinker-to- Thermal -PPEGA macro-CTA molar ratio

Nanogels UCST-1, UCST-5, and UCST-6 have been prepared using the same synthesis conditions
with various amounts of MBA crosslinker. Decreasing the molar ratio of MBA-to-Thermal-PPEGA;,

macro-CTA from 32/1 to 16/1 and to 8/1 increases Dy, at 55 °C from 59 to 65 and 83 nm, respectively
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(UCST-6, UCST-1 and UCST-5, Figure 1V.11.a). The volume-swelling ratio increased from 1.52 to 1.95
and to 2.47 with the decrease of crosslinker amount. The higher swelling capacity, consistent with a
lower crosslinking degree due to a reduced amount of MBA is probably due to a less dense network
core. Moreover, the increase of Dy, is explained by the increase of volume swelling ratio leading to a
higher mobility of the P(NAGA-co-MBA) chains susceptible to form hydrogen bonding with water. In
addition, two aqueous solutions of UCST-1 and UCST-5 nanogels (10 g.L™") showed turbidity upon
heating (Figure 1V.10.b) with phase transition temperature of 40 and 43 °C, respectively (UCST-1 and
UCST-5 in Table IV.1 and Figure 1V.11.c). A lower amount of MBA crosslinker leads to a higher UCST
value due to the fact that hydrogen bondings are more susceptible to occur within P(NAGA-co-MBA)
core. Moreover, when the initial molar ratio of MBA crosslinker to Thermal-PPEGA;; macro-CTA
increased to 32/1 in UCST-6 nanogel, UCST behavior was not observed for 10 g.L™" aqueous solution.

This result can be attributed to a compact core limiting the hydrogen bonding responsible for the

UCST phenomenon.
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Figure IV.11. (a) Evolution of D}, of UCST-5, UCST-1 and UCST-6 nanogels with the increase of initial molar ratio
[MBA]o/[thermal-PPEGA0]o from 8/1 to 16/1 and 32/1 at 55°C; (b) pictures of UCST-5, UCST-1 and UCST-6
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nanogels solutions with concentration of 5 g.L ™" at 5°C and 55°C; (c) turbidity curves of 10 g.L™ UCST-5, UCST-1

and UCST-6 solutions in water, obtained from UV-Vis spectrophotometry.

4.3 UCST-type thermosensitive and pH-degradable nanogels by UV-light
initiated RAFT-PITSA

In this study, the UCST-thermo-sensitivity and the pH-degradability will be brought by the PNAGA
and the KB crosslinker described in chapter Ill to target dual UCST-type thermosensitive and pH-
degradable nanogels. The synthesis of such dual-responsive nanogels will be conducted by RAFT-
PITSA in aqueous dispersion at a pH 9 to avoid premature hydrolysis of the ketal group of KB
crosslinker. The physicochemical characteristics, thermosensitive properties and degradability of

resulting nanogels will be studied by *H NMR spectroscopy, DLS, UV-Vis spectrophotometry and TEM.

4.3.1 PEGA-b-P(NAGA-co-KB)-based UCST-type thermosensitive and pH-
degradable nanogels: synthesis, macromolecular characterizations and

thermosensitive properties

In order to reach pH-degradable and UCST-type thermosensitive nanogels by self-assembly of
PPEGA-b-P(NAGA-co-KB) copolymers, RAFT-PITSA of NAGA were conducted in aqueous solutions pH
9 at low temperature (3°C) using a UV-PPEGA ofm equal to 30 as macro-CTA and surfactant,
KB as crosslinker and photo-I as photo-initiator under UV-light irradiation (A = 365 nm, 34 mW/cm?)
(Scheme IV.2).
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Scheme IV.2. Synthesis of pH-degradable and UCST-type thermosensitive nanogels by UV-light initiated RAFT-
PITSA in aqueous dispersion at pH 9 and at 3°C in presence of UV-PPEGA;, and photo-I.
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The initial molar ratio of [NAGA]o/[UV-PPEGA;,]o/[KB]o/[Photo-1]y = 400/1/16/0.3 was employed
with a solid content of 2.4 wt.%. The NAGA and KB conversions were determined by 'H NMR
spectroscopy of the crude mixture after 1h of polymerization (Figure 1V.12). The disappearance of

vinyl protons between 5.68 ppm and 6.45 ppm is consistent with a full NAGA and KB conversions.
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Figure 1V.12. Overlaid 'H-NMR spectra recorded at room temperature (200 MHz, D,0) of polymerization
solution samples at t = 0 and after 1h obtained through UV-light initiated RAFT-PITSA of NAGA/KB using UV-
PPEGA;, as macro-CTA in buffer solution pH 9 at 3°C. Initial molar ratio: [UV-PPEGAs;0]o/[NAGA]o/[KB]y/[Photo-
110=1/400/16/0.3 with a solid content of 2.4 wt.%.

The polymerization medium after 1h was also opalescent (Figure IV.13) due to the aggregation of

resulting PNAGA at temperature lower that its UCST value.

Figure IV.13. Picture of the reactional medium before and after 1h of UV-light initiated RAFT-PITSA of NAGA/KB
using UV-PPEGA;, in buffer solution pH 9 at 3°C. Initial molar ratio: [UV-PPEGA;,]o/[NAGA],/[KB]o/[Photo-1]y
=1/400/16/0.3 with a solid content of 2.4 wt.%.

As complete NAGA and KB conversions were observed, the nanogel was directly freeze-dried for

further characterizations. The 'H NMR spectrum of sample in D,O (Figure IV.14). showed the
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characteristic peaks of PPEGA shell at 3.8 ppm (CH,CH,0)sCH3;, labeled e) the signal from 2.4 to 3.1
ppm corresponds to the CH protons of the PPEGA, PNAGA, PKB backbone (labeled a, a’,a”’). The

comparison of the integrations of these signals e, a, a’, a”” were employed to determine the molar

composition of the resulting copolymer: DP,, ppg;4 =30, DP, pyaca + DPp, pxp=413.

H e

]

T T T T T T T T T
54 5.2 50 4.8 4.6 4.4 4.2 4.0 356 34 0 28 2.6 24 232 24

00
039 =
= 30354

-
|

3.2 3
f1 {ppm})

Figure IV.14. 'H-NMR spectrum (400 MHz, D,0, 70°C) of nanogel synthesized by UV-light initiated RAFT-PITSA
of NAGA/KB using UV-PPEGA;, in buffer solution pH 9 at 3°C. Initial molar ratio: [UV-
PPEGA;,]o/[INAGA],/[KB]o/[Photo-1],=1/400/16/0.3, with a solid content of 2.4 wt.%.

The UV-PPEGA;,-b-P(NAGA-co-KB),13-based nanogel was then re-dispersed in buffer solution pH 9
for further DLS, TEM and UV-Vis characterizations. DLS study of nanogel at a concentration of 5 g.L™
showed a single size distribution at 25 °C. Moreover, a D, of 64 nm and a pdi of 0.21 were
observed.The same solution was employed to characterize the morphology of the nanogel by TEM
(Figure 1V.15). Spherical nano-objects were observed and the size was in the range of 40-45 nm,

consistent with a nanogel shrunk in the dry state.
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Figure IV.15. TEM images of UV-PPEGA;,-b-P(NAGA-co-KB),413-based nanogel from a 5 g.L'1 aqueous solution.

The UCST-thermosensitive behavior in pH 9 aqueous solution of nanogel was further studied by
DLS and UV-Vis spectrophotometry. An aqueous solution of nanogel (5 g.L™") was first equilibrated at
55 °C for 10 min, and the D;, of nanogel was 72 nm with a pdi of 0.26. Then, the solution was cooled
to 5 °C for 10 min, and the D, of nanogel and the pdi decreased to 58 nm and 0.19, respectively
(Figure IV.16A). These Dy, of nanogel crosslinked with KB are slightly higher than that of the nanogel
using MBA crosslinker (65 nm, runl Table IV.1), however, the pdi for KB-nanogel are lower (0.15) The
decrease of Dy, and pdi upon cooling observed with KB-based nanogels is related to the collapse of
the crosslinked core based on P(NAGA-co-KB) that led to the opalescence of the solution at 5 °C
(Figure IV.16B). This behavior was reversible and reproducible until two successive shrink/swell
cycles: the transparent-cloudy transitions were observed and the nanogels regained the same Dy,
over (Figure 1V.16C) corresponding to a volume swelling ratio of 1.91, similar to that of MBA-nanogel
(f=1,95, run 1, Table IV.1). Further heating from 5 to 55 °C in the third cycle results in the sharp drop
of the Dy, to 20 nm. This result could be explained by the degradation of the nanogel to become
polymer unimers due to the hydrolysis of the ketal group within the crosslinked core during
successive shrink/swell cycles which led to increase the nanogel solution at 55°C twice. As discussed
in chapter Ill, the ketal group hydrolysis is favored at high temperature even at pH 9 (Table II1.3).
After nanogel degradation, the cooling from 55 to 5 °C leads to the aggregation of unimers with
aggregates formation with a Dy, of 66 nm and pdi of 0.22 (Figure IV.16.C).

We also further investigated the UCST transition of a 10 g.L™" nanogel solution in water by UV-Vis
spectrophotometry at a wavelength of 650 nm. The transmittance of the sample increased gradually

upon heating from 5 to 41 °C and then remained relatively constant (Figure 1V.16.D). The solution
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started becoming transparent from 41 °C, which was taken as the UCST transition temperature of
polymer nanogel solution upon heating. The UCST values of nanogel based on UV-PPEGA;y-b-
P(NAGA-co-KB)413 is slightly higher with sharper phase separation transition comparing to UCST of
nanogel based on Thermal-PPEGA;y-b-P(NAGA-co-MBA);q, (40 °C, run 1 Table IV.1, Figure IV.6).
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Figure 1V.16. (A) Number-average diameter distributions of UV-PPEGA;,-b-P(NAGA-co-KB),13 nanogel solutions
(5 g.L'" in buffer solution at pH 9) at 5°C and at 55°C. (B) Pictures of 5 g.L”* solution of UV-PPEGA;y-b-P(NAGA-
co-KB),q3 nanogel in buffer solution pH 9 at 5 and at 55 °C. (C) Dy, values of nanogel solution at 5 and 55 °C from
repeated heating/cooling cycles. (D) Determination of phase transition temperature for 10 g.L_1 nanogel

solution in buffer solution pH 9. Initial molar ratio: [UV-PPEGA;,]o/[NAGA],/[KB]o/[Photo-1],=1/400/16/0.3, with

a solid content of 2.4 wt.%.

We also made an effort to target more stable PPEGA-b-P(PNAGA-co-KB)-based nanogels by
changing the amount of solid content and the initial KB crosslinker to PPEGA macro-CTA molar ratio.
Unfortunately, we were unsuccessful with either increasing the solid content to 5 wt.% or either
increasing KB to PPEGA macro-CTA initial molar ratio to 32/1 as the gel formation was observed in
both cases (Figures IV.17A and B, respectively). Increasing the solid content or amount of crosslinker
decreases the distance between propagating chains, which enhances the probability of

intermolecular crosslinking, consequently macroscopic gelation will be obtained.™
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Figure IV.17. Pictures of the reactional media of after 1h of UV-light initiated RAFT-PITSA of NAGA/KB using UV-
PPEGA; in buffer solution pH 9 at 3°C using (A) an [UV-PPEGA;0]o/[NAGA]y/[KB]o/[Photo-1], initial molar ratio of
1/400/16/0.3 and a solid content of 5 wt.% and (B) an [UV-PPEGA;,]o/[NAGA]o/[KB]o/[Photo-I], initial ratio of
1/400/32/0.3 and a solid content of 2.4 wt.%.

Even if we previously confirmed the successful extension of UV-PPEGA;, with PNAGA by
performing a control experiment with an initial molar ratio [NAGA]y/[UV-PPEGA;o]o/[photo-l], =
400/1/0.3 in aqueous dispersion at 3 °C with a solid content of 2.4 wt.%. (in §ll.1 of this chapter), we
need to study this reaction in aqueous dispersion at pH 9 at 3 °C. Therefore, a polymerization of
NAGA was conducted using UV-PPEGA;, as macro-CTA and an initial molar ratio [NAGA]y/[UV-
PPEGA;0]o/[photo-I], = 400/1/0.3 in aqueous dispersion pH 9 at 3 °C with a solid content of 2.4 wt.%.
As show in Figure IV.18.A, a very fast initial rate of polymerization was observed which reached
approximatively 93 % NAGA conversion after 30 min. The conversion of NAGA increases with the
increase of polymerization time and a constant slope of In([M]o/[M];) vs. reaction time, relevant with
a constant concentration of propagating radicals is observed. Figure IV.18B illustrates the evolution
of M, sec and D versus NAGA conversion and Figure 1V.19 shows the overlaid SEC traces of resulting
copolymers at different NAGA conversions. The dispersity is quite high, however, the RAFT

polymerization of NAGA seems under a good control as P remains stable around 2.2-to-2.4. The

discrepancy between M, cand M, ., can be attributed to the difference between the
hydrodynamic volume of PMMA, used for SEC calibration, and the hydrodynamic volume of the
copolymer in DMSO. This conclusion is in agreement with the absence of high molar mass shoulder in

the SEC traces, even at full conversion of NAGA (Figure IV.19).
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Figure IV.18. Plots of (A) evolution of In([M]o/[M];) and conversion vs. time and (B) evolution of M, sz (symbol)

and M, e, (line) and D vs. NAGA conversion during the UV-light initiated RAFT-PITSA of NAGA using photo-|

and UV-PPEGA;, in aqueous dispersion at pH 9, at 5 °C using the initial [NAGA]o/[UV-PPEGA3]o/[photo-1]o molar

ratio of 400/1/0.3 with a solid content of 2.4 wt.%.
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Figure IV.19. Overlaid SEC (DMSO, LiBr) traces of UV-PPEGA;,-b-PNAGA using Rl detection obtained during the

UV-light initiated RAFT-PITSA of NAGA using photo-l and UV-PPEGA;, in aqueous dispersion at pH 9, at 5 °C

using the initial [NAGA]o/[UV-PPEGA;]o/[photo-1], molar ratio of 400/1/0.3 with a solid content of 2.4 wt.%.

The 'H NMR spectrum (Figure 1V.20) of the resulting UV-PPEGAz,-b-UV-PNAGA shows a signal at

3.6 ppm ((CH,CH,0)sCH;, labeled e) characteristic of the PPEGA block and broad signals from 1.6 to

2.9 ppm corresponding to methylene and methine protons of PPEGA and PNAGA polymers

backbones. These signals were used to determine the molar composition of the resulting copolymer:

DPn,PPEGA =30and DPn/ PNAGA = 397
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Figure 1V.20. 'H-NMR spectrum (400 MHz, D,0) of UV-PPEGA;y-b-PNAGA;q; synthesized by UV-light initiated
RAFT-PITSA of NAGA mediated through photo-l and UV-PPEGA;, ([NAGAJ]o/[UV-PPEGAs0]o/[photo-1], =
400/1/0.3) in aqueous dispersion at pH 9 and at 5 °C.

The SEC analysis showed that the chromtagram of UV-PPEGA;, shifted to high molar mass side
and remained monomodal, testifying the successful chain extension of UV-PPEGA;, to form a UV-

PPEGA;(-b-PNAGA;4; diblock copolymer in buffer solution pH 9 at 3 °C (Figure IV.21).
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Figure 1V.21. Overlaid SEC chromatograms (DMSO, PMMA standard) of UV-PPEGA;, macro-CTA and UV-
PPEGA;o-b-PNAGA;y; diblock copolymer obtained during the UV-light initiated RAFT-PITSA of NAGA using

photo-l and UV-PPEGA;, in aqueous dispersion pH 9 at 3 °C.
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4.3.2 Study of the degradability of nanogels based on PPEGA-b-P(NAGA-co-
KB)

The ability of the UCST-type thermosensitive UV-PPEGA;y-b-P(NAGA-co-KB),,3-based nanogels to
disassemble in aqueous medium by hydrolysis of ketal moieties was then studied. Freeze-dried
nanogels were dissolved at a concentration of 5 g.L™ in different pH buffer solutions. Since hydrolysis
of the ketal group is possible under acidic conditions, we performed the experiments in solutions at

pH 4, pH 6 at 25 °C. The evolution of the Dy, vs. time was determined using DLS measurements (Figure
1IV.22).
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Figure IV.22. Evolution of Dy, of the UV-PPEGAsy-b-P(NAGA-co-KB),13-based nanogels solutions (5 g.L™") at 25 °C
measured by DLS as a function of time in aqueous media at pH 4 and pH 6. Nanogels were obtained by UV-light
initiated RAFT-PITSA of NAGA/KB in aqueous solution pH 9 at 3°C with an initial [NAGA]/[UV-
PPEGA;,]o/[KB]o/[Photo-1], molar ratio of 400/1/16/0.3.

As shown in Figure IV.22, the degradation of PPEGA-b-P(NAGA-co-KB)-based nanogel is rapid in
acidic media, with a half-life of 25 and 45 min for aqueous solutions at pH 4 and pH 6, respectively.
The degradation rate decreased with increasing pH from 4 to 6. A similar trend of the degradability
was observed in the case of dual LCST-thermosensitive and pH degradable nanogel based on PPEGA-

b-P(NIPAm-co-KB). These results are consistent with the degradability of KB in different pH solutions
as reported in Table III.3.

Taken together, these results demonstrate for the first time that a dual UCST-type
thermosensitive and pH-degradable nanogel can be successfully synthesized using the RAFT-PITSA

process in aqueous dispersion under UV-light irradiation at low temperature (T < UCST).
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4.4 Conclusions

In conclusion, we have shown that UV-light initiated RAFT-PITSA process is an efficient strategy to
obtain well-defined hydrogen-bonding UCST-type thermosensitive nanogels in agueous dispersion at
low temperature. The morphology, physico-chemical characteristics (D,, pdi, f) and UCST
thermosensitive properties of the so-obtained nanogels were confirmed by TEM, DLS, and UV-Vis
spectrophotometry. The hydrodynamic diameter, volume swelling ratio, and UCST transition
temperature of resulting nanogels can be tuned by modifying the polymerization parameters such
as DP,, ppega, the initial molar ratio of NAGA monomer-to-PPEGA macro-CTA and the amount of MBA
crosslinker. The increase of DP,, ppes, results in the decreased of Dy and volume swelling ratio. Higher
DP,, pyaa block lead to bigger particles, higher volume swelling ratios and UCST values. The volume
swelling ratio increased with the decrease of MBA crosslinker, which also corresponds for the

increase of UCST values.

Dual UCST-type thermosensitive and pH-sensitive nanogel has been targeted using the same
synthesized strategy above and a KB crosslinker containing a ketal cleavage groups. The morphology,
hydrodynamic diameter and thermosensitive properties of the so-obtained nanogels were confirmed
by TEM, DLS, and UV-Vis spectrophotometry. The nanogel (D, s:c = 64 nm, pdi 5.c= 0.21 and f = 1.35)
illustrated a reversible UCST phase transition with UCST value of 41 °C and can be degraded in short

time in acidic pH.

We can envision that these novel UCST-thermosensitive nanogels based on PPEGA-b-P(NAGA-co-
MBA) and dual UCST-type thermosensitive and pH-sensitive nanogels based on PPEGA-b-P(NAGA-co-
KB) might open new opportunities for the application of polymer nanogels as “smart” drug delivery

systems and for imaging and sensing.
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4.5 Experimental section

4.5.1 Materials

All reagents were purchased from Sigma-Aldrich unless otherwise noted. 2-Hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (photo-l, 98%), N,N-dimethylformamide (DMF, 99%),
tetrahydrofuran  (THF,  99%),  N,N’-methylenebis(acrylamide) (MBA,  99%), 2,2'-[2,2-
propanediylbis(oxy)]diethanamine (PDA, 99%), different UV-PPEGA-macro-CTAs were synthesized in
chapter Il. N-Acryloyl glycinamide (NAGA) was synthesized according to the reported procedure in
Chapter Ill and inspired by the litterature.” Vinylazlactone (VDM) was synthesized according to
previously reported procedure.’’All deuterated solvents were purchased from Euriso-top. All buffer
solution with different pH were purchased from Merck KGaA. Ultra-pure water used for RAFT
polymerization and preparation of nanogel solutions was obtained from a PureLab ELGA system and

had a conductivity of 18.2 MQm at 25°C.

4.5.2 Characterizations

Nuclear magnetic resonance (NMR) spectroscopy. Nuclear Magnetic Resonance (NMR) spectra were
recorded on a Bruker AC-400 spectrometer for *H-NMR (400 MHz and 200 MHz). Chemical shifts are

reported in ppm relative to the deuterated solvent resonances.

Size exclusion chromatography (SEC). The average molar masses (number-average molar mass M,
weight-average molar mass M,,) and dispersity (P = M,/ M,) of diblock copolymer PPEGA-b-PNAGA
were measured by SEC using DMSO (with 0.1 M LiBr) as an eluent, and carried out using a system
equipped with a pre-column and one PSS-GRAM analytical column. The instrument operated at a
flow rate of 0.7 mL.min™ at 50°C and was calibrated with narrow linear poly(methyl methacrylate)

(PMMA) standards ranging in molecular weight from 900 g.mol™ to 537000 g.mol™.

Dynamic light scattering (DLS). DLS measurements were performed on a Malvern Instruments
Zetasizer Nano (ZS) fitted with a Helium—Neon laser operating at 633 nm with an angle detection
(173°). The sample was prepared by dissolving nanogels in pure water (5 g.L™) then the solution was
filtered using nylon membrane filter to 0.45 um porosity. The hydrodynamic diameter (D;) of
nanogels and polydispersity index (pdi) were recorded at 5°C and 55°C. The aqueous solutions of
nanogels were first equilibrated at 55°C and 5°C for 10 min before recording. Each measurement was
repeated 5 times and hydrodynamic diameter of nanogel was taken as the average of these values.
Different sequent heating (from 5 to 55 °C) /cooling (from 55 to 5 °C) cycles were preformed to

confirm the reversible swelling/shrinking bahavior of nanogels. The degradability of nanogel was
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following by the evolution of Dy, at different times. Each measurement was repeated 3 times and Dh

of nanogel was taken as the average of these values.

UV-Vis Spectrophotometry. Turbidity measurements were carried out on a Aligent Cary 100 UV-Vis
spectrophotometer at wavelength of 650 nm. The phase transition temperatures were determined
using nanogel solution at a concentration of 10 g.L™' in water. The solution was cooled to 5°C
overnight before UV measurement; a heating rate of 1 °C.min" was employed to determine the

phase transition temperature of the nanogel.

Transmission electronic microscopy (TEM). TEM analysis was carried out using a JEOL2100 at an
accelerating voltage of 120 kV. To prepare the TEM samples, a dilute aqueous solution (5 g.L™) of
nanogels was dropped onto a carbon-coated copper grid. The sample was left to gently dry 24h at

room temperature.

UV-light initiated RAFT-PITSA in aqueous dispersion for synthesis of UCST-type thermosensitive
nanogels based on PPEGA-b-P(NAGA-co-MBA). The following description relates to the synthesis of
nanogel UCST-1. In a 10 mL glass vial, 51.8 mg of NAGA (0.4 mmol, 400 eq.) and 15.0 mg of UV-
PPEGA;, (rune 3, Table 1.2, 0.001 mmol, 1 eq.) were dissolved in 2.8 g of water containing 2.5 mg
MBA crosslinker monomer (0.016 mmol, 16 eq.) and 0.068 mg of photo-I initiator (0.0003 mmol, 0.3
eq.) to give a solid content of 2.4 wt.% ([UV-PPEGA;0]o/[NAGA]y/[MBA]/[photo-1]o= 1/400/16/0.3,
[NAGA], = 0.145M). The glass vial was bubbled with argon for 30 min, then the mixture solution was
placed in an ice-bath under an UV-light source (A = 365 nm, 34 mW/cm?) with a stir bar for an hour.
After complete monomer conversion checked by 'H-NMR spectroscopy, the polymerization was

stopped and the reactional medium was freeze dried.

UV-light initiated RAFT-PITSA in aqueous dispersion for synthesis of UCST UV-PPEGA;,-b-PNAGA
diblock copolymer. In a 10 mL glass vial, 51.8 mg of NAGA (0.4 mmol, 400 eq.) and 15.0 mg of UV-
PPEGA3; (0.001 mmol, 1 eq.) were dissolved in 2.8 g of water to give a solid content of 2.4 wt.% ([UV-
PPEGA30]o/[NAGA]o= 1/400; [NAGA],=0.145M). The glass vial was bubbled with argon for 30 min,
then the mixture solution was placed in an ice-bath under an UV-light source (A = 365 nm, 34
mW/cm?) with a stir bar for one hour. After checking the total conversion of NAGA by 'H-NMR, the
polymerization was stopped. The diblock copolymer was then freeze-dried for further
characterizations.'H-NMR(400 MHz, D,0): DP,, ppega = 30 and DP,, pyaga = 391. SEC (DMSO, PMMA
standards): M, sgc = 11.45 X 10* g.mol™, B = 2.12.

UV-light initiated RAFT-PITSA in aqueous dispersion for synthesis of dual UCST-type

thermosensitive and pH-sensitive nanogels based on PPEGA-b-P(NAGA-co-KB). In a 10 mL glass vial,
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69 mg of NAGA (0.54 mmol, 400 eq.) and 20 mg of UV-PPEGA;, (0.0013 mol, 1 eq.) were dissolved in
4.1 g of buffer solution pH 9 containing 9.5 mg KB crosslinker monomer (0.022 mmol, 16 eq.) and
0.0027 mg of photo-l initiator (0.0004 mmol, 0.3 eq.) to give a solid content of 2.4 wt.% ([UV-
PPEGA;0]o/[NAGA]o/[KB]o/[photo-I],= 1/400/16/0.3, [NAGA], = 0.135 M). The glass vial was bubbled
with argon for 30 min, then the mixture solution was placed in an ice-bath under an UV-light source
(A = 365 nm, 34 mW/cm?) with a stir bar for an hour. After complete monomer conversion checked
by 'H-NMR spectroscopy, the polymerization was stopped and the reactional medium was freeze

dried.

UV-light initiated RAFT-PITSA in aqueous dispersion pH 9 for synthesis of UCST-type
thermosensitive PPEGA;-b-PNAGA diblock copolymer. In a 10 mL glass vial, 51.8 mg of NAGA (0.4
mmol, 400 eq.) and 15.0 mg of UV-PPEGA;, (0.001 mmol, 1 eq.) were dissolved in 2.8 g of water to
give a solid content of 2.4 wt% ([UV-PPEGA;0]o/[NAGA],= 1/400; [NAGA],=0.145M). The glass vial was
bubbled with argon for 30 min, then the mixture solution was placed in an ice-bath under an UV-light
source (A = 365 nm, 34 mW/cm?) with a stir bar for one hour. After checking the conversion of NAGA
by 'H NMR, the polymerization was stopped. The diblock copolymer was then freeze-dried for
further characterizations."H-NMR(400 MHz, D,0): DP,, ppeGa = 30 and DP,, pyaga = 397. SEC (DMSO,
PMMA standards): M}, s¢c = 10.5 x 10* g.mol ™, D = 2.28.
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General Conclusions

During my PhD work, the procedure to target thermosensitive and pH-degradable nanogels was
controlled step by step. To produce PPEGA macro-CTAs (also being the shell of the nanogel), RAFT
polymerization in solution (DMF) at 70°C from COPYDC, a hydrophobic CTA , was employed using
either thermal activation or UV-light activation with a sufficient molar mass control and narrow
molar masses distributions at low PEGA conversions (60 %). Despite a low temperature reaction, UV-
light initiated RAFT polymerization did not afford an improved control compared to the thermally-
initiated RAFT polymerization. However, employing a lower monomer concentration results in a
better control of PEGA polymerization at 76 % monomer conversion ([PEGA] = 039 mol.L?,
[PEGA]o/[COPYDC]y/[photo-1], = 50/ 1/ 0.1). Such well-defined PPEGAs were able to be used as
amphiphilic macro-CTA for further synthesis of LCST- and UCST-type thermosensitive diblock
copolymers based on PNIPAm and PNAGA, respectively, through RAFT polymerization in water. Well-
defined LCST-type thermosensitive PPEGA-b-PNIPAm diblock copolymers were obtained by
homogeneous RAFT polymerization in water using UV-light activation at 25°C with a sufficient molar
mass control and narrow molar masses distributions. Compare to thermal activation, UV-light
activation offers a very fast initial rate of NIPAm polymerization, which reached full conversion after
1h (instead of 6h for the thermally-initiated RAFT polymerization). UCST-type thermosensitive
PPEGA-b-PNAGA diblock copolymers were prepared using either UV-light initiated RAFT-PITSA at 5°C
or thermally-initiated RAFT polymerization at 70°C in water. Results show lower dispersity values
through thermally-initiated homogeneous RAFT polymerization. However, the higher temperature
employed in thermal activation process results in the presence of a high molar mass shoulder, which
is not observed in the case of UV-light irradiation. PNIPAm-based nanogels were targeted either
through thermally-initiated or through UV-light initiated process using a PPEGA with DP,, ppg;4 of 30
as macro-CTA and surfactant, MBA as crosslinker and V50 or photo-I as initiators, respectively. The
initial molar ratios of [NIPAm]o/[MBA]o/[PPEGA],/[initiator], are 204/8/1/0.3 and the solid content is
equal to 2.4 wt.%. Although the kinetic of thermal activation is much lower than that of UV-light
activation during the RAFT-PITSA to target LCST-type thermosensitive PNIPAm-based nanogels, both
activations allow to target nanogels with a single and low size distribution through RAFT-PITSA using
a wide range PPEGAs, with variable m, used as macro-CTA and surfactant. A minimum
m is necessary for the steric stability of the nanogels formed in situ during the PITSA process
and this value is dependent on activation process: the UV-light activation required a higherm
to form stable nanogel. A range of spherical, well-defined LCST-type thermosensitive nanogels based

of Thermal-PPEGA-b-P(NIPAm-co-MBA) was thus obtained and characterized by 'H-NMR
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spectroscopy, DLS, TEM and UV-Vis spectrophotometry. The size of obtained nanogels can be finely

tuned (40 <D< 210 nm at 20 °C) by changing DP,, ppega OF DPp, pyjpam Of PPEGA-b-P(NIPAM-co-MBA).
The size of nanogel increases with the rise in DP, pypa; and decreases with the increase of DP), ppeia-
The LCST of nanogel remains stable around 33-34 °C and did not be impacted by block polymer chain

length.

Dual LCST-type thermosensitive and pH-degradable nanogels have been targeted using a new
ketal crosslinker, through UV-light initiated RAFT-PITSA in aqueous dispersion at 70°C and at pH = 9.
These spherical nanogels (Dy= 139nm, pdi = 0.13 at 25°C) with LCST of 34°C (reversible
swelling/shrinking transition for at least 8 cycles) are stable at pH = 9 during several days, at pH 7
during 24 hours and can be degraded in a short time: 30 min at pH 4 and 1h at pH 5, which is suitable

for potential bioapplications.

Finally, we have shown that one-pot UV-light initiated RAFT-PITSA process is an efficient strategy
to obtain well-defined hydrogen-bonding UCST-type thermosensitive nanogels in agueous dispersion
at low temperature. The first UCST-type thermosensitive nanogel based on PNAGA have been
obtained. The morphology, physicochemical characteristics (Dy, pdi, f) and UCST thermosensitive
properties of the so-obtained nanogels were confirmed by TEM, DLS, and UV-Vis spectrophotometry.
The hydrodynamic diameter, volume swelling ratio, and UCST transition temperature of resulting
nanogels can be tuned by modifying the polymerization parameters such as m, the initial
molar ratio of NAGA monomer-to-PPEGA macro-CTA and the amount of MBA crosslinker. Obtained
nanogels show a single size distribution with a pdi in the range of 0.15 to 0.19 and the UCST value
can be tuned betwwen 39 and 43 °C. The increase of DP,, ppgg4 results in the decreased of Dy, and
volume swelling ratio. Higher DP,, pyaga block lead to bigger particles, higher volume swelling ratios
and UCST values. The volume swelling ratio increased with the decrease of MBA crosslinker, which

also corresponds for the increase of UCST values.

Dual UCST-type thermosensitive and pH-degradable nanogel has been targeted using the same
synthesized strategy above and a ketal-based crosslinker with initial molar ratio of [NAGA],/[UV-
PPEGA30]o/[KB]o/[Photo-1]o = 400/1/16/0.3 and a solid content of 2.4 wt.%. for 1h of polymerization in
pH 9 buffer solution. The morphology, hydrodynamic diameter and thermosensitive properties of the
so-obtained nanogels were confirmed by TEM, DLS, and UV-Vis spectrophotometry. The spherical
nanogel (Dy, 25.c = 64 nm, pdi»s.c= 0.21 and f = 1.35) illustrated a reversible UCST phase transition (two
swelling/shrinking transition cycles) with UCST value of 41 °C, was stable at pH 9 at room

temperature during a week, and can be degraded in short time in acidic pH (p = 5 after 25 min ).
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In conclusion, the research conducted in my PhD thesis made two notable contributions to the
field of stimuli-sensitive core-shell nanogel design. Our first contribution is the demonstration of a
facile approach for targeting hydrogen-bonding UCST-type thermosensitive nanogels. The one-pot
method reported the RAFT-PITSA of a precursor monomer of UCST-type thermosensitive polymer at
low temperature using a water-soluble photo-initiator, a crosslinker and an amphiphilic macro-CTA
under UV-light irradiation in aqueous dispersion. Well-defined UCST-type thermosensitive nanogels
are obtained with full monomers consumptions in a very short time. Moreover, from this strategy
dual UCST-type thermosensitive and pH-degradable nanogels could be prepared for the first time by
incorporating a ketal-based linker into the core of nanogel. That brings a new door to design “smart”
nanogels for required applications. We can envision that these novel UCST-thermosensitive nanogels
based on PPEGA-b-P(NAGA-co-MBA) and dual UCST-type thermosensitive and pH-degradable
nanogels based on PPEGA-b-P(NAGA-co-KB) might open new opportunities for the application of
polymer nanogels as “smart” drug delivery systems and for imaging and sensing. The powerful
reported one-pot RAFT-PITSA can be employed to design different multi stimuli-sensitive nanogels by

incorporating a redox or light-sensitive groups, for examples, with a crosslink agent.
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