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General Introduction

The past decade has witnessed a decided move from static and
passive materials to biodegradable, dynamic, and stimuli responsive
materials in the laboratory and the industry.

Hydrogels, a unique class of soft materials, are made out of a 3D
network of crosslinked hydrophilic macromolecules, which possess the
ability to immobilize high amounts of water. These materials form the
networks of polymer chain by either physical interactions or chemical
bonds, and are often classified as physical or chemical gels,
respectively. Physical interactions commonly include hydrophobic,
hydrogen bonding and metal ion-ligand interactions, among others,
while chemically cross-linked hydrogels result from a broad spectrum
of chemical reactions.

The researchers made significant progress in developing hydrogels
with greater sophistication and complexity in contrast to the early days
of hydrogel synthesis that used rather straightforward chemistry to
crosslink hydrophilic polymers in the design of, for example, contact
lenses. It was the boom in research the so-called “smart” hydrogels that
exhibit responsiveness to a variety of external stimuli such as changes
in pH, temperature or redox potential, and that enable a precise control
over fundamental material properties, such as swelling, porosity,
physical structure, and modulus.! This level of external control, has
meet the demand for a wide range of applications of hydrogels within
medical and industrial fields: well-controlled drug delivery;
inexpensive and accurate biosensors; artificial muscles; or effective
scaffolds for tissue engineering.?


https://www.sciencedirect.com/topics/materials-science/scaffolds-for-tissue-engineering

GENERAL INTRODUCTION

This evolution of hydrogels as a new class of the crosslinked
polymers can be appreciated by analysing the number of articles on the
topic: doing a quick query for the word “hydrogel” on PubMed it is easy
to see the clear exponential tendency in the number of articles (Figure
1)

PubMed query = 'hydrogel'

30000

25000

20000 —

15000 +

10000

number of publications

5000 +

I % I T T T I X | T
1970 1980 1990 2000 2010 2020
Year

Figure 1. Histogram showing the increase in publications related to
the keyword ‘hydrogels’ during the past 50 years.

A historical overview of the major developments in hydrogel
research over the last 50 years is presented in Figure 2, starting with
the relatively simple, chemically crosslinked networks of the 1960s and
concluding with today's ‘smart’ hydrogels.®
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1894: First appearance of the term ‘hydrogel’ in the literature

1958: PVA hydrogel crosslinked via gamma radiation

1960: Wichterle and Lim publish their landmark paper about pHEMA hydrogels
1968: pNIPAAm solutions displaying a temperature dependent phase transition

1970: PEG hydrogel crosslinked via gamma radiation
1972: Pluronic hydrogel for the controlled release of antimicrobials
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1990: pNIPAAm hydrogel crosslinked via redox-mediated radical polymerization |
1992: pNIPAAmM hydrogel responding to both pH and temperature |
1993: PEG-PLA hydrogel crosslinked via photopolymerization |
1993: Poly(oxazoline) hydrogel crosslinked by Co(ll) or Fe(lll) ions |
1994: Supramolecular PEG hydrogel crosslinked via inclusion complex formation |

1995: Hybrid hydrogel combining synthetic and natural polymers |

I
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1997: Temperature responsive PEG-PLA hydrogel
1998: Hydrogel form self-assembly artificial proteins

2000: Stereocomplex dextran hydrogel
2001: PEG hydrogel crosslinked via Michael addition
2006: PVA hydrogel crosslinked via click chemistry

2010: Age of smart hydrogels

Figure 2. Timeline presenting a selection of the most important events
in the history of hydrogel research.?

Increasing demands on the properties and functionalities of such
materials led to the development and design of new synthetic strategies.
It provided the production of advanced materials like the ones that will
be discussed in the first chapter of this manuscript, in which the
concepts, basics and characteristics of hydrogels and the so-called
‘smart’ hydrogel are briefly presented.
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And as research continues toward finding novel mechanisms for
stimuli-responsiveness and innovative applications of the responsive
hydrogels, the main focus of this thesis is the development of new
responsive hydrogels that can release guest molecules upon a redox
stimulus. To obtain redox-responsive behavior, we have introduced in
the hydrogel the 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) stable
nitroxide radical that can be reversibly oxidized into an oxoammonium
cation (TEMPQO™). Water solubility is provided by the presence of the
(oligoethylene glycol) methacrylate (OEGMA) for the first type of
studied hydrogel or N-isopropylacrylamide (NIPAM) comonomer for
the second type of investigated hydrogel.

Chapters 2 and 3 are dedicated to the synthesis, electrochemical and
mechanical characterizations of the first type of hydrogel in their two
forms: the reduced one coined as P(TEMPO-r-OEGMA), and the
oxidized one P(TEMPO*-r-OEGMA). A preliminary demonstration of
the concept of encapsulation/release of a model molecule is also
provided for those hydrogels.

Chapter 4 describes the second type of hydrogel containing the
NIPAM co-monomer, which is well known in the scientific literature
for its thermo-responsive properties and bio-applications. Once again
the reduced P(TEMPO-r-NIPAM) and oxidized P(TEMPO*-r-
NIPAM) states are characterized into detail.

To end with chapter 5, that details some application of our
P(TEMPO-r-OEGMA) based hydrogels. The first application describes
the electrochemically-controlled release of aspirin from our redox-
responsive gels deposited on carbon-printed electrodes and the other
application is related to the use of the same hydrogels as catalytic
scaffolds (due to the presence of TEMPO radicals) for the oxidation of
alcohols.

All these chapters will demonstrate the development of a new class
of redox responsive hydrogels based on stable nitroxide radicals that
exhibit interesting physicochemical properties making them very
promising candidates for practical use in a wide range of applications.
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Abstract

Stimuli-responsive hydrogels have the unique property of undergoing a
phase transition. This property has attracted much interest for their
application in the field of medicine and biotechnology. Aqueous
solutions of linear polymers of the poly(N-substituted acrylamides),
poly(ethylene glycol methacrylates) families and their three-
dimensional macroscopic (hydrogels) or microscopic (nano- and
microgels) networks demonstrate such a phase transition behavior. In
particular, polymers of this family have the ability to respond to
temperature and are characterized by a lower critical solution
temperature (LCST). Moreover, redox-responsive polymers such as
those based on 2,2,6,6-tetramethyl-1-piperidinyloxy-methacrylate
(TEMPOQ), also gained a lot of attention in recent years. The aim of the
present thesis is the synthesis and characterisation of stimuli-responsive
hydrogels prepared from the above-mentioned polymers. The effect of
both redox and temperature stimuli on the mechanical and
electrochemical characteristics of these hydrogels is studied and their
possible application for the precise encapsulation/release of guest
molecules and as catalytic scaffolds for alcohol oxidation is
demonstrated.



Résumé

Les hydrogels stimuli-répondants présentent la propriété unique de
subir une transition de phase. Cette propriété a suscité beaucoup
d'intérét pour leur application dans le domaine de la médecine et de la
biotechnologie. Les solutions aqueueses de polymeéres linéaires des
familles des poly(acrylamides N-substitués) et des poly(méthacrylates
d'éthylene glycol) ainsi que leurs réseaux macroscopiques
tridimensionnels (hydrogels) ou microscopiques (nano- et microgels)
montrent un tel comportement de transition de phase. En particulier, les
polyméres de cette famille ont la capacite d’étre sensibles la
température, et sont caractérisés par une température de solution
critiqgue inférieure (LCST). De plus, les polyméres sensibles a
I'oxydoréduction comme ceux basés sur le méthacrylate de2,2,6,6-
tétraméthyl-1-pipéridinyloxy (TEMPO) ont également attiré beaucoup
d'attention ces derniéres années. Le but de la présente thése est la
syntheése et la caractérisation d’hydrogels stimuli-répondants préparés a
partir des polyméres susmentionnés. L'effet des stimuli redox et de la
température sur les caractéristiques mécaniques et électrochimiques de
ces hydrogels est étudié et leur application dans I'encapsulation /
libération contrdlée de molécules hotes et comme catalyseurs pour
I'oxydation des alcools est démontrée.
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CHAPTER 1

1.1 Hydrogels

The aim of this introduction is to provide the reader with the basic
concepts that will be used further in this thesis. This introduction will
not provide an exhaustive list and description of all the stimuli-
responsive hydrogels that have been reported so far since this list would
be extremely long. This introduction will rather show some typical
examples of stimuli-responsive hydrogels and will focus on their
swelling and rheological properties since those ones will be thoroughly
investigated in this thesis. Finally, some applications of stimuli-
responsive hydrogels will be described.

1.1.1 Brief history of hydrogels

The term ‘hydrogel’ dates back to an article published in 1894 by
Lee, Kwon and Park.* This material was not a hydrogel as we describe
it today; it was indeed a colloidal gel made with inorganic salts. The
first ever hydrogel reported in 1949 for biomedical implant was
poly(vinyl alcohol) (PVOH) cross-linked with formaldehyde and
marketed with the trade name Ivalon.? Later in 1958, Danno prepared
PVOH hydrogels cross-linked by passing gamma radiation through an
aqueous solution.® Du Pont de Nemours scientists reported in 1936 the
synthesis of poly(2-hydroxyethyl methacrylate) (pHEMA) describing
it as a hard, brittle and glassy polymer.

Then, (pHEMA) hydrogels were developed much later, by
Wichterle and Lim* in 1960 for contact lenses application and it was
the start of the revolution featuring present day hydrogels. This
crosslinked network material has been described with a high water
affinity without dissolution and a structural integrity which belong to
the typical modern hydrogel properties.®> Hydrogels are in fact the first
materials developed for human body uses®’ and show later a great
interest from biomaterial scientists for many years.®° Those biomedical
applications gained particular attention from the decade of 70's'®
especially in the field of stimuli sensitive hydrogels, the so-called smart
hydrogels of modern times. As a typical example, inorganic groups
were introduced on the pHEMA backbone to manipulate the pH

10
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sensitivity in the pHEMA membranes and to study sodium chloride
(NaCl) permeability control of these membranes as a function of pH.!

The aims, goals and the number of materials changed and enlarged
constantly over the years. As suggested by Buwalda et al.,*? the history
of hydrogels belongs to different eras:

- First generation hydrogels (sixties onwards) comprise a wide range of
cross-linked hydrogels with relatively high swelling and good
mechanical strength

- Second generation hydrogels (start of seventies) capable of a response
to specific stimuli, such as variations of temperature, pH or
concentration of specific molecules in solution

- Third generation hydrogels comprising stereo complexed materials
such as those based on poly(ethylene glycol)-block-poly(D/L-lactide)*®
and supramolecular interactions such as those based on host-guest
interactions with e.g. cyclodextrin.4

This progress in hydrogel science leads to an increasing interest in
the development of the so called “smart hydrogels” that are able to
modify their properties in response to stimuli (Figure 1.1). The
important and influential work of Lim and Sun®® in 1980 proved the
successful application of calcium alginate microcapsules for cell
encapsulation. Later on, Yannas and co-workers'® explored hydrogels
made of natural polymers such as collagen and shark fish cartilage for
artificial burn dressings.

Hydrogels based on both natural and synthetic polymers have
continued to be of interest for encapsulation of molecules and recently,
hydrogels gained much attention for organ and tissue reparative and
regenerative matrices in the field of tissue engineering.t

11
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Stimuli Triggers

80
700 B
60
50

pH Enzymatic

w L

Glucose  Thermal

V|7

Magnetic  Electric Mechanical

Figure 1.1 Swelling of a hydrogel in response to various chemical and
physical stimuli.*"18

1.1.2 Definition of hydrogels

A three-dimensional network of polymer chains made of natural or
synthetic or hybrid materials possessing high degree of flexibility due
to large water content is called a hydrogel (Figure 1.2).

(.\3@)
oo
Dry solid
(collapsed)

Hydrogel
(swollen
network)

Figure 1.2 Crosslinked polymer network in dry and water-swollen
(hydrogel) state.®
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The absorption of water in hydrogels is due to the presence of
hydrophilic groups on the polymer chains such as -NH,, -OH, -COOH
etc. Swelling phenomena come along with capillary action and osmotic
pressure while hydrogels resist dissolution thanks to the cross-linking
between polymer chains. Hydrogels can be chemically crosslinked by
covalent bonds between different functional groups on the polymer
chains via special cross-linking agents, or physically crosslinked
through supramolecular interactions such as hydrogen bonds
established between different polymer chains. The difference between
physical and chemical cross-linked gels is shown in Figure 1.3.

HOOC

HOOC

Figure 1.3 (a) Hydrogel matrix; (b) physically cross-linked hydrogel
matrix (hydrogen bonds between carboxylic acid groups); (c)
chemically cross-linked hydrogel matrix (acetal groups).?

The equilibrium swelling capacity of a hydrogel is a balance
between swelling and elastic forces. The modulation of the contribution
of each force leads to hydrogels with different swelling capacities and
determines some important properties of the hydrogel, including
diffusion characteristics, internal transport and mechanical strength.
Many of these properties are controlled not only by the degree of
swelling, but also by the chemical nature of the polymer network and
the network morphology.

13
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Due to their high-water content, softness, rubbery nature,
hydrophilicity, superabsorber character, viscoelasticity,
biodegradability and their similarity with extra cellular matrix, some
hydrogels resemble strongly biological tissues, resulting in a high
interest for biomedical applications such as drug delivery and tissue
engineering, with minor toxicity or tissue damage. Another feature of
the so-called ‘smart hydrogels’ is their reversible response to different
stimuli like pH, temperature, electric field, magnetic field, ionic
strength of solution, and biological molecules®?? that make them
particularly important for a wide range of applications.

1.1.3 Classification of hydrogels

Hydrogels are classified based on numerous factors like
biodegradability, type of cross-linking, source, ionic charge,
preparation method, physical properties, and the response nature of the
hydrogels to external stimuli.?® The complete classification of
hydrogels is shown in Figure 1.4.

Biochemical responsive Physically responsive
- Antigens responsive - Temperarature
Chemically responsive - Enzymes responsive - szssure
- pH responsive - Ligands responsive - Light
= Glucose responsive - Electric field
= Oxident responsive - Magnetic field
Response
: ; Physical properties - Smart hydrogels
Physically crosslinked v -Conventional hydrogels
Chemically crosslinked il 4
- Copolymeric hydrogels
-Biodegradable Hydrogels Preparation - Homopolymeric hydrogels
-Non-biodegradable Degradibilty - Interpenetrating network
K - Cationic hydrogels
lonic charge . Anionic hydrogels
Source  _ watural - Non ionic hydrogels
- Synthetic
- Hybrid

Figure 1.4 Classification of hydrogels based on different properties.?

14
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1.1.4 Stimuli responsive hydrogels

During the last few decades, a significant amount of research has
been performed to develop hydrogels with stimuli-responsive
properties where external triggers like temperature, pH, light, shear
forces, chemicals, magnetic and electrical fields cause some changes in
the properties of the hydrogel materials such as swelling, porosity,
physical structure, and modulus. Examples of different stimuli sensitive
hydrogels and their mechanisms of response are presented in Table
1.1.%

15
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Nature of
stimulus

Stimulus

Mechanism

Polymers

References

Physical
stimuli

Temperature

Shiftin
temperature
changes
polymer-
polymer and
polymer-water
interaction
responsible for
swelling and
drug release.

Chitosan-
Poly(acrylamide)

24

Pressure

Swelling under
increased
pressure and
vice versa. This
is due to an
increase in
lower critical
solution
temperature
(LCST) value of
hydrogels with
pressure. The
LCST is the
temperature
below which
thermoresponsiv
e hydrogels
swell.

Poly(N-
isopropylacrylamid
e), poly(N,N-
diethylacrylamide)

25,26

Light

Exposure to
light (UV and
visible light)
reversibly
changes the
hydrogel from
its flowable
form to non-
flowable form
and vice versa

Poly(trimethyleniu
m iminium
trifluorosulfonimid
e) and 2,6-
bis(benzoxal-2-
yl)pyridine blend

16
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Electric field

Changes in
electrical charge
distribution
within the
hydrogel’s
matrix on the
application of
electric field
cause swelling—
deswelling and
is consequently
responsible for
the on-demand
drug release.

Polythiophene and

polypyrrole

25,28

Magnetic
field

When a
magnetic field is
applied, it
causes pores in
the gel leading
to drug release.

Magnetite
nanoparticles and
poly(acrylamide)
composite
hydrogels

29

Ultrasound
irradiation

Exposure to
ultrasound
temporarily
breaks the ionic
cross-links in
the hydrogels
and the drug is
released. Cross-
links are
reformed on
discontinuation

of the ultrasound

waves. This
facilitates on-
demand drug
release.

Calcium alginate
Poly(lactic acid)
Poly(acrylic...?

30,31

17
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H

P Shiftin pH Poly(acrylic acid), 32-34
causes change in ~ Guar gum
the charge on succinate, Kappa-
the polymer carrageenan/poly(v
chains leading to  inyl alcohol)
swelling and
drug release.

lonic

strength Change in ion Kappa 35
concentration carrageenan-g-
also causes poly(acrylic acid)
swelling and hydrogels

drug release.

Chemical CO,
stimuli In COz sensors,  Poly(2- 36,37
a pH sensitive hydroxyethylmetha
hydrogel disc crylate)-co-(2-
comes in contact  dimethylaminoethy
with a Imethacrylate)
bicarbonate
solution. On
exposure to
COg, the pH of
solution changes
resulting in
swelling or
deswelling of
the hydrogel
which causes a
change in
pressure which
is a measure of
the partial
pressure of COz.

Glucose
Hydrogels show  Poly(acrylamide)- 38
swelling in co-(3-
response to acrylamidophenyl-
increased boronic acid)
glucose
concentration.
The complex
formed between
glucose and
phenylboronic
acid drives the
swelling of the
hydrogels and
consequently
insulin release.
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Redox
Disulfide [poly(ethylene 39
linkages glycol)
incorporated in monomethyl
hydrogels cleave ether]-graft-
in the reductive [disulfide linked
environment poly(amido-
(high level of amine)] and a-
glutathione cyclodextrin
concentration = glycidylmethacryla
0.5-10 mM) in te
intracellular
matrix and
release bioactive
molecules/drugs

Enzyme
Enzymes cause Glycidylmethacryl 40
hydrogel ate dextran-g-
degradation and  poly(acrylic acid)
consequently the
drug release.
This is called a
chemically
controlled drug
release
mechanism.

Biological ~ Antigen
stimuli Hydrogels sense  N- 23,21

the free antigen  succinimidylacryla
and undergo te based antigen-
swelling antibody
followed by entrapment
drug release. hydrogel

DNA
Single stranded Single stranded 41
(ss) DNA DNA probe-g-
grafted poly(acrylamide)
hydrogels show  hydrogels

swelling in the
presence of
ssDNA.

Table 1.1 Different stimuli sensitive hydrogels and their mechanisms
of response.?

19



CHAPTER 1

Some hydrogels are elaborated to exhibit dual responsiveness with
external stimuli such as temperature and pH. Those stimuli-responsive
properties of hydrogels lead to extremely diversified applications in the
biomedical domain especially for drug delivery applications.*>** As a
typical example, pH- and thermo-responsive hydrogels in Figure 1.5
show changes in mechanical and drug release properties with the
change in the temperature and pH of the external environment.

g ®
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® .I.O.pl (e— ...; ...‘ S——, ..q ‘,!.
¥ Pl v 28 U T re
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\ >LEST
.‘. .
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Figure 1.5 pH and temperature responsive hydrogels.*

1.1.4.1 Redox-responsive hydrogels

Among all the different stimuli described above, change in the
redox state is particularly attractive to polymer scientists because it is
one of the most relevant triggers targeted in biomedical research.*® In
humans, a healthy redox state is extremely important in various daily
cellular functions such as cell cycle regulation, which includes cell
proliferation, cell differentiation, and cell death. The representative
cellular redox couple, as example, is glutathione/glutathione disulfide
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(GSH/GSSG), which is works constantly to buffer the level of reactive
oxygen species to keep the redox environment regulated.*’

The design of redox active network usually involves incorporation
of redox responsive centers in the polymer main chain, in the side
groups or as cross-linking moieties. Especially valuable are those gels
that are capable of responding reversibly, in a controllable manner to
redox stimuli. Redox stimuli may be applied chemically or
electrochemically.

A wide range of redox gels based on ferrocene, viologen,
conjugated polymers, tetrathiafulvalene, transition metal ions and
disulfide bonds has been developed with various dimensions, including
macroscopic gels, microgels and nanogels. Ferrocene is one of the most
widely used redox center due to its low bio-toxicity, commercial
availability and plays a key role in the fabrication of redox-responsive
hydrogels (RRHs).*® Harada, Nakahata, and coworkers have
contributed significantly in this area using host-guest polymers*®, and
one of their works involved redox-responsive self-healing hydrogels
that used cyclodextrins and ferrocene as host—guest to achieve redox
sensitivity.>®! The transition in oxidation state of ferrocene (Figure
1.6) in gel system can induce various responsive behavior of their
properties like hydrophilicity, color, morphology, expansion-
contraction, sol-gel transitions and so on.>? These redox responsive gels
have been explored for the application in actuators, biosensors,
molecular delivery systems and so on. 2
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Figure 1.6 Schematic diagram showing the absorption of organic
molecules (e.g. butanol as shown here) by the polymer in the
uncharged state and the subsequent release of the organic molecules
on oxidation of the ferrocene groups in the polymer.

On another hand, the viologen as redox center, can be cited in the
context of the development of redox-responsive hydrogels. As example,
the work of Kao et al.,>* they synthesized a Vinyl benzyl viologen
(VBV) and utilized to obtain all-in-one thermally cured electrochromic
devices (ECDs). (Figure 1.7) The vinyl moiety of VBV monomer could
react with methyl methacrylate (MMA) to vyield bulky
VBV/poly(methyl methacrylate) (PMMA) chains and even cross-
linked network without the assistance of additional crosslinker. Both
the bulky VBV/PMMA chains and the resulting polymer network can
hinder the aggregation of the viologens and reduce the possibility of
dimerization, rendering enhanced cycling stability.
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Figure 1.7 Working Principle of the VBV-Based ECD.**

Hydrogel materials with a high mechanical strength, such as
nanocomposite gels,* slide-ring gels®® and tetra-PEG gels,®’ have been
also reported. Among them are the double network (DN) gels reported
by Gong et al.,>® which show a high mechanical strength because of two
isolated polymer networks, formed from soft and hard networks, which
delocalize the stress on the gel network effectively. They used in their
work an inclusion complex of Bcyclodextrin (CD) and methylviologen
(MV) as a stimuli responsive supramolecular bond cross-linking the gel
networks. (Figure 1.8) CD is a cyclic oligosaccharide which is well-
known for its use as a host molecule, entrapping various functional
guest molecules.®® MV is a redox responsive molecule and reduced MV
(MV? ) is strongly entrapped into the cavity of CD.%° They also
demonstrated the reversing of the effects of the supramolecular bonds
to the stimuli responsiveness of hydrogel materials. Some researchers
reported stimuli responsive DN gels due to host—guest interactions.5*
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Tough 2nd Network
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Weak

Figure 1.8 Photographs of the SN and DN gels just before breaking
by tensile elongation and schematic representations of polymer
network structures of the SN and DN gels before and after redox
reactions.%?

Recently, design and synthesis of multi- responsive hydrogels with
satisfying responsiveness get the research interest due to their great
importance in practical applications and being closer to the complex
responsive behavior found in nature. Among the rare dual
redox/temperature responsive hydrogel, the work of Vancso et al. can
be cited here, they chose to introduce an poly(ferrocenylsilane) based
poly(ionic liquid) which is composed of alternating ferrocene and silane
units in the vinylimidazolium group into PNIPAM hydrogel and
synthesized dual-responsive hydrogels which can be reversibly
oxidized and reduced by chemical and electrochemical means.®® Yan et
al. prepared a dual-responsive poly(ionic liquid) electrolyte by
copolymerization of NIPAM, diallyl- viologen and ionic liquid. The
LCST values of the electrolytes can be adjusted by changing the molar
ratio of NIPAM/ionic liquid.®*
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The area of redox responsive networks is expected to continue its
expansion, due to their versatile applications.

1.1.5 Important Properties of hydrogels

A hydrogel is a composite made of a solid (polymer) and a liquid
(water). The final properties of a hydrogel are affected by the polymer-
to-water ratio. In the following, some of the important hydrogel
properties are discussed.

Mechanical tests are important to gather information about the
hydrogel network and the possible range of application. The
mechanical behavior of hydrogels relies on the theories of rubber
elasticity and viscoelasticity. Those theories are based on time-
independent recovery of the chain orientation and time-dependent
recovery of the structure. Those theories are used to describe the
mechanical behavior, to analyze the polymer structure and to determine
the effective molecular weight between cross-links as well as getting
information about the number of elastically active chains.

Different variables and causes affect the mechanical properties of
hydrogels: the used monomers, the polymerization conditions, the
cross-link density, the degree of swelling, and the medium in which the
material is swollen. For example, by increasing the crosslinking degree
a high stiffness gel is obtained, in contrast with a low crosslinking
degree material. Hence, different analysis should be performed
according to the material, the conditions and the aim of the study.

1.1.5.1 Swelling properties

The most important property of hydrogels is their ability to swell,
when put in contact with water without allowing dissolution to occur.
A low- or a high-swelling hydrogel is characterized by a high- or low-
polymer/water ratio, respectively. Hydrogels, with superior stability in
their swollen state (e.g. hydrogels for contact lenses), require a high
solid content; while a low-solid-content hydrogel (e.g. superabsorbent
in baby diapers) is desirable when superior swelling capacity is a major
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requirement. The solid/liquid content of hydrogels is essentially
determined by the cross-linker/monomer ratio used during the
hydrogel’s synthesis or post-synthesis.

Because water acts as a plasticizer in a hydrophilic polymer network
system, the swelling process of hydrogels can be considered under
rubbery state and the most widely used theory to explain the swelling
for neutral hydrogels is the equilibrium swelling theory of Flory and
Rehner®%® that takes into account the free energy of mixing AGmix
from the polymer and solvent interaction and the elastic free energy
AGelastic from the crosslinked network:®’

AGsystem= AGmix+AGelastic

The first step of the swelling process is the contact of water with the
hydrogel surface, then it will penetrate into the polymeric network. In
this case, AGmix<<0, AGelastic> 0 and AGmix+AGelastic< 0. The
meshes of the network in the rubbery phase will start expanding, so the
swelling is favored and water diffuses into the network. Achilleos et
al.% have developed a technique for the real-time visualization of
dynamic deformation profiles during gel swelling processes. The
system, which is based on caged photo-activated fluorophores
covalently attached to the gel network, can provide quantitative
information on transport fields such as polymer deformation and
concentration. Based on this technique and other simulations,® it is
obvious that swelling is not a continuous process. The influence of an
osmotic driving force opposed by the cross-links owing to an elastic
retractive force, balances the stretching of the network and prevents its
deformation. During the swelling process, AGmix and AGelastic both
increased until |AGmix| = | AGelasticl and AGsystem= AGmix+
AGelastic=0. In this situation, no more driving force is acting for
swelling and the equilibrium swelling is reached where the elasticity
and osmotic forces are balanced.
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When the total chemical potential is equal to zero, the change in
chemical potential due to mixing is balanced by elastic retractive forces.
The change in chemical potential due to elastic forces can be expressed
by using the theory of rubber elasticity, while the contribution of mixing
to chemical potential change is determined using the heat and the
entropy of mixing.”> With equaling these two contributions, the
molecular weight between two cross-links (M) in the absence of a
solvent can be expressed as:’*

2 (1_7/V1)[ln(l—vz,s)*'vz,s*'xlvis]
My v21'/53 —(Vz,s/z)

1)

-

Where My is the average molecular weight of the polymer chains
prepared in the absence of cross-linker, v and V1 are the specific and the
molar volume of water, respectively. vz is the polymer volume fraction
in the fully swollen state, and y1 is the polymer—solvent interaction
parameter.

The presence of water changes the chemical potential, so that a new
term is required for the volume fraction density of the polymer chains.
Thus, the above original Flory—Rehner model can be rewritten by
incorporating vz, a term describing the polymer fraction in the relaxed
state according to the theory of Peppas and Merrill:"2"t

1 (Vll) [In(1 = vy5) + va5 + %1 V3]

- 1 (2)
v (v2,5)§ _ ( Vz,s >
2r Vo sz,r

When ionic groups are present in the network, the swelling
equilibrium of the matrix becomes more complicated. New terms
concerning the ionic strength, | and the dissociation constants, Ka, and
Kb have to be added to Eq. (2). Equivalent expressions for anionic and
cationic gels are formulated as shown in Egs. (3) and (4), respectively.”

2
¢ My

Sl
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%(Vz?zs) (m-:—lj—xa)z = [In(1 = vys) + vy 5 + X 02| + (FVMLC) (1 _
el2)-G2)| o

%(%25) (Wﬂl_{ﬁ)z = [In(1 = vps) + vo5 + X, V3| + (EVTLC) (1 _
|2 -2)]

The mesh size is described by the correlation length (&) which is
defined as the linear distance between two adjacent crosslinks. & can be
described by the equation:’

1/2 1/2

§=v,°(F)  =a@) " )
where « is the elongation of the polymer chains in any direction, and
(r%)Y2, the unperturbed end-to-end distance of the polymer chains
between the cross-linking points.

Assuming an isotropic swelling, the end-to-end distance and the
pore size of a swollen polymeric network (Figure 1.9) can be calculated
using the equation: "

1/2

_1/3 (2CyMc
§ =v2,51/3 <TT> L (6)

where | is the length of the bonds along the backbone chain, and Cy, is
the Flory characteristic ratio that represent the average correlation over
all bonds and it is interesting to note that for all polymers Cy>1 and as N >
oo Cy approaches a finite value Ce= and M, the molecular weight of the
repeating units..
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Figure 1.9 A cross-linked hydrogel structure with the mesh size and
the average molecular weight between the cross-linking points Mc.?

Swelling is affected by numerous physicochemical conditions or
structural factors.”*" The nature of the polymer and the cross-linking
degree, are the important ones that determine the swelling ratio. For
highly cross-linked hydrogels, smaller mesh size and less swelling are
observed in comparison to slightly cross-linked ones.

The swelling kinetics depends on two phenomena of solvent
penetration into the matrix.”®’” The first one is the diffusion-controlled
also known as Fickian type behavior. The diffusion of water molecules
through the hydrogel matrix occurs much faster than the relaxation of
the polymer chains, and the swelling is controlled by a concentration
gradient. The second one is the relaxation-controlled situation where
the swelling is controlled by the rate of polymer relaxation.

It becomes clear that the composition of the surrounding medium
can influence some characteristics of the gel network such as the cross-
linking density or chemical nature of the polymer backbone that will in
turn macroscopically alter the swelling behavior. Such changes can
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result from physiochemical stimuli such as changes in temperature, pH,
etc. or from biochemical stimuli as described in 1.1.4.

Finally, the so-called “degree of swelling” or “water uptake” is
often used to characterize hydrogels and can be defined as the weight
ratio between the difference in hydrogel weight in both dry and swollen
state over the weight of the dry gel:!

swollen weight - dry weight

Wat take = %X 100
arer uptake dry weight

1.1.5.2 Rheological properties and concepts

Rheology is a branch of physics that studies the deformation and
flow behavior of liquid and liquid-like material (oil, blood, ketchup,
polymer solution and melts) and describes the interrelation between
force, deformation and time. The term originates from the Greek word
“rhei” meaning “to flow”. But it also includes the study of elastic
materials that do not flow, such as solid-like materials. Rheometry is
the measuring technology used to determine flow properties and
viscoelastic properties of a material: fluids flow at different speeds and
solids can be deformed to a certain extent. Depending on the physical
behavior of materials such as oil, honey, hand cream, sweet jelly, plastic
materials, wood, and metals; they can be defined as liquids, solids, and,
in between, highly viscous, semi-solid substances. The fundamental
principles and the basics of rheology are briefly presented in the
following.

Rheometers can be used for shear tests and torsional tests to
determine many rheological parameters, in contrast to viscometers that
can measure only the viscosity of a sample. They operate with
continuous rotation (one direction of motion) and rotational oscillation
(Figure 1.10).
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(@)

Rotational tests Oscillatory tests

Rheometer

Figure 1.10 Measuring principle of a typical rheometer for rotational
tests with continuous rotation (left) or rotational oscillation (right)®

For example, when the test of viscosity is made in a beaker with a
spindle, the measurement will be relative to the beaker size, spindle size
and filled volume. (Figure 1.11, a) Hence, the sample shape cannot be
defined so the measurements are empirical.
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Figure 1.11 a) Spindle for viscosity test b) Calculation of shear stress
and shear rate using the two-plates model with shear area A, gap
width h, shear force F, and velocity v "

For absolute measurements, the system requires a defined flow field
or sample shape by using the two-plate model (sample is sheared
between a fixed and moving surface), a relatively narrow shear gap (h)
and a known sample area (shear field, A) (Figure 1.11, b) that will be
defined by specific standards for measuring systems. These standards
describe the following measuring geometries (Figure 1.12): cone-plate,
concentric cylinders and plate-plate.
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8, e

Figure 1.12 Measuring systems: cone-plate (with radius R, cone angle
a, truncation a); plate-plate (with radius R, distance between plates
H); and concentric cylinders (with bob radius Ri and cup radius Re

and internal angle « at the tip of the bob)

The elasticity or viscosity of a system can be determined by
quantification of the forces and deformations. An applied force will
induce different magnitudes of deformation depending on the size of
the material. In order to determine material properties independently to
the size and shape of the system, two key rheological concepts are used:
stress and strain.

Stress is defined as the amount of force applied to a given area of
the sample and has the Sl unit of Pa (N/m2). Strain is defined as the
amount of deformation in a given material and is often given in terms
of percent. In a simple shear deformation, the symbols ¢ or t are often
used for stress and y for the strain. The shear stress is defined as ¢ =
F/A where F is the shear force (in N) and A is the shear area A (in m?).
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The shear strain is defined as y = s/ h where s is the deflection path s
(in m) and h is the shear gap (in m).

i.  Viscosity

The viscosity modulus is the quantity that tells you how fast the
material will flow under a specific constraint and time. The law of
viscosity is defined as: 1 =t/"y where t is the shear stress (in Pa) and "y
is the shear rate (in s). These three parameters, namely shear stress,
shear rate, and viscosity, can only be precisely measured in uniform
flow conditions. To measure the viscosity behavior a yield point is
defined that represents the lowest shear-stress value above which a
material will behave like a fluid, and below which the material will act
like a — sometimes very soft — solid. In another word, this yield is the
minimum force that must be surpassed in order to break down a sample
structure at rest, and thus make it flow.

ii. Elasticity

The elastic modulus is the quantity that allows you to predict how
much a material will deform elastically when you apply a certain
amount of stress. An ideal elastic system follows Hooke’s law, which
states that the force is proportional to the deformation, or in terms of
stress and strain: o = G*y where G is the elastic shear modulus (rigidity
of the system) and y as defined earlier. The higher the G value, the
stiffer the material. The law of elasticity can be compared with the law
of springs: F / s = C, where F is the force acting on the spring, s is the
deflection path and C is the spring constant, which describes the
stiffness of a spring.

iii.  Viscoelasticity

Many materials show a viscous (liquid) and elastic (solid) mixed
behavior when sheared and are called viscoelastic materials (Figure
1.13). Gels like all polymer systems show viscoelastic behavior.
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Different rheological techniques can be used to test the viscoelastic
behavior of materials, including creep testing, stress relaxation and
oscillatory testing. The oscillatory shear rheometry is the most effective
way to measure viscoelasticity on a rotational rheometer. This will be
discussed in the following.

Figure 1.13 From left to right: water as an ideally viscous liquid, hair
shampoo as an example of a viscoelastic liquid, followed by a
viscoelastic solid, such as hand cream, and the Eiffel Tower as an
example of an ideally elastic solid made of metal.”

Oscillatory testing involves oscillating the sample between two
plates, with the upper plate moving and the lower plate remaining
stationary at a given stress or strain amplitude and frequency. The
oscillations are applied in a sinusoidal manner (sine curve). The
oscillations are so small that the inherent structures in a sample are
measured without perturbation or destruction. The force required to
keep the lower plate in position is measured and the signal is
rheologically evaluated as shear stress 7. The results are shown in a
diagram over time as a sinusoidal curve of the shear stress and the shear
strain, where four cases can be laid out: "

1) Ideal elastic material: no phase shift or loss factor tan (8) between the
preset and the response sine curve i.e. steel or stone (Figure 1.14, left).

2) Viscoelastic material: the sine curves of shear strain and shear stress
show a phase shift (5). It is always between 0° and 90° in this case
(Figure 1.14, right).

3) Fluid sample: the phase shift is between 90° > & > 45°. For ideally
viscous flow behavior, it is equal to 90°.
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4) Solid, gel-like material, & is between 45° > § > 0°. i.e. hand creams,
sweet jelly, and tire rubber.

8=90°

8§=0°
Stress%— Stress i E\/ \/

Strain i E/\ /\

Strain

Figure 1.14 Direct comparison of ideally elastic behavior (left) with
no phase shift, and ideally viscous behavior (right) with 90° phase
shift between the two curves.

This phase difference, which describe the viscous and elastic
components contribution in the total material stiffness or resistance to
deformation, can be expressed as complex shear modulus (G*) and is
defined as the ratio of the applied stress (or strain) to the measured strain
(or stress): '8

G*= Gmax/Ymax

Moreover, the elastic portion of G* is called the storage modulus
(G’ in Pa) since it represents the storage of energy that acts like a driving
force for reforming the structure into its original shape and thus
describes the solid-state behavior of the sample. The viscous portion is
called the loss modulus (G” in Pa) since it represents the energy loss
which is no longer available for the further behavior of the sample
material and thus describe the liquid-state behavior of the sample.

Due to the bonds inside the viscoelastic solids and gel-like material,
for example chemical bonds or physical-chemical interactions, the
elastic modulus is higher than the viscous modulus (G' > G") in this kind
of sample (Figure 1.12). In contrast, the viscoelastic liquids, mainly
composed of unlinked individual molecules, show a higher loss
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modulus than storage modulus (Figure 1.15). During the analysis of
results, the loss factor tan 6 is plotted in addition to the curves of G' and
G" and allows the easy spotting of a phase transition in the sample. This
phase transition may correspond to the sol/gel transition point or simply
the gel point where the behavior of the sample has changed during the
measurement from the liquid or sol state to the solid or gel state and
vice versa.

Visco-Elastic SOLID GEL Like Visco-Elastic LIQUID

Log modulus
(Viscous Elastic compenent)
Phase angle

Log Frequency Log Frequency Log Frequency

Figure 1.15 Typical frequency response for a viscoelastic solid,
viscoelastic liquid and a gel in oscillatory testing.2°

It is important when measuring the previously defined viscoelastic
characteristics that measurements are made in the linear viscoelastic
region (abbreviated: LVE region) where the test is carried out without
destroying the structure of the sample (Figure 1.16). More frequently,
the curve of G' as a function of applied strain is followed to determine
the plateau-value where G’ is constant. And the linearity limit is first
calculated in an amplitude sweep test that shows the strain as a
percentage.
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Figure 1.16 lllustration showing the LVE for different materials as a
function of applied strain.

Rotational rheometers operate in one of two operation modes:
‘controlled shear stress, CSS or CS’ or ‘controlled shear rate, CSR or
CR’ which differ with the preset parameters. In the case of time-
dependent flow behavior, shearing is kept constant and three
intervaltimes will be followed: 1) with very low preset shear rate to
simulate behavior at rest 2) with strong shear to simulate structural
breakdown of the sample during processing 3) with very low shear to
simulate structural regeneration at rest after application using the same
preset low shear rate as in the first interval. But not all the materials
present a structural regeneration aspect, it is more a gel formation or
curing in a constant shear condition.

Moreover, temperature-dependent flow behavior can be also
recorded with constant shearing and a preset time-dependent
temperature profile. As a result, the melting or softening of samples
can be followed when temperature is increased, or the crystallization,
solidification or cold gelation when temperature is decreased
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In terms of measurements, two main tests are performed for a
sample:

1) Amplitude sweeps: To study the deformation behavior of samples
in the non-destructive deformation range and to define the upper limit
of this range. Usually, the deformation amplitude is increased beyond
this limit to determine when the inner structure of the material gets
softer, starts to flow, or breaks down in a brittle way. The measuring
results are usually presented as a diagram with strain (or shear stress)
plotted on the x-axis and storage modulus G' and loss modulus G"
plotted on the y-axis, both axes being on a logarithmic scale.

2) Frequency sweeps: To study the time-dependent behavior of a
sample in the non-destructive deformation range. High frequencies are
used to simulate fast motion on short timescales, whereas low
frequencies simulate slow motion on long timescales or at rest. In
frequency sweeps, the amplitude is constant while the oscillation
frequency is increased or decreased step-wise from one measuring point
to the next. The results of frequency sweeps are usually presented in a
diagram with the (angular) frequency plotted on the x-axis and storage
modulus G' and loss modulus G" plotted on the y-axis, with both axes
on a logarithmic scale. Frequencies can be stated in one of two ways:
As frequency f in Hz or as angular frequency o in rad/s or in s.

Beyond that, there are many more rheological parameters that can
affect rheological behavior. Special measuring instruments and
equipments are also available but are out of the scope of this thesis.

1.1.5.3 Porosity and permeation

Pores in hydrogels can exist as smaller pores within the network or
formed by phase separation during synthesis. The ‘tortuosity’ is a
parameter that represent, the pore size distribution, the average pore size
and the pore interconnections of the hydrogel matrix and is usually
difficult to quantify.
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The concentration of the chemical cross-links, the concentration of
the physical entanglements and the net charge of polyelectrolytes can
affect the pore-size distribution of hydrogels which is quantified using
the composition of the hydrogel. The latter is expressed as a function of
the concentrations of monomer (T%) and cross-linker (%C).

While keeping in mind that the porous structure of ahydrogel is also
affected by the properties of the solution medium, like dissolving ionic
solutes (Donnan effects) or by dissolving uncharged solutes (osmotic
effects). There are many techniques to investigate the porosity of
hydrogels like Archimedes methods, mercury porosimetry (destructive
assay) , gas adsorption, liquid extrusion porosity (including the
permeability essay) and the X-ray microtomography (non-destructive
high- resolution radiography).! But the limitation with these techniques
is that they require a change in the pore solvent and/or temperature
which causes the shrinking or swelling of the gel or requires
mathematical manipulation and assumption, which may introduce
unwanted artifacts. Moreover, all these techniques are commonly
coupled with optical and electronic microscopies which are still
expensive techniques both in terms of money and time for a qualitative
and/or guantitative assay.

The control hydrogel porosity and microarchitecture remain very
important for creating functional engineered tissues one of the most
relevant example. Hydrogels have been used as scaffolds for tissue
engineering applications because of their biocompatibility and
similarities to native extracellular matrix. The porosity of these
scaffolds materials plays an important role in directing tissue formation
and function.® It is also necessary to allow homogeneous cell
distribution and interconnection throughout engineered tissues. In
addition, increase in the degree of porosity can have a beneficial effect
on the mechanical properties, with the stiffness of the scaffold
decreasing as porosity increases,®? and the mechanical characteristics
varying greatly with fluid flux caused by deformation.®® New
techniques in the future will certainly improve the ability to control the
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porosity and microarchitecture of hydrogels and will drive the research
closer to their goals.

1.1.5.4 Crosslinking

The crosslinking degree and type of crosslinks are governing the
swelling, mechanical, rheological properties of hydrogels. Hydrogel
networks can be obtained via two main ways.2* The first one is the
physical crosslinking using non-covalent and/or supramolecular
interactions such as hydrophobic or ionic interactions between chains,
hydrogen bonding between chains, etc. The second way is the chemical
crosslinking that occurs via the formation of covalent bonds between
chains. Many possibilities exist to create such covalent bonds such as
Michaelis-Arbuzov reaction, Michael’s reaction, nucleophile addition
and so on.®

By controlling the degree of crosslinking, it is possible to achieve
desirable material properties for many different applications. For
example, a hydrogel with high degree of crosslinking presents a small
mesh size letting the network absorb less solvent than the one with low
degree of crosslinking with bigger mesh size. In this way, a wide range
of applications starting from the same original polymer can be
developped.8687

1.1.6 Applications: From the lab to the market

Hydrogels from many synthetic and natural polymers have been
produced with their end use being mainly in industrial fields and in
pharmaceutical-biomedical fields (Figure 1.17).%8

Both, natural to purely synthetic polymers, possess their own
advantages and limitations. For example, naturally derived hydrogels
are difficult to standardize and modify but generally present a
goodperformance. Indeed, synthetic hydrogels are highly customizable,
but the difficulty with this type is to obtain more complex mechanical
properties and a controlled bioactivity. Consequently, the research is
focused now onhydrogel systems that come out with more designed and
controllable properties. A significant progress is recorded in this
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context in the fields of polymer chemistry, synthetic chemistry,
supramolecular chemistry, and complex hydrogel networks.

Controlled drug delivery

Pharmaceutical ’

!

Industrial P st il
Tissue engineering Remove heavy metal

Figure 1.17 Applications of hydrogels

Due to their high-water absorption capacity and biocompatibility,
hydrogels have been used for a variety of purposes ranging from
contacts lenses (crosslinked pHEMA), diapers and wound dressing to
transdermal patches, dental materials, implants, injectable polymeric
systems, and other controlled drug delivery devices (PEG hydrogels).
In Table 1.2, we summarize some of the hydrogel applications and the
type of polymers used.
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Applications Polymers
Wound care polyurethane, poly(ethylene
glycol), poly(propylene glycol)

poly(vinyl
pyrrolidone),polyethylene glycol
and agar ®°

Drug delivery, pharmaceutical | poly(vinyl pyrrolidone)®,
chitosan,  poly(acrylic acid),
acrylic acid, carboxymethyl
cellulose

Dental Materials Hydrocolloids
Hyaluronan

Tissue engineering, implants

Poly(vinylalcohol), poly(acrylic
acid), hyaluronan, collagen %

Injectable polymeric system

Polyesters,  polyphosphazenes,
polypeptides, chitosan, hairpin-
peptide

Technical products
(cosmetic, pharmaceutical)

Starch, gum Arabic, xanthan,
pectin, carrageenan, gellan, guar
gum, chitin, chitosan, poly (vinyl
methyl ether), poly(N-isopropyl
acryl amide) **

Others (agriculture, waste
treatment, separation, etc.)

poly (vinyl methyl ether),
poly(N-isopropyl acryl amide) [
Xanthan, starch,
poly(vinylalcohol) %

Table 1.2 Applications of hydrogels and types of polymers use

d 88,96

Stimuli-responsive hydrogels undergo significant physical or
chemical changes in response to external variations. Well-designed
devices with stimuli-responsive polymers can act like living organisms
to “sense and react” and produce desirable responses without human
intervention. In this context, this class of hydrogels presents a wide

range of application such as:
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1)

2)

3)

4)

5)

Sensing and  biosensing®  e.g.,  (poly(N-
isopropylacrylamide)-co-methacrylic acid (pNIPAm-
co-MAACc) hydrogel on a surface plasmon resonance
(SPR) sensor surface with indium tin oxide microheaters
embedded to allow for surface plasmon resonance signal
tuning.

Controlled  drug  delivery® eg.,  (poly(N-
isopropylacrylamide) temperature-sensitive hydrogels
as drug delivery vehicles, the significant change
between ambient temperature and physiological
temperature has been targeted as a mechanism for the
delivery of proteins and small molecules, such as
ibuprofen and insulin.

Photosensitive hydrogels’ e.g.,
poly(hydroxyethylacrylate-co-2-nitrobenzyl  acrylate
(p(HEA-co-2-NBA)) for tissue culture.
Electrically-responsive  hydrogels® e.g., poly(2-
(acrylamide)-2-methylpropanesulfonic acid) (PAMPS)
gels for artificial muscles.

Shear stress responsive hydrogels'® e.g., the crosslinked
hyaluronic acid (HA) hydrogels, Cyclodextrins-
poly(ethylene oxide) (CDs-PEO) for injectable
applications for drug delivery and tissue engineering
scaffolds, arthritis treatment, biofilm disruption etc.

As detailed in the introduction part, the stimulus-responsive
hydrogels are becoming increasingly attractive for a wide range of
applications. The present thesis is dedicated to the synthesis and
characterization of such “smart” hydrogels, which respond to redox and
temperature changes and the study of their mechanical and
electrochemical properties described in this introduction (e.g. rheology,
swelling, redox activity).
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1.2 Objective of the thesis

Recently considerable attention has been put on hydrogels. As a
class of material, hydrogels are unique, they consist of a self-
supporting, water- swollen three-dimensional (3D) viscoelastic network
which permits the diffusion and attachment of molecules and cells.
Over the years, the interest in stimuli responsive hydrogels (SRH) has
grown exponentially. The properties of SRH may be valuable in
different fields as we detailed in the section above. Today, hydrogels
still fascinate material scientists and biomedical researchers due to their
biocompatibility and the similarity of their physical properties to natural
tissues and great strides have been made in terms of their formulations
and applications.

The delivery of active molecules by rearrangement of hydrogels can
involve the gel swelling/deswelling due to stimuli-induced changes in
physico-chemical parameters of the network-forming polymer (a,
Figure 1.18), the triggered attachment/release of functional compounds
onto/from the interior gel network (b, Figure 1.18) or the gel
dissolution/formation upon triggered degradation/formation of
crosslinking points (c, Figure 1.18).

B
[

*

L)

i3y

Figure 1.18 Schematic representation of different mechanisms of
stimuli-responsive hydrogels '°!
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Guest molecules delivery from hydrogels was studied by variation
of temperature with gels based on poly(N-isopropyl amide)
(PNIPAM)!2  or poly[oligo (ethylene glycol) methacrylate]
(POEGMA)® where the increase of the temperature induces the
collapse of the polymeric chains and the deswelling of the hydrogels. A
similar approach was applied to pH sensitive gels based on
poly(meth)acrylic acid (P(M)AA),* poly(ethylene imine) (PEI)® or
poly(vinyl pyridine) (PVP).1% Photo responsive gels may release via
the three aforementioned mechanism depending on the localisation of
the photosensitive moieties.'%” Hydrogels based on disulphide cross-
linkers can be cited, where the stiffness of gels decrease leading to the
release of their guest molecules when the disulphide bond are broken
by a redox stimulus.®® Another example of redox-responsive hydrogels
involves ferrocene functions that can change the hydrophilic-
hydrophobic balance of the hydrogel depending on the redox state of
the ferrocene moieties.> Final examples of redox responsive polymer
involve conducting polymers, such as polyaniline (PANI) or
polypyrrole (PPy), where clusters of conductive polymers are entrapped
into the hydrogels.%®1° The electrochemical stimuli, induce change in
the conductive polymers that become, in this case, hydrophilic and
allow the encapsulated drugs to diffuse through the hydrogel. However,
still the redox responsive hydrogels need to be more developed
compared to other stimuli.

In this project, we aim at developing redox-responsive hydrogels
valuable for different applications. We decided to produce SRHs that
can release their guest molecules upon the trigger of redox stimuli that
can be either redox reagents or electrochemical triggers. The advantages
of the electrochemical stimulus versus other typical stimuli is that it can
be controlled in time and most of the electrochemical processes do not
require particular reagents limiting by products. Moreover, the trigger
parameter, such as current intensity and reaction time, can easily
bemodulated to adequately comply with the system.
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To obtain a redox responsive hydrogel, we have decided to focus
our attention on the 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)
group. TEMPO is a stable nitroxide radical that can be easily oxidized
into its oxoammonium counterpart or reduced into an aminoxyl
function (Figure 1.19). TEMPO derivatives are largely used in
chemistry, for the synthesis of organic molecules or polymers, and in
the biomedical field as imaging enhancer (MRI) or radical scavenger of
reactive oxygen species (and thus anticipated as new anti-oxidant
therapies).!'! Moreover, the redox equilibrium of nitroxides, and
especially TEMPO, was used in the recent years for the production of
energy storage devices.!'>!3 For the energy storage application,
scientists developed a polymer bearing TEMPO moieties,
poly(TEMPO methacrylate) or PTMA. Here, we propose to introduce
this polymer into hydrogels in order to obtain redox responsive
hydrogels.

R R R
= = >é<
-e -e
| T 1°
o© (o} 0
Hydroxylamine Nitroxide Oxoammonium
anion cation

Figure 1.19 Oxidation and reduction of TEMPO.
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Since TEMPO is hydrophobic, TEMPO methacrylate should be
copolymerised with a hydrophilic monomer in order to obtain
hydrogels. Therefore, we propose to synthesise chemically crosslinked
hydrogels based on TEMPO and on oligo(ethylene glycol) methacrylate
(OEGMA, hydrophilic unit) or N-isopropylacrylamide (NIPAM,
hydrophilic units). The hydrogel formation will be realised in two steps:
the first step consists in the synthesis of a precursor hydrogel by the
conventional radical copolymerisation of 2,2,6,6-tetramethylpiperidin-
4-yl methacrylate (TMPM), POEGMA or PNIPAM and the crosslinker
agent. In the second step, PTMPM will be oxidised into TEMPO to
obtain the desired redox responsive P(TEMPO-r-OEGMA) or
P(TEMPO-r-NIPAM) hydrogels. Several hydrogels will be synthesised
and the lattice parameters of the hydrogels will be varied by tuning the
molar ratio of the crosslinker agent and of the TEMPO units (molar ratio
between TEMPO/OEGMA or TEMPO/NIPAM) to obtain hydrogels
with different characteristics.

Once the desired hydrogels will be obtained, we will study their
swelling behaviour in aqueous media. Their redox properties will be
studied in solution via a chemical and electrochemical oxidation of the
TEMPO repeating units into TEMPO™ units. Also, we will perform the
mechanical characteristics (rheology) for all the investigated hydrogels.
All these tests will allow us to determine the optimal conditions for the
design of redox responsive hydrogels.

Those materials would allow a precise control of the delivery of
guest molecules from the matrix with an electrical stimulus. To achieve
this, we propose the encapsulation of guest molecules driven by
electrostatic interactions, where the anionic guest molecules will be
complexed to the oxidised TEMPO™ function of the hydrogels. The
reduction of the TEMPO" will induce the disappearance of the
electrostatic interaction between the guest molecules and the hydrogel
matrix and thus the diffusion of the guest molecules out of the hydrogel.

Finally, in order to broaden the scope of application of our
system, we will also test our TEMPO-containing hydrogels as scaffolds
for the oxidation of alcohol.
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Synthesis and characterisation of redox
hydrogels based on stable nitroxide radicals
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SYNTHESIS AND CHARACTERIZATION OF RSH

2.1 Introduction

Hydrogels have received considerable attention over the past
50 years due to their exceptional promise in a wide range of
applications.! Hydrogels can be defined as polymer networks consisting
of inter- and intra-molecularly connected polymer chains that possess
the ability to absorb large amounts of water while maintaining their
three-dimensional ~structure.> The stimuli-responsive hydrogels
(SRHs), also called 'smart' hydrogels, represent a broad class of
hydrogels being actively investigated, and some of them have been
considered for practical use.>® SRHs can be defined as hydrogels that
are able to modify their equilibrium swelling in response to external
stimuli such as pH,®’ temperature, "8 redox, % light, 12 and electrical
field. ™

A lot of work has been carried out on temperature-sensitive SRHs
using poly(N-isopropylacrylamide) (PNIPAM) as thermo-responsive
unit. Indeed, PNIPAM exhibits a lower critical solubility temperature
(LCST) around 32 °C in aqueous medium and is therefore very useful
for preparing smart materials for biological applications.**” However,
in recent years, scientists reported very interesting alternatives to
PNIPAM. New families of polymers exhibiting either LCST or upper
critical solubility (UCST) behaviors in water have been described in the
literature. 182 Among them, thermo-responsive polymers containing
short oligo(ethylene glycol) side-chains have gained rapid success in
fundamental polymer science but also in applied materials research.?
Early reports by Aoshima and co-workers 2 and Ishizone and co-
workers 23 demonstrated that some of those polymers exhibit a LCST
behavior in agueous medium. It was afterwards shown that these
stimuli-responsive  properties can be finely adjusted via
macromolecular design, and in particular using co-polymerization
approaches.?4%
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As far as redox responsive SRHs are concerned much less work has
been performed. Hydrogels based on disulphide cross-linkers can be
cited, where the gels dissolve and release their guest molecules when
the disulphide bonds are broken.?” Other systems involve ferrocene
functions that can change the hydrophilic-hydrophobic balance of the
gel depending on the redox state of the ferrocene moieties.?”?® Other
examples of redox responsive polymers involve conducting polymers,
such as polyaniline (PANI) or polypyrrole (PPy), where clusters of
conductive polymer are entrapped into the hydrogels. When submitted
to an electrical current the conducting polymer becomes hydrophilic
and allows the encapsulated drug to diffuse out of the hydrogel.2*=°

Our strategy described in this chapter, is to design a redox
responsive hydrogel that can encapsulate negatively charged
hydrophilic molecules upon oxidation and release them upon reduction.
To obtain this redox responsive hydrogel, we decided to focus our
attention on the 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) group
as redox-active component. TEMPO is a stable nitroxide radical that
can be easily oxidised into its oxoammonium counterpart or reduced
into an aminoxyl functions.3! Nitroxide radicals, and especially
TEMPO derivatives, are largely used in chemistry for the synthesis of
organic molecules or polymers,®? and in the biomedical field as imaging
enhancer in electron spin resonance (ESR) techniques or as radical
scavenger of reactive oxygen species (and thus anticipated as valuable
candidates for anti-oxidant therapies).3* Moreover, the redox
equilibrium associated to nitroxide radicals, and especially TEMPO,
has been used in the recent years for the production of energy storage
devices.>*® For the energy storage application, scientists developed a
polymer bearing TEMPO moieties, poly(TEMPO methacrylate)
abbreviated as PTMA.3* In the present work, we have introduced this
polymer into a hydrogel in order to produce redox responsive SRHs.
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A precursor of the hydrogel will be firstly synthetized by
conventional radical polymerisation. This polymeric network will be
obtained from a mixture of 2,2,6,6-tetramethylpiperidin-4-yl
methacrylate (TMPM), oligo(ethylene glycol) methyl ether
methacrylate with an average molar mass of 300 g/mol (OEGMAz)
and di(ethylene glycol) dimethacrylate (OEGMA?>) as cross-linker. In
the second step, the secondary amine of TMPM units will be oxidised
into TEMPO-methacrylate (TEMPO) to obtain the desired redox
responsive hydrogel. The final step will be the oxidation of the nitroxide
radical units of TEMPO into oxoammonium ones (TEMPQO®). In this
case the encapsulation of the molecules would be driven by electrostatic
interactions between the anionic molecules and the positively charged
TEMPO™ units of the hydrogels. The reduction of the TEMPO™" into
TEMPO will finally allow the disappearance of those electrostatic
interactions and thus the diffusion of the guest molecules out of the
hydrogel (Figure 2.1).

© TEMPO
© TEMPO"

@ Guest molecule
(negative charges)

Figure 2.1 Schematic representation of redox hydrogels for the
encapsulation/release of negatively charged molecules.

2.2 Synthesis

The investigated hydrogels were synthesized via a three-step
methodology as detailed in the experimental section of this chapter,
using conventional radical polymerization. (Scheme 2.1)
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Scheme 2.1 Synthesis of P(TEMPO™-r-OEGMA) hydrogels

A precursor poly(2,2,6,6 tetramethylpiperidin-4-yl methacrylate-
random-oligoethylene glycol methacrylate) (P(TMPM-r-OEGMA))
hydrogel was firstly synthetized.

Regarding this step of the process, 'H NMR spectra of the
supernatant of the polymerization medium were systematically
recorded in order to monitor the polymerization reaction leading to the
P(TMPM-r-OEGMA) precursor hydrogel. As a typical example, the 1H
NMR spectrum of the supernatant of the polymerization medium for
the P(TMPM-r-OEGMA) hydrogel prepared with Xtempo = 0.4 and
XcL=0.03 is shown in Figure 2.2 after overnight polymerization. This
spectrum reveals no vinyl peaks (around 4.6 - 6.5 ppm) indicating a full
consumption of the monomers according to the precision limit inherent
to 'H NMR spectroscopy.
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Figure 2.2 Typical, *H-NMR spectrum of the supernatant of the
polymerisation medium in deuterated chloroform for the investigated
P(TMPM-r-OEGMA) hydrogels after overnight polymerization.
(X1EMP0=0.2; XcL=0.03)

In addition, the *H NMR spectrum of the P(TMPM-r-OEGMA)
precursor network swollen in deuterated acetonitrile in the NMR tube
(Figure 2.3) revealed a network composition corresponding to the
comonomer feed and hence demonstrating the complete incorporation
of the comonomers into the synthesized network. Same results were
obtained for all the synthesized networks.
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Figure 2.3 Typical *H-NMR spectrum for all the non-oxidized
P(TMPM-r-OEGMA) after overnight polymerization. (Gels are
swelled directly in NMR tube in deuterated acetonitrile to reach

equilibrium and homogenous aspect before analysis). (Xtempo=0.2;
Xc1=0.03).

In a second step, the secondary amine of TMPM units has been
oxidized into a nitroxide radical to lead to TEMPO groups. An orange
sticky poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate-random-
oligoethyleneglycol methacrylate) (P(TEMPO-r-OEGMA)) hydrogel
was finally obtained.

TEMPO groups were finally chemically oxidized into
oxoammonium counter anion to obtain the oxidized (P(TEMPO*-r-
OEGMA)) hydrogel.

As first view, FTIR spectra were recorded after oxidation to
confirm the presence of TEMPO" in our hydrogels. Indeed, the
characteristic band of the N-O radical at 1540 cm™ in the P(TEMPO-r-
OEGMA\) hydrogels was observed to shift at 1570 cm™ (characteristic
of the N=0 bond) in the P(TEMPO*-r-OEGMA) samples (Figure 2.4).
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Figure 2.4 Typical infrared (FTIR) spectra for all the oxidized
P(TEMPO™-r-OEGMA) (red curve) and all the radical form
P(TEMPO-r-OEGMA) (blue curve) hydrogels. (Xtempo=0.4;
Xc1=0.01)

2.3 Electrochemical performances

2.3.1 Electron spin resonance

The oxidation of the P(TMPM-r-OEGMA) precursor into the
P(TEMPO-r-OEGMA) hydrogel was macroscopically observed by the
apparition of the orange color characteristic of the nitroxide radicals
(Scheme 2.1). The oxidation yield of TEMPO radical units to
oxoammonium ones was further determined by Electron spin resonance
(ESR). This method indicates an oxidation yield of ca. 99% and
confirms that a high level of oxidation has been reached for all the
investigated hydrogels. As a typical example, Figure 2.5 (red line)
shows for the P(TEMPO-r-OEGMA) hydrogel with Xtempo = 0.4 and
XcL = 0.03 a spin density of around 1.15x10mol/g with the typical
signal shape for polymeric organic radicals that confirms the presence
of TEMPO radicals in this hydrogel.
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Finally, the P(TEMPO-r-OEGMA) hydrogels were converted into
P(TEMPO*-r-OEGMA) ones by the chemical oxidation of the nitroxide
radicals into oxoammonium cations using NaCIlO. This reaction can be
visually monitored by the change of color of the hydrogel from orange
to yellow (Scheme 2.1). ESR was also used to monitor this reaction. As
a typical example, a spin ratio of ca. 10° mol/g was measured for the
P(TEMPO*-r-OEGMA) hydrogel with Xtempo = 0.4 and XCL = 0.03
and no characteristic signal belonging to radical species was clearly
visualized (Figure 2.5, green line).  From the spin density
measurement, we deduce that only ca. 0.1% of the TEMPO units are
not oxidized into TEMPO®, which practically means that the conversion
of TEMPO units into TEMPO™ ones is quantitative. Similar results have
been obtained for all the investigated hydrogels.
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Figure 2.5 Electron spin resonance spectra of the P(TEMPO-r-
OEGMA) (red line) and P(TEMPO™-r-OEGMA) (green line)
hydrogels. ( Xtempo = 0.4 and Xc. = 0.03)

2.3.2 Cyclic Voltammetry

Beside chemical oxidation of the P(TEMPO-r-OEGMA) hydrogels
into P(TEMPO*-r-OEGMA) ones, the redox reactions occurring in
those materials can also be electrochemically triggered. To this aim,
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cyclic voltammetry measurements (CV) were performed to firstly
confirm the presence of redox responsive TEMPO groups in our
materials and secondly to study the reversibility of the redox reactions.
Since performing the CV experiments directly with the hydrogels was
not possible with our experimental set-up, we have used a methodology
previously optimized for the investigation of TEMPO-containing
polymer in Li-ion battery applications.*

Practically, this means that the CV experiments have been
performed in the solid state with an electrode prepared by blending
P(TEMPO-r-OEGMA) or P(TEMPO*-r-OEGMA) dried sample with
conducting carbon black, in half-cell configuration against a metallic
lithium counter electrode used as reference. Figure 2.6 shows the
reversible oxidation (blue line) of the nitroxide radicals into the
oxoammonium cations for P(TEMPO-r-OEGMA) and the reversible
reduction (red line) of the oxoammonium cations into nitroxide radicals
for P(TEMPO*-r-OEGMA) both around 3.6V vs Li/Li* with well-
defined peaks for the samples prepared with Xtempo = 0.3 and XcL =
0.03. This confirms the presence of TEMPO groups in our hydrogels
and the reversibility of the redox processes associated to these groups.
Moreover, the CV was performed for 5 cycles for each electrode and
same results was obtained confirming the stability of the nitroxide
radical in our system. Similar results have been obtained for all the
investigated samples evidencing their reversible redox responsive
behavior.
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Figure 2.6 Cyclic voltammetry of P(TEMPO-r-OEGMA) (in blue) and
P(TEMPO™-r-OEGMA) (in red) electrodes in half-cell configuration
with lithium as counter electrode at 0.5 mV/s (1 cycle is depicted for

each electrode).( Xtempo = 0.3 and XcL = 0.03)

2.4 Morphological analysis: Cryo-TEM microscopy

Cryogenic-transmission electron microscopy (Cryo-TEM) was
further used to obtain details about the microstructure of these
hydrogels. As shown in Figure 2.7 for a Xtempo = 0.2 and Xc. = 0.03
system, the sample has been diluted 100X and the fibrils may
correspond to deformed hydrogel pieces. However, the observation of
a structure shows that there are insoluble parts (hydrophobic domains)
in our hydrogels . that aggregate in some insoluble units into insoluble
domains. Indeed, a similar microstructure was found by Zhai et al. for
hydrogels formed from p-cyclodextrin and an anionic surfactant
containing a biphenyl group and in which the formation of hydrophobic
nanodomains was also hypothesized. In our case, we believe that
TEMPO units are at the origin of those hydrophobic domains. Indeed,
TEMPO groups are basically hydrophobic and not water-soluble. The
TEMPO groups randomly located in the P(TEMPO-r-OEGMA)
network could then aggregate into hydrophobic domains making our
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system a combination of a chemically crosslinked hydrogel (through
the OEGMA: units) and a physically crosslinked hydrogel (through the
TEMPO hydrophobic domains).

e
100 nm

Figure 2.7 Cryo-TEM image for a P(TEMPO-r-OEGMA) hydrogel
(Xtempo= 0.2 and Xc.=0.03).

2.5 Mechanical properties

2.5.1 Swelling Test

Swelling tests were then performed on all the P(TEMPO-r-
OEGMA) hydrogels (Table 2.1). In Table 2.1, all the synthesized
hydrogel are listed in accordance to the two parameters described:
Xtempo and Xcr. A threshold in cross-linker seems to be needed to
obtain a hydrogel. This threshold is equal to 0.03 for all the tested
XTEMPO.
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The swelling factor SF, defined as
SF = (Ws —Wd)/Wd (1)

Where Ws is the weight of hydrogel in the swollen state at the
equilibrium and Wd is the weight of the hydrogel in the dry state after
elimination of extractable fraction, was measured as a function of

Xtempo and Xci (Figure 2.8 and 2.9).

XTEMPO
Xy 0 0,1 0,2 0,3 0,4
Liquid Liquid Liquid Visco-elastic liquid | Visco-elastic liquid
0,014 =) 3 =3 S
liquid liquid liquid Visco-elastic liquid | Visco-elastic liquid
0,02 = =3 -
S - Y) =l
Gel Gel Gel Gel Gel
0,03 ’ - 2 | |
! * * E3 £ J
Gel Gel Gel Gel Gel
0,04 » b
. * £l &
Gel Gel Gel Gel Gel
0,05 X b 1
L : 8 k3

Table 2.1 Library of different aspects obtained by free radical
polymerization according to two parameters: Xtempo and Xct.

The equilibrium state was determined by regularly weighting the
hydrogel during the swelling process until it reached a constant weight.
This was typically achieved after 24h (Figure 2.8). However, the
hydrogels were further equilibrated to reach a total time of 48h before
measurement, to be sure to be at the equilibrium.
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Figure 2.8 Kinetic swelling study of P(TEMPO-r-OEGMA) hydrogels
with varying Xtempo; €rror bars represent average swelling ratio +
standard deviation where n = 3.

The best results in terms of swelling factors and structure of the gels
were obtained for Xci = 0.03 (Figure 2.9). Lower Xc eventually leads
to viscous fluids instead of gels (Table 2.1) and lower swelling factors
are observed for higher Xcc (Figure 2.9).
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Figure 2.9 The equilibrium swelling factor of the hydrogels for
different cross-linker equivalent

Those results can be easily understood by taking into account that a
too low concentration in crosslinking units impedes the formation of a
continuous network of polymer chains in the hydrogel while a high
concentration of those groups reduces the mesh size and is detrimental
to high swelling ratio. More discussion for the different aspects of
hydrogels with the different molar ratio of cross-linker will be presented
in chapter 3. In this respect, XcL being equal to 0.03 seems to be the
best compromise. Indeed, P(TEMPO-r-OEGMA) hydrogels with
varying Xrtempo ratio and Xcv fixed to 0.03 display swelling factors
around 35 for Xtempo 0.1 and 0.2 (Figure 2.8), meaning that 0,025 g of
dry sample absorb around 1 g of water. For Xtempo 0.3 and 0.4 the
swelling factor decreases by nearly a factor two, which can be explained
by the increase in hydrophobicity provided by the TEMPO units. In
addition, the fraction of chains which are not trapped in the network has
been experimentally determined by preparing the P(TEMPO-r-
OEGMA) gels with Xtempo 0f 0.1, 0.2, 0.3 and 0.4 with an excess of
D>O compared to the previously determined swelling ratios at
equilibrium (Figure 2.8). After equilibration for 48h, gels with a
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supernatant sol fraction were obtained. The amount of free chains
released by the network has been further determined by measuring the
amount of chains extracted in the sol fraction using *H NMR with an
internal standard. This amount is approximately the same in the four
analyzed samples and is 10.6 +/- 0.5 wt%. The same experiment was
performed for the reference P(OEGMA) gel with Xtemro=0 and an
amount of 20.5 wt% was determined.

2.5.2 Rheology experiments

The viscoelastic properties of the P(TEMPO-r-OEGMA) hydrogels
were also investigated by rotational rheometry. Again, only hydrogels
with XcL fixed to 0.03 were investigated. Their viscoelastic response
was measured as a function of the oscillation frequency for the different
Xtempo values. As shown in Figure 2.10, the storage modulus (G’) is
superior to the loss modulus (G”) in the whole experimental frequency
window, confirming the formation of a gel.
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Figure 2.10 Frequency sweep plots of storage and loss moduli versus
frequency for P(TEMPO-r-OEGMA) hydrogels with different Xrempo.
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Nevertheless, without TEMPO, the level of the storage modulus of
the hydrogel is very low (~150Pa), which suggests that the gel contains
only few chemical crosslinks which effectively contribute to the
polymer network. Based on the modulus, the average molar mass
between two active crosslinks, Mxx, can be estimated based on the
relationship:

C PmeltRT

Gy ==, (1)

with pmerr being the density of OEGMA in the melt state and c, the
concentration of the network, which is equal to 1.6 wt% for all the gels
analysed here. The parameter vtrapped, which represents the weight
fraction of segments trapped between two active crosslinks, allows
accounting for the fact that dangling ends do not participate to the
network elasticity. If we consider that all segments contribute to the
network (i.e. vtrapped=1) a value 0of 320 kg/mol is found for Mxy, which
is most probably larger than the average molar mass in number of the
chains, Mchain, if these ones are not crosslinked. Indeed, if we perform
the polymerization with only TMPMP and OEGMA and without
OEGMA: crosslinker, one can roughly estimate Mcjqin as equal to 180
kg/mol with a molar mass dispersity of 1.8 as measured by SEC. The
fact that Mxx is found to be larger than M.in suggests that a large
fraction of the polymer is not trapped into the network and therefore,
does not contribute to the sample elasticity. This is consistent with the
observation that at slightly lower crosslinking density, Xc.=0.02, the
sample shows a liquid behavior, the crosslink density being too low to
lead to the formation of a network (Table 2.1).

In order to estimate the fraction of dangling ends, a statistical
algorithm has been developed,*® based on the assumptions proposed by
Flory: 1) All monomers have the same probability to be crosslinked, 2)
this probability does not depend on the position of the other crosslinks
along the chain, 3) Intramolecular crosslinks are not taken into account.
Starting from the estimated molar mass distribution of the non-
crosslinked chains and from the molar mass of an OEGMA unit, equal
to 300 g/mol, large ensemble of chains is generated, along which
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crosslinkers are included in a statistical way, with a certain probability
px. The chains composition is then analyzed, which allows us to
determine vtrapped and Mstrand and consequently, the elastic plateau
modulus in function of px. It must be noted that same results could have
been obtained analytically.***? However, due to the sample dispersity
and to the low level of crosslinks per chain, a statistical algorithm has
been preferred.*°

Figure 2.11 presents the values of px of the different samples,
which have been determined such that the corresponding values of
vtrapped and Mstwrand lead to the right level of plateau modulus, through
Eq. 1 (see insert in Figure 2.11). The observed diminution of the elastic
modulus at low frequency could be attributed to an experimental error
during the measurements as at these frequencies we have low sensitivity
detection for the machine.
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Figure 2.11 Crosslinking probability px in function of Xtewmpo,
determined such as the corresponding value of vrrapped @nd Mstrand lead
to the right level of plateau modulus (see Insert: Experimental
(symbols) versus theoretical (line) data, for Xtempo = 0 (0), 0.1 (),
0.2 (>),0.3 (<) and 0.4 (4)).
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The corresponding molar mass distributions of free chains, dangling
ends and trapped segments are shown in Figure 2.12, in case of
Xtempo=0, and compared to the distribution of the non-crosslinked
sample (XcL=0). It is found that within this sample, 22.7 wt% of the
chains are linear (i.e. with no crosslink), 50 wt% of the chain segments
are dangling ends and only vtrapped = 27.3 wt% of the chain’s
segments are trapped between two crosslinks, i.e. only ¥ of the sample
contributes to the elastic plateau. This value agrees with the fraction of
P(OEGMA) chains experimentally extracted from the hydrogel (20.5
wit%). Furthermore, the average molar mass in number of a molecular
segment between two crosslinks or chain extremities, Mstrand, iS 87
kg/mol. This molar mass is also in good agreement with the Mn found
by SEC analysis of the fraction of non-entrapped chains in the gels (86
kg/mol and B of 1.8).
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Figure 2.12 The sample Xc.=0.03 and Xtempo=0 is divided into
several contributions: The MWD distribution of the chains containing
zero crosslink, of the dangling ends (excluding the chains with no
crosslinks), and of the chain segments trapped between the first and
the last crosslinks. For comparison, the MWD of the chains with no
crosslink (Xc1=0, M, = 180kg/mol, PDI=1.8) is also presented.
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By adding TEMPO units, the storage modulus G’ increases (Figure
2.10). Since these units are insoluble in water, we hypothesize that
TEMPO groups aggregate into hydrophobic domains that could be at
the origin of the nanostructures observed by cryo-TEM (Figure 2.7).
As suggested before, those hydrophobic domains could play the role of
additional physical crosslinks to the chemical crosslinks provided by
OEGMA: units, which explains the increase in elastic modulus of our
hydrogels with increasing Xtempo.

The constant storage modulus observed in Figure 2.10 for the
samples containing TEMPO units means that the lifetime of the
corresponding hydrophobic domains is long since their relaxation is not
observed within the experimental frequency window. In order to
investigate their reversible behaviour, strain sweeps have been
performed from low to high strain amplitude and then, from high to low
strain. Results are shown in Figure 2.13 for Xtemeo = 0.1 and 0.4. For
both samples, a hysteresis is observed, which can be seen as a signature
of the reversible bonds: while the network structure is partially broken
at high strain in order to allow the sample to deform, the network is
reformed when coming back to low strain amplitude.
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Figure 2.13 Storage modulus of the P(TEMPO-r-OEGMA) hydrogels
with Xc1=0.03 and Xrempo=0.1 (red) or 0.4 (green), from low to high
(filled symbols) or high to low (empty symbols) amplitude of
deformation.

It is also observed that the hydrogels show a resistance versus strain
till approximately 10% and 3% with Xtempo=0.1 and 0.4, respectively,
before losing their elasticity. (Figure 2.13) The lower resistance found
with Xtempo=0.4 is consistent with the fact that the network is denser
and therefore, the physical crosslinks have to break at lower strain in
order to allow the sample flowing.

Regarding the oxidized form TEMPO® containing hydrogels, a
frequency sweep was performed that confirms gel formation. While
comparing the rheological properties of the P(TEMPO-r-OEGMA) and
P(TEMPO*-r-OEGMA) hydrogels (Figure 2.14), we observe that the
charged gel displays higher moduli than the non-charged one. Although
the hydrophobic TEMPO domains should disappear upon oxidation of
their nitroxide radicals into soluble oxoammonium cations, we
hypothesize that the resulting cationic units induce a stretching of the
polymer chains due to polyelectrolyte behavior and a stiffening of the
gel due to large charge densities leading to electrostatic repulsions. This
showed that the elastic modulus of hydrogels varies depending on the
presence or not of charged group in their structure. This is unexpected
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because both the polymer concentration and the chemical crosslink
density of the hydrogels subjected to mechanical measurements were
the same. The results could be explained with the effect of the
electrostatic interaction of charged groups on the elastic free energy
increases the modulus. More detailed description for TEMPO™
containing hydrogels will be presented in chapter 3.
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Figure 2.14 Frequency sweep plots of storage and loss moduli versus
frequency for P(TEMPO-r-OEGMA) and P(TEMPO"-r-OEGMA)
hydrogels with Xtempo = 0.1 and Xcr = 0.03.

2.6 Encapsulation properties

In order to demonstrate the encapsulation abilities of our hydrogels,
we have designed a proof-of-concept experiment taking opportunity of
the presence of positively charged units in the oxidized P(TEMPO-r-
OEGMA) hydrogels to encapsulate a negatively charged model
molecule, namely eosin B. (Figure 2.15)
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Figure 2.15 Chemical structure of eosin B molecule.

Eosin B was selected since it is a chromophore that can be easily
visually followed by its pink-red color. In a first experiment we used
water containing eosin B at a concentration of 5g/L to realize the
equilibrium swelling of either the P(TEMPO-r-OEGMA) or the
P(TEMPO*-r-OEGMA) hydrogels. As macroscopically observed in
Figure 2.16, both P(TEMPO-r-OEGMA) and the P(TEMPO®-r-
OEGMA) (both prepared from the network with Xtempo = 0.4 and XcL
= 0.03) do form hydrogels with encapsulated eosin B. However, the
supernatant from the hydrogel prepared from the P(TEMPO*-r-
OEGMA) (Figure 2.16 (a)) seems to be colorless while the one from
the P(TEMPO-r-OEGMA) sample (Figure 2.16 (b)) still presents the
same characteristic pink color as the one of the starting eosin B solution
at to. This preliminary observation suggests that some specific
interactions are existing between P(TEMPO*-r-OEGMA) and eosin B
that could explain the sequestration of eosin B molecules into the
hydrogel. In the case of the P(TEMPO-r-OEGMA) hydrogel, eosin B
seems to be homogeneously dispersed in the hydrogel and in the
supernatant.
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Figure 2.16 Encapsulation of eosin B via two strategies a)
electrostatic interaction (+/-) b) entrapping in the interior gel network
by swelling phenomena (hydrogels prepared from the networks with
Xtempo = 0.4 and XcL = 0.03)

This observation was confirmed by UV-Vis measurements realized
on the supernatant after equilibration. As observed in Figure 2.17, the
characteristic absorption peak of eosin B at 514 nm is still observed in
the supernatant of the P(TEMPO-r-OEGMA) hydrogel while it totally
disappeared in the supernatant of the P(TEMPO*-r-OEGMA) sample.
This observation points towards strong electrostatic interactions
between the charged TEMPO* units and negatively charged eosin B
molecules in the case of the P(TEMPO*-r-OEGMA) hydrogel. In the
experimental conditions used for this experiment with an initial
concentration of 8.619*107 mol/L of eosin B in the aqueous solution
used for the swelling process, the concentration of TEMPO™ (0.0013
mol/g) units is sufficient to electrostatically complex the whole eosin B
molecules. For the supernatant of the P(TEMPO-r-OEGMA) hydrogel
the concentration in eosin B drops to 8,421*10°" mol/L as determined
from Beer-Lambert law. This means an excess of the eosin B molecules
are sequestrated into the hydrogels (but not all as in the case of the
P(TEMPO*-r-OEGMA) hydrogel). Once again, this phenomenon could
be explained by the formation of TEMPO hydrophobic domains inside
the P(TEMPO-r-OEGMA) hydrogel as previously discussed to explain
rheological data and cryo-TEM pictures. Some eosin B molecules could
be encapsulated into those hydrophobic domains since eosin B also
present hydrophobic aromatic groups beside its anionic groups. In order
to release the eosin B molecules entrapped in the P(TEMPO*-r-
OEGMA) gels, we have tried to screen the electrostatic interactions
between TEMPO™ units and negatively charged eosin B. Our attempts
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were however unsuccessful since addition of high amounts of salts
resulted in a decreased solubility of OEGMA units because of salting-
out effect on the one hand and on the other hand, as eosin B is double
charged, this can lead to an additional reticulation inside the gel which
explain why wasn’t possible to release this molecule from the matrix of
our hydrogel. The investigations in this direction will be presented in
the next chapters of this thesis including a totally different design of the
TEMPO-based hydrogels.

Thus, these preliminary experiments suggest that both P(TEMPO-r-
OEGMA) and P(TEMPO*-r-OEGMA) hydrogels could be useful for
further encapsulation/release of molecules of interest.
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Figure 2.17 UV-visible spectra of the supernatant of P(TEMPO-r-
OEGMA) (blue line) and P(TEMPO*-r-OEGMA) (red line) hydrogels
after equilibrium swelling in eosin B solution (hydrogels prepared
from the networks with Xtempo = 0.4 and Xc. = 0.03).

2.7 Conclusions

In this chapter, the synthesis of redox-responsive hydrogels
containing the 2,2,6,6-tetramethyl-1-piperidinyloxy methacrylate
(TEMPO methacrylate) monomer has been disclosed. The amine-
precursor of this monomer (TMPM) has been combined with
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oligoethylene glycol methacrylate (OEGMA) to afford water solubility.
The conventional radical polymerization technique used in this study
proceeds in the quantitative incorporation of the comonomers into the
polymeric network, allowing a perfect control over its composition.

The TMPM has been further quantitatively converted into TEMPO
methacrylate by a simple oxidation reaction directly performed on the
gel. Finally, the TEMPO nitroxide radical can be also quantitatively
oxidized to the positively charged TEMPO* oxoammonium cation.
Swelling tests have revealed that the optimum molar fraction of
crosslinker, Xci, is equal to 0.03 in order to obtain homogeneous gels
displaying high swelling ratios. The amount of TEMPO units
(expressed as Xtempo molar fraction) has been varied in the hydrogels.
Cryo-TEM pictures and rheological tests suggest that TEMPO units
form hydrophobic domains in the hydrogels. Rheological experiments
have confirmed that our hydrogels are slightly chemically crosslinked
hydrogels further re-inforced by physically crosslinked nanodomains
resulting from the aggregation of hydrophobic TEMPO units.

Finally, the encapsulation abilities of the accordingly formed
hydrogels have been explored by using eosin B as a model molecule. It
has been demonstrated that the P(TEMPO*-r-OEGMA) hydrogel is
very efficient to encapsulate eosin B molecules and electrostatic
interactions have been anticipated. In the case of the P(TEMPO-r-
OEGMA) hydrogel, some encapsulation of eosin B has been also
monitored. In the latter case, hydrophobic interactions between eosin B
and TEMPO domains are hypothesized. Those preliminary results have
demonstrated the potential of the investigated hydrogels for further
application. Next chapter will include a more detailed characterization
of the rheological and temperature-responsive behavior of our
hydrogels.

83



CHAPTER 2

2.8 Experimental section

e Materials

All chemicals and monomers were purchased from Aldrich, Fluka, or
Acros. Solvents were bought from Acros. Poly(ethylene glycol) methyl
ether methacrylate (POEGMA, average molar mass of 300 g/mol,
Aldrich) and di(ethylene glycol) dimethacrylate (OEGMA.», Aldrich)
were purified on a AlOx-filtration column prior use in order to remove
the inhibitor. The 2,2’-aziobutyronitrile (AIBN, 98% purity, Fluka)
initiator was recrystallized twice from methanol prior use.

e Instrumentation

IH NMR spectroscopy. Proton nuclear magnetic resonance (*H NMR)
spectra were acquired on a 300 MHz Bruker Avance Il in deuterated
chloroform from the supernatant of the polymerization medium and in
acetonitrile for the hydrogel obtained after polymerization. *H NMR
spectra were also recorded in the presence of an internal standard on the
soluble fraction of oxidized gels swollen with an excess of D20 in order
to determine the fraction of chains that were not entrapped in the
network.

'H-NMR (300 MHz, CD3CN) &(ppm): 5.05 (s, 1H3), 4.08 (s, 2Ha), 3.58
(m, 22H455°), 3.32 (s, 3Hs), 2.16 (s, 4H2), 1.18 (s, 6H1), 1.11 (s, 6H1).

Size exclusion chromatography (SEC). Apparent average molar
masses (Mn and My) and dispersity (D) were measured on an Agilent
SEC system equipped with an Agilent 1100/1200 pump (25 °C, eluent:
chloroform/triethylamine/isopropanol (94/4/2), flow rate: 1 mL.min-1),
an Agilent differential refractometer and two PSS SDV columns (1000
A and 10000 A). The calibration was performed using poly(methyl
methacrylate) standards.
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Fourier-transform infrared spectroscopy (FTIR). FTIR spectra
were recorded with a Shimadzu FTIR-8400S spectrometer. The dried
oxidized and reduced hydrogels were ground with KBr and pressed into
pellets under reduced pressure.

UV-visible (UV-Vis) spectroscopy. After equilibration of the oxidized
hydrogel swollen in eosin B solution, the supernatant was transferred
into quartz cuvettes and measured in a Varian Cary 50 UV-Vis
spectrophotometer with emission scans recorded from 250 to 800 nm.

Rheological measurements. Rheology experiments were performed
on a Kinexus Ultra (Malvern Instruments) rheometer equipped with a
heat exchanger and modified with a solvent trap. Measurements were
carried out using a plate-plate steel geometry (8 and 20 mm diameter)
with a gap adjusted between 450 and 1800 pum so that the geometry was
completely filled. Oscillatory measurements were carried out in the
linear regime (either at strain control of 1% or at stress control of 5 Pa).
Strain sweep measurements have also been performed at a strain
amplitude ranging from 0.3% to 1000% and at a frequency of 5 rad/s.
Measurements were carried out at 20 °C, in a water saturated
atmosphere in order to minimize evaporation of the solvent. Normal
forces were checked to be relaxed to <0.05 N prior any measurement.

Swelling tests. The dry gels were swollen in distilled water at 25 °C in
an isothermal water bath to study the equilibrium swelling Kinetics.
Mass measurements were taken at time points of 0, 0.5, 1, 2, 4, 8, 24,
and 48h. The swelling factor was defined as the weight ratio between
the difference in hydrogel weight in both dry and swollen state over the
weight of the dry gel.

Electron Spin Resonance (ESR). The EPR spin count was determined
as the mean value achieved from the EPR spectra of three samples of
the TEMPO-containing gel. For comparison, the EPR spin count of a
TEMPO-free gel was determined likewise. X-band EPR spectra were
acquired on an EMXmicro CW-EPR spectrometer from Bruker,
Germany (EMX micro EMM-6/1/9-VT control unit, ER 070 magnet,
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EMX premium ER04 X-band microwave bridge equipped with EMX
standard resonator, EMXO080 power unit). The samples were
investigated at room temperature and the data handling was done with
the Bruker Xenon software package, version 1.1b86. The SpinCountQ
software module was used for the determination of the spin count.
Electrochemical measurements. Charge/discharge tests were
performed using an ARBIN Instrument Battery Tester (BT-2043). The
cyclic voltammetry (CV) tests were carried out using a Parstat 3000.
The CV measurements were performed at a scan rate of 0.1 mV/s. The
electrodes were tested in half-cell configuration with lithium metal foil
as counter and reference electrodes and porous polyethylene membrane
as separator. The electrolyte used was 1 M of lithium
hexafluorophosphate (LiPF6) in ethylene carbonate (EC) and diethyl
carbonate (DEC) (1:1, v:v). All coin-cells were assembled under argon
atmosphere (<0.1 ppm H20, <0.1 ppm O) in an Inert Lab glovebox.

Electrode preparation. The cathodes were prepared by blending the
active gel material, conductive carbon black (Super C45, MTI),
carboxymethyl cellulose (CMC) and Styrene-Butadiene Rubber (SBR)
binder. The blend has the following composition, 60 wt. % of PTMA,
25 wt. % of carbon black and 5:10 wt. % of CMC:SBR binder. The
ingredients were mixed uniformly at room temperature for 4 hours to
yield the slurry. The slurry was cast on an aluminum foil using the
doctor blade method (the thickness of the wet film was controlled to be
30 um) and dried at 60 °C. Circular discs of 1 cm diameter were cut and
used as cathodes for evaluating the electrochemical properties. Disks
were subsequently punched and pressed at 6 tons/cm?. Prior the cell
assembly, the electrode was dried at 55 °C in vacuum for 12 hours. The
coating mass was typically 0.5 to 1.5 mg/cm?.

Cryogenic-transmission electron microscopy (Cryo-TEM). Samples
for cryo-electron microscopy (cryo-EM) were prepared by applying a 4
ul droplet of sample suspension to lacey carbon copper grids (200 mesh,
Science Services) and plunge frozen into liquid ethane using a Vitrobot
Mark IV(FEI, Eindhoven, Netherlands)set at 4°C and 95 % humidity.
Vitrified grids were mounted on a cryo transfer holder (Gatan 914,
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Gatan, Munich, Germany) and transferred into a JEOL JEM-2100
(JEOL GmbH, Eching, Germany) transmission electron microscope for
imaging. The microscope was operated at an acceleration voltage of 200
kV and a defocus of the objective lens of about 1.5-2 um was used to
increase the contrast. Micrographs were recorded with a bottom-
mounted 4*4k CMOS camera (TemCam-F416, TVIPS, Gauting,
Germany) at a magnification of 50 000x, corresponding to a pixel size
of 2.32 A at the specimen level. Total electron dose for each micrograph
was kept below 20 e /A2,

e Synthesis

Typical  procedure  for the  precursor  poly(2,2,6,6-
tetramethylpiperidin-4-yl methacrylate-random-
oligoethyleneglycol methacrylate) (P(TMPM-r-OEGMA))
hydrogel synthesis. The synthesis of the polymeric network was
carried out using conventional radical polymerization. Into a 50mi
round-bottom  flask, TMPM (different molar ratios of
TMPM/(TMPM+OEGMA) (abbreviated as Xtemeo in the following)
were investigated 0.1, 0.2, 0.3 and 0.4) was dissolved in 2-propanol
(IPA, 70 wt%), then OEGMA, OEGMA; (abbreviated as XcL=
OEGMA/(TMPM+OEGMA) was also varied 0.014, 0.02, 0.03, 0.04
and 0.05) and the initiator AIBN (0.5 eq.) were added and stirred until
homogeneous blending. The solution was then degassed by three freeze
pump-thaw cycles and filled with argon before it was stirred in an oil
bath at 70 °C overnight. A transparent gel was formed.

Typical procedure for the poly(2,2,6,6-tetramethylpiperidinyloxy
methacrylate-random-oligoethyleneglycol methacrylate)
(P(TEMPO-r-OEGMA)) hydrogel synthesis. The secondary amine
of TMPM units has been oxidized into a nitroxide radical to lead to
TEMPO. For that, the remaining IPA of the polymerization gel solution
was removed under reduced pressure. Then Na,WO4 (0.25 eq.), EDTA
(0.15 eq.) and methanol were added and the gel was swollen for a
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couple of hours before adding the oxidizing agent H20 (5eq.). The
mixture was then stirred at 60°C overnight. An orange colored gel was
obtained and washed four times with distilled water and methanol (1:1,
v:v) and dried in vacuum at 40 °C overnight. An orange sticky gel was
finally obtained.

Typical procedure for the oxidized (P(TEMPO*-r-OEGMA))
hydrogel synthesis. The dried P(TEMPO-r-OEGMA) hydrogel was
swollen in distilled H20 (31.25 eq.). Then fluoroboric acid (HBF4, 1
eq.) was slowly added dropwise over 1h at room temperature. After,
sodium hypochlorite (NaClO, 0.5 eq.) was added over 1h at 0°C and
stirred for an additional 1h at 0°C to lead to the oxidized hydrogel
P(TEMPO*-r-OEGMA).” Then the hydrogel was washed with ice-cold
5 wt% NaHCOgs, aqueous solution and ice-cold diethyl ether. The
obtained yellow gel was finally dried overnight at 40°C in vacuum.
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CHAPTER 3

3.1 Introduction

Understanding the responsiveness of hydrogel structure and
rheological properties to stimuli is essential for designing materials
with desirable performance. Among the previously investigated stimuli,
some studies have recently focused on redox-responsive hydrogels. As
example the multi-stimuli responsive hydrogels based on ferrocene, a
redox-active group, have been reported. Zhang and co-workers!
fabricated ferrocenoyl phenylalanine (Fc-F) supramolecular hydrogels
exhibiting a sharp phase transitions in response to redox potential. In
another work, Wang et al.? described the fabrication of self-healing and
multi-stimuli  responsive hydrogels using the self-assembly of
biodegradable ferrocene- modified chitosan in an acid aqueous solution
at a low concentration of 10 mg/mL. It was shown that the resulting
hydrogels possessed excellent redox, pH and ion responsiveness.

Moreover, the redox-stimulus has been rarely combined with
temperature-responsive behaviour. Among the few works done in this
topic, the work of Zheng et al.® can be cited here, where a thermo- and
redox-responsive hydrogel based on the copolymerization of PNIPAM
and poly(ionic liquid) network was synthetized. These hydrogels
present a high thermo-responsive sensitivity and good redox-
responsiveness which results from the transition of iron ions in the gel
matrix between two oxidation states; making them very interesting in
stimuli-responsive electronic devices or other self-adaptive electronics.
Another example, a dual redox- and thermo-responsive hydrogel was
synthesized based on PNIPAM and PFS-VIm polyionic liquid* where
the FS-based poly(ionic liquid)s served as the macro-cross-linker and
provided redox-responsive properties to the system. The LCST
transition temperature of PNIPAM was influenced by the incorporation
of the poly(ionic liquid) and the swelling ability and thermo-
responsivity of the hydrogels could be tuned by the counterion type due
to the presence of the poly(ionic liquid)s part.

This chapter is focused on the understanding of the relationships
between structure-properties of redox and temperature responsive
hydrogels through the study of their rheological properties. The
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knowledge of such properties is fundamental because, on one hand,
these properties can help us to decipher the hydrogel structure on the
micrometer scale and, on the other hand, the gained knowledge allows
the modulation and optimization of the hydrogel properties for
application in different fields. More precisely, in the present paper, we
evaluate the mechanical properties of redox and temperature responsive
hydrogels by standard mechanical testing methods such as elastic or
storage modulus (G’) and viscous or loss modulus (G’”) measurements,
through dynamic mechanical tests at different deformation amplitudes.
All rheological properties are evaluated through the use of rotational
rheometers.

To this aim, the designed hydrogels described in chapter 2 exhibit
the redox and temperature responsive properties: TEMPO groups as
redox-active component and an OEGMA co-monomer containing 4/5
ethylene glycol units displaying a cloud-point of 65 °C. As stated
above, the combination of redox and temperature-responsive behaviors
in a same hydrogel has been rarely studied. Moreover, since the redox
process utilized in this contribution results in the transformation of
TEMPO which essentially behaves as an hydrophobic unit, into
oxidized TEMPO (TEMPO®) which is hydrophilic, an interplay
between the redox and temperature behaviours is expected because the
cloud point of polymers is known to be influenced by either the
presence of neighbouring hydrophobic or hydrophilic units.®

In this chapter, we have focused on the effects of the covalent
crosslinking degree and of the content of TEMPO units on the
properties of the hydrogels at room temperature. We have demonstrated
that the optimum molar fraction of crosslinker, Xc, is equal to 0.03 in
order to obtain homogeneous gels displaying high swelling ratios. By
varying the amount of TEMPO units (expressed as Xtempo molar
fraction) in the hydrogels, we have confirmed that our hydrogels are
slightly chemically crosslinked further reinforced by physically
crosslinked nanodomains resulting from the aggregation of
hydrophobic TEMPO units.® In this chapter, our aim is to decipher the
effects of temperature and redox stimuli on the rheological properties
of reduced P(TEMPO-r-OEGMA) and oxidized P(TEMPO*-r-
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OEGMA) hydrogels with varying TEMPO content at a fixed covalent
crosslinking degree.

3.2 Synthesis

P(TEMPO-r-OEGMA) hydrogels with different Xtempo and Xci
equal to 0.03 (Figure 3.1) were synthesized using the same
experimental protocol as described in chapter 2.

Xtempo 0,3 0,4

, | \t“ » <
& ”* »

e \‘*e—_——
Figure 3.1 Library of the reduced P(TEMPO-r-OEGMA) and
oxidized P(TEMPO™-r-OEGMA) hydrogels with Xc. = 0.03 and
various Xtempo. *2

The cross-linker value (XcL) was set to 0.03 since the accordingly
obtained hydrogels present the highest swelling factor as detailed in
section 2.5.1 of chapter 2. We showed that lower Xc. eventually leads
to viscous fluids instead of gels and lower swelling factors are observed
for higher XcL since the increase of cross linker ratio leads to a decrease
of the capacity of 3D polymer network to retain water due to the
decrease in the mesh size of the network.

The P(TEMPO-r-OEGMA) hydrogels were converted into
P(TEMPO*-r-OEGMA) ones by the chemical oxidation of the nitroxide
radicals into oxoammonium cations using NaClO. This reaction can be
visually monitored by the change of color of the hydrogel from orange
to yellow (Figure 3.1). The UV-visible spectra of P(TEMPO-r-
OEGMA) and P(TEMPO™-r-OEGMA) are shown in Figure 3.2. FTIR
spectroscopy also confirms the oxidation of P(TEMPO-r-OEGMA)
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(with a characteristic N-O vibration at 1540 cm™) into P(TEMPO*-r-
OEGMA) (with a characteristic N= O vibration at 1570 cm™) as we
showed in chapter 2. The yield of this reaction was determined to be
close to 100% as we mentioned in chapter 2 by using electron spin
resonance. Furthermore, cyclic voltammetry measurements confirmed
the presence of redox responsive TEMPO groups in our materials and
the reversibility of the redox reactions detailed in chapter 2.

0.6

—— P(TEMPO"-~OEGMA)
—— P(TEMPO-r-OEGMA)

0,64

0.4 4

0,34

Absorbance
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Figure 3.2 UV-visible spectra of P(TEMPO-r-OEGMA) (blue line)
and P(TEMPO*-r-OEGMA) (red line) hydrogels after equilibrium
swelling in distilled water at room temperature (hydrogels prepared
from the networks with Xtempo = 0.4 and Xc. = 0.03).

In order to get some additional information about the structure of
the gel, soluble fractions of the investigated hydrogels have been
extracted and further analyzed by dynamic light scattering (DLS).
Indeed, as demonstrated in chapter 2, our hydrogels are slightly
chemically crosslinked and therefore contain a significant fraction of
free or slightly crosslinked chains that can be extracted from the
equilibrated hydrogels by bringing them into contact in an aqueous
phase. The fraction of extracted was further quantified by *H NMR
using an internal standard. Here, in addition to these previous
experiments, we have carried out DLS experiments in order to get more
information about the structure of the extracted species. In this respect,
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objects with a mean hydrodynamic radius of 23 nm have been detected
by DLS (Figure 3.3). This can be explained by the fact that our
hydrogels are not consisting of a single macroscopic network of
crosslinked polymers but are rather cluster of smaller hydrogel particles
linked together by entangled non-crosslinked polymer chains and/or
hydrophobic TEMPO domains.

Figure 3.3 Typical size distribution by light scattering for P(TEMPO-

r-OEGMA) hydrogels with Xc. = 0.03 and for reference one without
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3.3 Mechanicals properties
3.3.1. Swelling test in function of time

Swelling tests were performed on the P(TEMPO-r-OEGMA) and
P(TEMPO*-r-OEGMA) hydrogels. The swelling factor was measured
for all Xtempo values with Xci equal to 0.03. The equilibrium state was
determined by regularly weighting the hydrogel during the swelling
process until it reached a constant weight. This was typically achieved
after 24 h (Figure 3.4). Swelling tests were performed on the
P(TEMPO-r-OEGMA) and P(TEMPO*-r-OEGMA) hydrogels. The
swelling factor was measured for all Xtempo values with Xcr equal to
0.03. The equilibrium state was determined by regularly weighting the
hydrogel during the swelling process until it reached a constant weight.
This was typically achieved after 24 h (Figure 3.4).
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Figure 3.4 Kinetic swelling study of the oxidized form P(TEMPO™-r-
OEGMA) and the reduced form P(TEMPO-r-OEGMA) hydrogels with
varying Xtempo, error bars represent average swelling ratio £
standard deviation where n = 3.

However, in order to be sure to be at the equilibrium, the hydrogels
were further equilibrated for a total of 48 h or 72 h before measuring
them again. P(TEMPO*-r-OEGMA) hydrogels with varying Xtempo
ratio and Xcv fixed to 0.03 display swelling factors around 12-18 for
Xtempro 0f 0.1 and 0.2 (Figure 3.5) while for Xtempo 0f 0.3 and 0.4, the
swelling factors increase by nearly a factor of 1.4. This increase of
swelling factors with the content of Xtempo can be explained by the
increase in hydrophilicity provided by the TEMPO" units. Indeed,
P(TEMPO-r-OEGMA) hydrogels with varying Xtempo and Xc fixed
to 0.03 display an opposite effect (Figure 3.4). In this case, the swelling
factors decrease by nearly a factor of two when the amount of TEMPO
units is increased (Xtempo of 0.3 and 0.4), which can be explained by
the increase in hydrophobicity provided by the TEMPO units.
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Figure 3.5 The swelling factors at room temperature for oxidized
P(TEMPO™-r-OEGMA) hydrogels with different Xtempo and fixed Xci
= 0.03. Error bars represent average swelling ratio + standard
deviation where n=3.

3.3.2. Swelling in function of temperature

The temperature-dependent swelling profiles of the P(TEMPO-r-
OEGMA) and P(TEMPO*-r-OEGMA) hydrogels with varying
amounts of TEMPO units and Xc. equal to 0.03 are shown in Figure
3.6. In both cases, as temperature increases, the swelling factors
decrease. The influence of temperature is complex to interpret since
different effects are expected to come into play. For the P(TEMPO*-r-
OEGMA) hydrogels, the hydrophilic TEMPO™ units are not expected
to be influenced by temperature. In sharp contrast, OEGMA units are
known to display a cloud-point in water due to the breaking of the
hydrogen bonds between ether oxygens in OEGMA and water
molecules as temperatures increases. The cloud-point of the OEGMA
used here is reported to be located at 65 °C.” Thus, the hydrogel should
collapse and become macroscopically turbid once the cloud-point is
reached. This could ultimately lead to a macrophase separation between
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a collapsed gel and an aqueous phase. However, the value of the cloud-
point could be influenced by neighboring hydrophilic/hydrophobic
groups.>® Generally, hydrophobic groups lower the cloud-point while
hydrophilic groups shift the cloud-point towards higher temperature.®
In Figure 3.6, one can observe that, whatever the value of Xtemro®, the
swelling factors values are slightly decreasing as temperature increases
and dramatically drop down between 70 and 80 °C. One can conclude
that the cloud points of the P(TEMPO*-r-OEGMA) hydrogels are
located in this temperature range and slightly shifted to higher
temperature compared to pure OEGMA due to the presence of
hydrophilic TEMPO™ units as shown in Figure 3.6.
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Figure 3.6 Temperature-dependent swelling profiles of P(TEMPO™-r-
OEGMA) (left) and P(TEMPO-r-OEGMA) (right) hydrogels for

different Xtempo and XcL= 0.03. Error bars represent average
swelling ratio + standard deviation where n=3

In the case of the P(TEMPO-r-OEGMA) hydrogels, the
hydrophobic TEMPO units are expected to lower the cloud-point of
OEGMA. In this respect, the swelling factor drops down to a value
close to 0 at temperatures below 65 °C for the P(TEMPO-r-OEGMA)
with Xtempo of 0.4 and 0.3, around 65 ° for Xtempo 0f 0.2 and close to
80 °C for the lowest value of Xtempo (0.1) (Figure 3.6). To understand
those values, it should be noted that an increase in temperature is known
to increase the solubility of TEMPO units. Indeed, TEMPO-
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methacrylate polymers are known to exhibit UCST behavior in water-
containing solvents,’® and thus to lead to the weakening or
disintegration of hydrophobic TEMPO-rich domains. Thus, the two
hypothesized effects are going in opposite directions: on one hand
hydrophobic TEMPO units should decrease the cloud point of OEGMA
(this effect is essentially observed for the hydrogels containing the
highest amount of TEMPO, i.e. 0.4) and, on the other hand, TEMPO
units start to be hydrophilic at higher temperature (this effect is
essentially observed for the hydrogels containing the lowest amount of
TEMPO, i.e. 0.1). For Xtempo values of 0.2 and 0.3, an intermediate
behavior between the two extreme is observed. Those combined two
effects could explain the evolution observed in Figure 3.6 for the
swelling factors of P(TEMPO-r-OEGMA) hydrogels as temperatures
Increases.

3.3.3 Rheological properties

The viscoelastic properties of the P(TEMPO-r-OEGMA) hydrogels
were investigated by rotational rheometry. The viscoelastic response
was first measured as a function of temperature for the reference
hydrogel without TEMPO units and for the ones with Xtempo values
equal to 0.1 and 0.4. As shown in Figure 3.7, the storage modulus (G”)
decreases when the temperature increases, while it increases when the
value of Xtewmpo increases. The effect of Xtempo can be understood on
the basis of the formation of hydrophobic TEMPO-rich domains acting
as physical crosslinking nodes in the hydrogel. Those ones are added to
the chemical crosslinking nodes afforded by OEGMA: units and are
basically acting as mechanically reinforcing nodes, resulting in a higher
G’. This effect is more pronounced as the content of TEMPO is
increased in the hydrogels resulting in more or larger hydrophobic
domains.

The effect of temperature has to be discussed with an approach
similar to the one used for explaining the evolution of the swelling
factor as a function of temperature. On the one hand, higher temperature
increases the solubility of TEMPO that could ultimately lead to the
disappearance of the TEMPO physical crosslinks within and between
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the hydrogel particles. On the other hand, the solubility of the OEGMA
decreases with increasing the temperature and OEGMA becomes
insoluble once its cloud point is reached. As already discussed, the
value of the OEGMA cloud point might vary with the composition of
the hydrogel since it is likely influenced by the TEMPO units (in a
rather complex way since the hydrophilic/hydrophobic character of
TEMPO units also varies with temperature). Once the cloud point of
OEGMA is reached, the hydrogel should collapse and become
macroscopically turbid. This could ultimately lead to a macrophase
separation between a collapsed gel and an aqueous phase. This situation
has been observed for our gels at high temperature (above 60 °C) in line
with the swelling factors measurements (in this case swelling factors of
0 have been measured). Due to the formation of heterogeneous systems
composed of a flowing liquid and a solid phase, rheological
measurements could not be performed above 60 °C. Below this
temperature, as expected, the storage moduli of the investigated gels
were found to decrease as temperature increases due to an increase in
TEMPO solubility. (Figure 3.7).
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Figure 3.7 Temperature-dependent of elastic modulus G’ behavior of
the hydrogel reference without TEMPO and for the P(TEMPO-r-
OEGMA) hydrogels with the lowest and highest Xrempo values 0.1 and
0.4 respectively with Xcr 0.03.
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In order to investigate the reversible behavior of our hydrogels,
strain sweep tests have been performed from low to high strain
amplitude and then, from high to low strain. Results are shown in
Figure 3.8 for Xtempo = 0 (left) and for Xtempo = 0.1 and 0.4 (right).
In the case of the hydrogel with no TEMPO unit (Figure 3.8, left), a
hysteresis is observed, which confirms the formation of hydrogels
consisting of clusters of smaller hydrogel particles able to deform and
held together via hydrogen bonds between OEGMA units and water
molecules.

For the two samples containing TEMPO units, a hysteresis is also
observed, which can be seen as a signature of reversible bonds. High
strain leads to partial breaking of the hydrophobic interactions between
TEMPO units, to allow the hydrogel particles to deform and adapt to
the flow. When coming back to low strain amplitude, these interactions
are formed again, and the initial value of the modulus is recovered. By
increasing the amount of TEMPO units from 0.1 to 0.4, hydrophobic
interactions are promoted, which leads to a higher modulus at low strain
amplitude but also, to a shorter linear regime.
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Figure 3.8 (Left) Storage and loss modulus of the hydrogel without
TEMPO units Xc1=0.03. (Right) Storage modulus of the hydrogels
with the lowest amount of TEMPO units (0.1, red curve) and the
highest amount (0.4, blue curve) with Xc1=0.03. From low to high
(filled symbols) or high to low (empty symbols) amplitude of
deformation.
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These results are also in line with the structure of our hydrogels that
are poorly crosslinked and rather consist of clusters of hydrogel
particles held together by TEMPO rich domains (hydrophobic
interactions) and entangled free polymer chains.

Regarding the oxidized P(TEMPO™-»-OEGMA) hydrogels,
frequency sweeps were firstly performed to confirm gel formation
(Figure 3.9, left). While comparing the rheological properties of the
P(TEMPO-r-OEGMA) and P(TEMPO"-r-OEGMA) hydrogels (Figure
3.9, left), the storage modulus of the charged gels decreases when the
amount of TEMPO" units increases, in sharp contrast with the non-
charged gels where G’ increases when the amount of TEMPO units
increases. This behavior can be explained by the lack of hydrophobic
TEMPO units acting as mechanically-reinforcing physical crosslinks in
the case of P(TEMPO"-r-OEGMA) hydrogels.

Moreover, increasing the amount of TEMPO" units increases
electrostatic repulsions in the system and therefore, the attractive
interactions between hydrogel particles should vanish at the expense of
repulsive ones. In turn, the macroscopic modulus of the hydrogels is
expected to decrease as the amount of TEMPO™ units increase in
agreement with the situation observed in Figure 3.9, left. Frequency
sweep measurements were also realized as a function of temperature for
the charged P(TEMPO*-r-OEGMA) hydrogels in comparison to the
reference hydrogel with no TEMPO (Figure 3.9, right). The evolution
of G’ as a function of temperature is similar to the one noted previously
of the uncharged P(TEMPO-r-OEGMA) hydrogels. Since hydrophobic
TEMPO domains are not existing in case of the P(TEMPO*-r-
OEGMA) hydrogels, one can hypothesize that the major effect playing
here is the desolvation of OEGMA upon heating. As far as the structural
features of the hydrogels are concerned, one can understand that
desolvation of OEGMA units will reduce the interactions between the
hydrogel particles and the number of hydrogen bonds connecting them,
which will lead to lower values of storage modulus.
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Figure 3.9 (Left) Frequency sweep plots of storage moduli versus
frequency for P(TEMPO-r-OEGMA) and P(TEMPO"-r-OEGMA)
hydrogels with Xcr = 0.03. (Right) Temperature-dependent of elastic
modulus G’ behavior of the hydrogel reference without TEMPO and
for the P(TEMPO"-r-OEGMA) hydrogels with the lowest and highest
Xrempo+ values of 0.1 and 0.4 respectively.

Finally, strain sweeps tests have also been performed for the
P(TEMPO*-r-OEGMA) hydrogels from low to high strain amplitude
and then, from high to low strain. Results are shown in Figure 3.10 for
Xtempo+ = 0.1 and 0.4. For both samples, a hysteresis is observed,
which can be seen as a signature of the deformability of the hydrogel
particles and of the reversible bonds (only hydrogen bonds between
OEGMA and the water molecule in this case). These results confirm
again that our hydrogels are consisting of clusters of smaller hydrogel
particles held together by non-covalent interactions.
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Figure 3.10 Storage modulus of the hydrogels with the lowest amount
of TEMPO units (0.1, red curve) and the highest amount (0.4, blue
curve) with Xc1=0.03. From low to high (filled symbols) or high to

low (empty symbols) amplitude of deformation.

3.4 Conclusions

This chapter described the combination of redox and temperature-
responsive behaviours in a same hydrogel, which has been rarely
studied. As responsive groups, we selected OEGMA with a lower
critical solubility temperature (LCST) resulting in temperature-
responsive properties and TEMPO radicals as redox-responsive units.

The strategy of synthesis was based on the use of a low amount of
difunctional monomer (OEGMA)) to chemically crosslink the polymer
network.® Therefore, the accordingly formed hydrogels obtained after
swelling with water rather consisted of microgel particles with
entangled polymer chains that are not chemically crosslinked, than a
continuous polymer network swollen with water. On the basis of the
rarely reported approaches on redox-responsive hydrogels,'! this work
has demonstrated that the TEMPO units in their radical form aggregate
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into hydrophobic domains acting as physical crosslinking nodes in our
hydrogels. Increasing the temperature resulted in two opposite effects.
On one hand, the water solubility of TEMPO units increases as
temperature increases resulting in the progressive swelling of the
TEMPO domains. On the other hand, the solubility of the OEGMA
groups decreases as temperature increases due to their dehydration. The
oxidation of TEMPO into TEMPO™ also resulted in a deep change in
the hydrogel properties since TEMPO™ units are essentially hydrophilic
and do not aggregate into physical crosslinking nodes, thus resulting
into hydrogels with weaker mechanical properties than TEMPO-
containing hydrogels and with a degree of swelling increasing with the
increasing content of TEMPO".

In conclusion, the effects of temperature and redox stimuli on the
rheological properties of reduced P(TEMPO-r-OEGMA) and oxidized
P(TEMPO*-r-OEGMA) hydrogels with varying TEMPO content at a
fixed covalent crosslinking degree have been disclosed in this paper. In
our future work, we will detail the concept of the encapsulation/release
of a guest molecule from those hydrogels via an electrochemical
oxidation of TEMPO group.
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3.5 Experimental section

e Materials and chemicals

All chemicals and monomers were purchased from Aldrich, Fluka, or
Acros. Solvents were bought from Acros. 2,2,6,6-tetramethyl-1-
piperidyl methacrylate (TMPM), oligo(ethylene glycol) methyl ether
methacrylate (OEGMA, average molar mass of 300 g/mol, Aldrich) and
di(ethylene glycol) dimethacrylate (OEGMA., Aldrich) were purified
on a AlOx-filtration column prior use in order to remove the inhibitor.
The 2,2’-azobisisobutyronitrile (AIBN, 98% purity, Fluka) initiator was
recrystallized twice from methanol prior use.

e Instrumentation

Rheological measurements. Rheology experiments were performed
on a Kinexus Ultra (Malvern Instrument) rheometer equipped with a
heat exchanger and modified with a solvent trap. Measurements were
carried out using a plate-plate steel geometry (8 and 20 mm diameter
plate—plate geometries). Oscillatory measurements were carried out in
the linear regime (by imposing either at strain amplitude of 1% or at
stress amplitude of 5 Pa) with a gap adjusted between 450 and 1800 um
at given temperatures. A strain sweep test was performed with each
sample, to determine the linear viscoelastic (LVE) range. Frequency
sweep was then used to determine the storage modulus, G’, and the loss
modulus, G”, as a function of angular frequency, ®. Normal forces were
checked to be relaxed prior any measurement.

Swelling tests. The dry gels were swollen in distilled water at 25 °C in
an isothermal water bath to study the equilibrium swelling kinetics.
Mass measurements were taken at time points of 0, 0.5, 1, 2, 4, 8, 24,
48, 72 h. The swelling factor was defined as the weight ratio between
the difference in hydrogel weight in both the dry and the swollen state
over the weight of the dry gel. In order to perform a temperature
swelling study, gels were swelled at temperature increments of 10°C
from 10 to 80°C for 24h to reach equilibrium swelling, and mass
swelling ratios at each temperature were calculated.
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e Synthesis

Typical procedure for the synthesis of P(TEMPO -r-OEGMA) and
P(TEMPO™ -r-OEGMA) hydrogels. The investigated P(TEMPO-r-
OEGMA) and P(TEMPO'-r-OEGMA) hydrogels have been
synthesized via a methodology described in our previous work.°
Briefly, a P(TMPM-r-OEGMA) precursor hydrogel was prepared by
conventional radical copolymerization of TMPM, OEGMA and
OEGMA: (chemical crosslinking agent), followed by the oxidation of
the secondary amine of TMPM units with H.O> and Na;WO; in
methanol®® to obtain the P(TEMPO-r-OEGMA) hydrogel. Different
molar ratios of TMPM/(TMPM+OEGMA) (abbreviated as Xtempo in
the following) were investigated (Xtempo = 0.1, 0.2, 0.3 and 0.4) to
investigate the influence of increasing TEMPO content and the cross-
linker molar ratio OEGMA/(TMPM+OEGMA) (abbreviated as XcL in
the following) was set to 0.03. Finally, the nitroxide radical units of
TEMPO were oxidized into oxoammonium units (TEMPQO®) with
NaClO in the presence HBF; to obtain the oxidized P(TEMPO™-r-
OEGMA) hydrogel.*?
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Application of redox-responsive hydrogels
based on 2,2,6,6-tetramethyl-1-piperidinyloxy
methacrylate and oligoethyleneglycol
methacrylate
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4.1 Introduction

TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy-methacrylate) a
typical species that can undergo reversible oxidation—reduction
reactions has been incorporated in hydrogels to achieve redox
responsiveness® including our work presented in this thesis. The design
of redox active networks usually involves the incorporation of redox
responsive centers in the polymer main chain, in the side groups or as
cross-linking moieties.! Especially valuable are hydrogels that are
capable of responding reversibly, in a controllable and predictable way,
to redox stimuli.?2 This redox stimuli may be applied chemically or
electrochemically. This last possibility is particularly interesting since
it does not require the addition of reactants to the hydrogel in order to
observe the redox responsive behavior. However, the hydrogel should
display a sufficient electric conductivity in order to be
electrochemically addressed.

In chapters 2 and 3, we have described and characterized new
redox-responsive hydrogels based on polymer networks containing
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) stable nitroxide
radicals and oligoethylene glycol methyl ether methacrylate (OEGMA)
as biocompatible co-monomer. TEMPO groups can undergo reversible
oxidation-reduction reactions that lead to redox activity while OEGMA
groups are hydrophilic and allow water swelling to obtain hydrogels. In
the present chapter, the use of those hydrogels for two different
applications is presented.

The first application presents the release of a guest molecule, namely
aspirin, in response to an electrochemical redox trigger. The advantages
of the electrochemical stimulus is that it can be localized in time, it does
not require the addition of reagents and the trigger parameters, such as
current intensity and reaction time, can easily by modulated to
adequately comply with the system. Therefore, the amount of released
guest molecule can be controlled and realized on demand.

The second application is based on the well-known use of TEMPO
groups as catalysts for the oxidation of alcohols to obtain ketones,
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aldehydes or carboxylic acids.’**® The oxidation of alcohols using
TEMPO-based catalysts is often efficient, fast, selective, realized in
mild conditions and can tolerate sensitive functional groups.}41® Here,
we report a methodology using our hydrogels containing TEMPO
groups as catalysts for the oxidation of benzyl alcohol into
benzaldehyde in aqueous medium. This second application is inspired
by the previous work of Hu et al.> Moreover, this application follows
some of the principles of green chemistry since it uses water as solvent
and it allows a very easy purification of the product of the reaction since
the latter phase separates from the hydrogel. Therefore, the TEMPO-
containing hydrogel can be easily recycled after the reaction to be used
again.

4.2 Encapsulation-release application

In order to demonstrate the encapsulation abilities of P(TEMPQO™-r-
OEGMA) hydrogels, we have designed a proof-of-concept experiment
by taking opportunity of the presence of positively charged units in the
oxidized P(TEMPO*-r-OEGMA) hydrogels to encapsulate a negatively
charged drug, namely acetylsalicylic acid commonly known as aspirin.
In a first step, the equilibrium swelling of the P(TEMPO*-r-OEGMA)
hydrogel was realized with aspirin (0.1 g/L) dissolved in 0.1M aqueous
NaClO4 solution (at this pH close to 7 the aspirin is mainly negatively
charged since its carboxylic group is in the carboxylate anion form).
After the swelling step, a small piece (2 mm?) of the hydrogel was cut
and brought in direct contact with a printed carbon electrode to perform
the electrochemical reduction of TEMPO™ into TEMPO (Figure 4.1).
In this respect, cyclic voltammetry measurements (CV) for the
P(TEMPO*-r-OEGMA) hydrogel (Xtempo= 0.2 and XcL= 0.03) loaded
with aspirin show clearly the reversible reduction of the oxoammonium
cations into nitroxide radicals (Figure 4.2, a).
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Figure 4.1 Electrochemical reduction of P(TEMPO™*-r-OEGMA)
hydrogels, swollen in aqueous NaClO4 and loaded with aspirin using
the printed carbon electrode method (PCE).

In order to demonstrate the release of aspirin molecules during the
reduction step, the supernatant aqueous solution above the hydrogel
was analyzed by mass spectrometry and the presence of aspirin
molecules released from the hydrogel was detected (green mass
spectrum in Figure 4.2, b). In a second step, the electrochemical
oxidation of the P(TEMPO-r-OEGMA) hydrogel into P(TEMPO*-r-
OEGMA) was performed and followed by CV (Figure 4.2, a). Once
again, the supernatant aqueous solution above the hydrogel was
analyzed by mass spectrometry but this time no aspirin molecules were
detected (blue mass spectrum in Figure 4.2, b). This observation
confirms that no aspirin molecules can be released from the
P(TEMPO*-r-OEGMA) hydrogel because electrostatic interactions
between negatively charged aspirin molecules and positively charged
TEMPO™ groups are operating. A second explanation could be that all
the encapsulated aspirin molecules have been released during the
electrochemical reduction step and that the hydrogel contains no more
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aspirin molecules. In order to clear out those questions, we have
performed two additional experiments. In a first experiment, we have
deposited a small amount of the 1M NaClO4 solution on top of the
aspirin loaded P(TEMPO*-r-OEGMA) hydrogel and we have let the
system to equilibrate for 12h. Afterwards, the supernatant of the
hydrogel has been analyzed by mass spectrometry and no aspirin
molecules were detected confirming their strong electrostatic
encapsulation in the hydrogel.

In a second experiment, UHPLC has been used to determine the
amount of aspirin released in the supernatant of the P(TEMPO"-r-
OEGMA) hydrogels after the electrochemical reduction. The
determined concentration of aspirin molecules was 1372uM (247 ppm),
for a total surface of 6.9 mm2 (surface of the electrode) and a cutted gel
surface of 2 mm? (Figure 4.1). The further calculation indicated that
100% of aspirin molecules were released in the whole supernatant,
proving the efficiency of the electrochemically triggered release
process.

All those results prove a new concept for the encapsulation/release
of a negatively charged molecule from TEMPO™*-containing hydrogels
via electrochemical oxidation/reduction.
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a) P(TEMPO*-r-OEGMA)

0,02
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Figure 4.2 a) Cyclic voltammetry of P(TEMPO*-r-OEGMA)
hydrogels. Analyses conducted in 0.1 M NaClOys in distilled water at a
carbon electrode. Scan rate =5 mV s~/ b) Mass spectroscopy analysis

of the supernatant for the oxidation step (blue curve), reduction step
(green curve) and the aspirin reference molecule (orange curve).
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4.3 Catalyst scaffold for alcohol oxidation

e P(TEMPO-r-OEGMA) hydrogels as catalytic scaffolds for the
oxidation of alcohols

The catalytic activity of P(TEMPO-r-OEGMA) hydrogels (Xtempo
=0.2 and Xc.=0.03) has been determined by monitoring the oxidation
of benzylic alcohol under aerobic condition (Figure 4.3). Practically,
the reaction was started by mixing in a 10 mL round-bottom flask the
dry gel (153 mg) and all the reactants (benzylic alcohol, 0.52 mL; tert-
butyl nitrite as a metal-free co-catalyst, 5 mol% and water, 1.5 mL)
together and stirring for 2 hours at room temperature. In a second step,
the temperature was raised to 50 °C to start the oxidation reaction for 4
hours. Then, the reaction was stopped by let it cool down to room
temperature for 30 minutes and the supernatant of the gel was analyzed.

OH

H,0 (1.5 ml), TBN (5 mol%), 50 °C, 02

f\

Mk S0
< £
~_/

Figure 4.3 Reaction conditions for benzyl alcohol oxidation.
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As shown by the GC-MS spectrum in Figure 4.4, the quantitative
benzylic alcohol conversion was confirmed by utilizing tert-butyl-
nitrite (TBN) as nitrite source with the peak characteristic of
benzaldehyde appearing at 2.644 min with 83.45% relative area.
Considering that the rest 16.55% relative area belonged to either some
impurities or residual solvent, the actual benzaldehyde selectivity was
close to 100%.

Such a high catalytic efficiency of the P(TEMPO-r-OEGMA)
hydrogel could be mainly due to its composition allowing an important
and uniform uptake of benzylic alcohol inside the hydrogel. In this
respect, a homogenous system is observed when the P(TEMPO-r-
OEGMA) hydrogel is added with the reactants and equilibrated.
Benzylic alcohol was absorbed inside the matrix and as the reaction
starts to proceed, a supernatant appears on top of the hydrogel
essentially consisting of benzaldehyde (as determined by GC-MS, see
above) that phase separates from the hydrogel. This last characteristic
feature is very interesting since it allows the easy recovery of the
product of the reaction and the easy recycling of the TEMPO catalyst.
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Figure 4.4 GC-MS spectra of the solution obtained after
oxidation.

e Monitoring the kinetics of the reaction by in-situ infra-red
spectroscopy

In order to get more information about the kinetics of the oxidation
reaction of benzylic alcohol into benzaldehyde, an in-situ infra-red
monitoring of the reaction was realized. Practically, the reaction was
performed using the same experimental conditions as described above
in the presence of an infra-red probe immersed in the reaction medium.
The recording of the infra-red probe was started when temperature was
raised to 50 °C to start the oxidation reaction. The infra-red data were
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only usable to up to 90 minutes of reaction since technical problems
were encountered later. Those problems were resulting either from an
air bubble appearing on the probe window or from the gel itself
impeding the movement of the solution to and from the probe window.

Nevertheless, the recorded data allow the deduction of two main
trends corresponding to a linear disappearance of benzylic alcohol and
a concomitant linear formation of benzaldehyde over time (Figure 5.5).
This would indicate a zero order for the kinetics of the reaction as it is
often the case for diffusion limited reactions due to the presence of a
gel.*

Normalized (%)
@
3

00:15:00 00:30:00 00:45:00 01:00:00 01:15:00 01:30:00

ime

Figure 4.5 Evolution of the normalized integration of the infra-red
spectra of benzylic alcohol and benzaldehyde during the oxidation
reaction of benzyl alcohol (black curve) into benzaldehyde (red curve)
over time.
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The formation of benzaldehyde can be followed in the infra-red
spectra by the peaks at 1700,1167 and 1204 cm™ corresponding to
vibrations associated to the aldehyde function. On the other hand, the
peaks corresponding to the benzylic alcohol molecule in the area
between 1605 and 1660 cm™ are linearly vanishing with time (Figure

4.6).

All these results confirm the very efficient oxidation of benzylic
alcohol to benzaldehyde using our redox hydrogels as catalyst.

20200219 FB gohy spectre reference 20200219 FB gohy spectre reference
- A

20200219 FB gohy spectre reference
!
%

Figure 4.6 Reference FTIR spectra (blue=water;
yellow=alcohol/water, purple=aldehyde/water).

Following characteristic peaks (cm™) are identified:

- Alcohol: 1010, 1081, 1037, 1495
- Aldehyde: 1698, 1596, 1391, 1313, 1167, 82
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4.4 Conclusions

Redox-responsive hydrogels represent a highly interesting and
versatile class of materials for loading and release applications in the
biomedical field. In this chapter, we have taken advantage of the
positive charge present on the oxidized form of TEMPO
(oxoammonium cations in TEMPO") in our P(TEMPO-r-OEGMA)
hydrogels to electrostatically complex a negatively charged model
molecule (aspirin). We have demonstrated that aspirin is tightly bound
to TEMPO" and cannot diffuse out the hydrogel. However, when
TEMPO* groups are electrochemically reduced into TEMPO radicals,
the electrostatic interaction between aspirin and TEMPO™ disappears
which allows the release of the aspirin molecule from the hydrogel.
Furthermore, by using UHPLC, we have demonstrated that aspirin can
be quantitatively released from the hydrogel. Finally, it should be
pointed out that a very simple carbon printed electrodes has been used
to electrochemically trigger our hydrogels (which have simply
deposited on top of the electrode) proving that this set-up could be
easily utilized for real life applications.

Finally, we have demonstrated the efficiency of our hydrogels as
TEMPO-based catalysts for the oxidation of benzylic alcohols to the
corresponding aldehydes under aerobic conditions. Moreover, the final
products are easily separated from the hydrogel starting materials
without using toxic organic solvents or complicated and costly process.
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4.5 Experimental section

e Materials

All chemicals and monomers were purchased from Aldrich, Fluka, or
Acros. Solvents were bought from Acros. Acetylsalicylic acid (ASA),
2,2,6,6-tetramethyl-1-piperidyl methacrylate (TMPM), oligo(ethylene
glycol) methyl ether methacrylate (OEGMA, average molar mass of
300 g/mol, Aldrich) and di(ethylene glycol) dimethacrylate (OEGMA.,
Aldrich) were purified on a AlOx-filtration column prior use in order to
remove the inhibitor. The 2,2’-azobisisobutyronitrile (AIBN, 98%
purity, Fluka) initiator was recrystallized twice from methanol prior use.

e Instrumentation

Electrochemical measurements. All electrochemical experiments
were performed at room temperature using 0.1M NaClO4 as supporting
electrolyte. 5uL of sample were dropped on the working electrode
(carbon screen printed electrode DRP-110-U75, Metrohm) and, after 60
s, cyclic voltammetry was performed in the potential range comprised
between 0.2 and 0.6 V at a scan rate of 10 mV/s.

Ultra-high-pressure liquid chromatography (UHPLC) -
electrospray ionization mass spectrometry (ESI) analysis. An
UHPLC system consisting of a binary pump, an automatic injector, a
column oven and an Agilent 1290 series UV detector was used. The
separation was carried out on an Eclipse plus C18 RRHD column (100
x 2.1 mm, 1.8 um) at a flow rate of 0.2 ml/min and using an aqueous
solution containing 1.0% of acid formic acid and 5% acetonitrile
(solvent A) and acetonitrile containing 0.1% formic acid (solvent B).
The elution program was started at 90% solvent A for 1 min, then 90%
solvent B for 6 min at a flow rate of 0.2 mL/min with UV detection at
280 nm. The injection volume was kept at 5 pL for the standard and all
the other samples. The detection in mass spectrometry was carried out
by an ESI jet stream Agilent 6150B mass spectrometer. The analysis
was carried out at 200 ° C with a capillary voltage of 1500eV and a
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voltage nozzle at 2000eV. The parameters were optimized for the
detection of acetylsalicylic acid as follows: Nebulization pressure at 50
psi, drying gas at 4 L/min and power of fragmentary set at 75eV. The
retention time of aspirin was observed at 5.52 + 0.1 min for MS and
5.32 = 0.1 min for UV. An aspirin standard (Sigma Aldrich) was
dissolved in acetonitrile (ACN) containing 0.1% formic acid. A
calibration curve ranging from 15uM (2.7 ppm) to 301uM (54.2 ppm)
was injected. The aspirin was followed in LC-MS in SIM (-) mode for
m/z of 179 and 225 and in UV at 280nm. 30pl of samples were diluted
with 100pl of water (dilution factor 4.33)

Gas chromatography (GC) — mass spectrometry (MS) analysis. The
chromatographic separation of benzaldehyde and benzylic alcohol was
performed using a Thermo Scientific™ TRACE 1310 GC coupled with
a single quadrupole ISQ QD mass spectrometer. The GS was equipped
with a RESTEK Rxi®-5Sil MS column (L =30m, d ¢ = 0.25 mm, and
df=0.25 um). The GC temperature program started at a temperature of
60°C, ramped to 300°C (20°C/min, held 5min) with a constant flow of
2 ml/min, resulting in an overall analysis time of 17 min. Injection mode
with split ratio of 1/10 was used. The MS was operated with source of
mass at 305 °C and full scan mode (or TIC for total ions current) from
40 to 400 m/z.

Fourier-transform infra-red (FTIR) kinetic study. A probe 6.3 mm
AgX DiComp (Au, Diamond, C22) was connected to a ReactIR 15 from
Mettler Toledo. The probe was introduced in an Easymax reactor from
Mettler Toledo.
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e Synthesis

Typical procedure for the synthesis of poly(2,2,6,6-tetramethyl-1-
piperidinyloxo ammonium methacrylate-random-oligo(ethylene
glycol) methyl ether methacrylate) (P(TEMPO* -r-OEGMA))
hydrogels. The investigated P(TEMPO*-r-OEGMA) hydrogels have
been synthesized via a methodology described in our previous work.®
Briefly, a P(TMPM-r-OEGMA) precursor hydrogel was prepared by
conventional radical copolymerization of TMPM, OEGMA and
OEGMA: (chemical crosslinking agent), followed by the oxidation of
the secondary amine of TMPM units with H.O, and Na;WO; in
methanol to obtain the P(TEMPO-r-OEGMA) hydrogel.® The molar
ratio of TMPM/(TMPM+OEGMA) (abbreviated as Xtempo in the
following) was set to 0.2 and the cross-linker molar ratio
OEGMA/(TMPM+OEGMA) (abbreviated as XcL in the following)
was set to 0.03. Finally, the nitroxide radical units of TEMPO were
oxidized into oxoammonium units (TEMPO®) with NaCIlO in the
presence HBF: to obtain the oxidized P(TEMPO*-r-OEGMA)
hydrogels.’
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Synthesis and  characterization  of
hydrogels containing redox-responsive 2,2,6,6-
tetramethylpiperidinyloxy methacrylate and
thermo-responsive N-isopropylacrylamide
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P(TEMPO-s-NIPAM) REDOX-RESPONSIVE HYDROGELS

5.1 Introduction

Polymers represent attractive candidates for smart materials
because they may contain different domains or moieties, each of them
with specific properties that may lead to multi-responsive systems.
Moreover, polymers can form extended three dimensional structures
which hold the solvent. Hydrogels are typical examples of such
structures in which a crosslinked three-dimensional network of polymer
holds water without dissolution. Depending on the monomers
incorporated into the hydrogel and the conditions of the surrounding
medium, hydrogels can exhibit a full range of properties. As a typical
example, the work of Singh et al. showed that the swelling properties
of poly(N-isopropylacrylamide) (PNIPAM) containing hydrogels could
be tailored by incorporating various contents of poly(ethylene glycol)
methacrylate (PEGMA) as well as by the conditions of polymerization.t
In this respect, the lower critical solubility temperature (LCST) of
PNIPAM was increased by increasing amount of PEGMA and was
attaining a temperature of 37 °C after copolymerization with 10 wt% of
PEGMA. Moreover, the copolymer composition also had a large effect
on the cell growth and detachment.!

As already highlighted in the example before, hydrogels as
biocompatible materials?> are quite promising for applications in
aqueous media.® And they become in particular useful when they are
used as ‘smart’ materials.> As far as aqueous media are concerned,
temperature and pH value changes are the most commonly studied
stimuli since these parameters can be easily controlled.
Thermoresponsive hydrogels have been recently increasingly
investigated and are usually prepared from thermosensitive polymers
with a lower critical solubility temperature (LCST).* More precisely,
around the critical temperature, the polymer in aqueous solution
exhibits a phase transition from a soluble to an insoluble state. Among
the known LCST polymers, PNIPAM is one of the most promising
because of its LCST (32°C) is close to human body temperature. There
are numerous examples referring to PNIPAM hydrogels®® and many
applications are in aqueous medium in which they swell to a very high
degree.® ! This requires a low density of slightly crosslinked PNIPAM
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chains which makes the gels extremely poor in mechanical strength.
This constitutes a great hurdle in their applications.

In chapter 2 and 3, we described the synthesis and characterization
of redox hydrogels based on poly(2,2,6,6-tetramethylpiperidinyloxy
methacrylate-random-oligoethyleneglycol methacrylate) (P(TEMPO-
r-OEGMA)) copolymer networks. In these hydrogels, the OEGMA
comonomer brings the hydrophilicity to the polymer network, the
TEMPO methacrylate component being hydrophobic in its reduced
form. Although, OEGMA is characterized by a LCST behavior, its
cloud-point is located at a too high temperature (above 60 °C) to allow
the hydrogel to be exploited for bio-applications.'? This prompted us to
replace it by NIPAM that exhibits a lower LCST value Therefore, the
present chapter aims at synthesizing poly(2,2,6,6-
tetramethylpiperidinyloxy methacrylate-statistical-N-
isopropylacrylamide) (P(TEMPO-s-NIPAM)) copolymer networks,
inspired by the strategy of Nistor et al.'®* who developed a semi-
synthetic hydrogel based on poly(N-isopropyl acrylamide-co-
diethylene glycol diacrylate) inserted onto a collagen porous
membrane. The synthesis of those hydrogels was performed through
radical copolymerization of N-isopropyl acrylamide (NIPAM) with
diethylene glycol diacrylate (DEGDA) as crosslinking agent, using
ammonium persulfate as initiator and N,N,N’,N -tetramethylethylene
diamine as activator. A study of the effects of the redox and
temperature stimuli on the mechanical and physicochemical properties
of these hydrogels will be then performed.

5.2  Synthesis

The investigated P(TEMPO'-s-NIPAM) hydrogels  were
synthesized via a three-step methodology as depicted in Figure 5.1.
First, a P(TMPM-s-NIPAM) precursor hydrogel was prepared by
conventional radical polymerization, followed by the oxidation of the
secondary amine of the PTMPM units with H20, and Na;WOj in
methanol to obtain the P(TEMPO-s-NIPAM) hydrogel.
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Different molar ratios of TMPM/(TMPM + NIPAM + DEGDA)
(abbreviated as Xtempo in the following) were investigated (0.1, 0.2,
0.3 and 0.4) and the cross-linker molar ratio DEGDA/(TMPM +
NIPAM + DEGDA) (abbreviated as XcL in the following) was also
varied (0.02, 0.03, 0.04, 0.05 and 0.13) to investigate the influence of
increasing both TEMPO and DEGDA amounts on the characteristics of
the hydrogels.
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Figure 5.1 Synthesis of P(TEMPO*-s-NIPAM) hydrogels.
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The yield of the polymerization reaction was checked by *H NMR
by dissolving the dry P(TMPM-s-NIPAM) network in CDCIlz and
recording a *H NMR spectrum of the soluble fraction. No signal
corresponding to ethylenic protons was detected for all the investigated
systems confirming a full conversion of the monomers (Figure 5.2).
Signals corresponding to P(TMPM-s-NIPAM) polymer chains were
however detected in the soluble fraction confirming that the obtained
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P(TMPM-s-NIPAM) networks are slightly crosslinked and that some
entrapped P(TMPM-s-NIPAM) free chains can be extracted from the
hydrogel. The amount of extracted free chains was determined to be
10+1 wt% in agreement with our previously results on hydrogels based
on OEGMA reported in chapter 2.

1

| UHJ L L

4.0 s
f1 (ppm)

Figure 5.2 Typically, *H-NMR spectrum of the supernatant of the
polymerisation medium for the investigated P(TMPM-s-NIPAM)
hydrogels after overnight polymerization in deuterated chloroform.
(Xtemp0=0.2; XcL=0.03). Same results were obtained for all the
synthetized networks.

Finally, the nitroxide radical units of TEMPO were oxidized into
oxoammonium units (TEMPO™) with NaClO in the presence of HBF4
to obtain the oxidized P(TEMPO®*-s-NIPAM) hydrogels. The
macroscopic appearance of the synthesized hydrogels is listed in Table
1 in accordance to the Xtempo and XcL parameters.

The fact that the synthesized P(TEMPO-s-NIPAM) networks do not
always form hydrogels (Table 5.1) can be explained by different
factors. Firstly, with too low concentrations of crosslinking agent (XcL
=0.02, 0.03 and 0.04), it seems that the crosslinking density is too low
to allow the formation of a macroscopic hydrogel. Secondly, the
amount of TEMPO (or TMPM before oxidation) in the polymer
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network is an important parameter driving the formation of a
macroscopic hydrogel. Indeed, we have demonstrated in our previous
reports that TEMPO (or TMPM before oxidation) units are essentially
hydrophobic and aggregate into nano-domains.?? Those hydrophobic
interactions are leading to physical crosslinks summing up to the
chemical crosslinks provided by the bifunctional DEGDA monomer.

Xtempo 0 0.1 0.2 0.3 0.4
XCL
0.02 Liquid Liquid Liquid Liguid Liquid
0.03 Liquid  Liquid Liquid Liguid Liquid
0.04 Gel Liquid Gel Liquid  Liquid
0.05 Gel Gel Gel Liquid  Liquid
0.13 Gel Gel Gel Gel Gel

Table 5.1 Macroscopic aspect of the P(TEMPO-s-NIPAM) hydrogels
according to Xtempo and Xct.

5.3 Morphological analysis

e Dynamic light scattering

Since the synthesis of the P(TEMPO-s-NIPAM) networks is
conducted in agueous medium, one could consider that the presence of
hydrophobic TEMPO nano-domains has little effect on the formation
of a macroscopic hydrogel since those nano-domains will be present in
all investigated samples. In that respect, the amount of DEGDA
crosslinker seems to be the main factor dictating the formation of a
macroscopic gel and a value of Xc. above 0.05 is needed to observe the
systematic formation of hydrogels. This conclusion is corroborated by
the expected reactivity ratios (r: and rz) of the TMPM/NIPAM
comonomers. Although we have not experimentally determined the
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reactivity ratios in the present study, it is well known that methacrylate
monomers are more reactive than acrylamide ones. As a typical
example, Virtanen et al. have determined the reactivity ratios of
NIPAM (monomer 1) and glycidyl methacrylate (monomer 2) and have
found r1 = 0.39 and r, = 2.69.1* If we assume that a similar situation
prevails in our case, we can assume that TMP is consumed first during
the copolymerization reaction. Since we are reaching full conversion
for the polymerizations carried out in the present study, TEMPO (or
TMPM before oxidation) hydrophobic domains do form first during the
course of polymerization from which NIPAM-rich blocks are growing
in a next step. A significant part of the DEGDA crosslinker could be
incorporated into the TEMPO (or TMPM before oxidation) rich
domains, explaining why a significant amount of DEGDA is required
to observed macroscopic gelation (see Table 5.1). If this hypothesis is
valid, this would mean that kinds of nanogel or micellar structures
should be formed during the copolymerization reaction. At the end of
the copolymerization reaction those nanostructures will be eventually
connected by chemical crosslinks in order to form the macroscopic
hydrogel. In order to validate this hypothesis, we have performed
dynamic light scattering (DLS) and cryo-transmission electron
microscopy (cryo-TEM) analysis of samples that do not form a
macroscopic gel. Indeed, those samples are liquids showing the typical
blueish appearance of micellar solutions (Table 5.1). Figure 5.3 shows
a size distribution analysis obtained by DLS on the P(TEMPO-s-
NIPAM) sample with and Xtempo = 0.2 and Xcr = 0.03. A single peak
corresponding to a mean hydrodynamic radius of 25 nm is observed
indicating the presence of micellar nano-objects or nanogel particles.
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Figure 5.3 Size distribution histogram obtained by DLS on a
P(TEMPO-s-NIPAM) solution with Xrempo = 0.2 and XcL = 0.03.

e Cryo-TEM microscopy

Figure 5.4 shows a typical cryo-TEM picture for the same
P(TEMPO-s-NIPAM) sample (diluted 100 times) with Xtempo = 0.2 and
XcL = 0.03 system. Spherical nano-object with diameters ranging from
30 to 50 nm were found. Those results agree with the DLS results and
confirm our hypothesis concerning the formation of micellar nano-
objects or nanogel particles containing TEMPO-rich hydrophobic
domains when the amount of crosslinker is too low.
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Figure 5.4 Cryo-TEM image for a P(TEMPO-s-NIPAM) sample with
Xtempo= 0.2 and Xc.=0.03.

For higher amounts of crosslinker (i.e. 0.13), macroscopic gelation
is observed (Table 5.1 and Figure 5.5) meaning that the amount of
crosslinker is sufficient to link together the micellar nano-objects or
nanogel particles observed in Figures 5.3 and 5.4. Therefore, in the
following of this paper, the focus will be on the hydrogel-forming
samples with Xc. = 0.13 and different Xtempo = 0.1, 0.2, 0.3 and 0.4
(Figure 5.5).

Figure 5.5 Library of the reduced P(TEMPO-s-NIPAM) (top) and
oxidized P(TEMPO*-s-NIPAM) (bottom) hydrogels with Xci = 0.13
and different Xtewmpo (indicated on top).
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5.4  Electrochemical performances

The oxidation of the P(TMPM-s-NIPAM) precursor into the
P(TEMPO-s-NIPAM) hydrogel was macroscopically observed by the
appearance of the orange color characteristic of nitroxide radicals
(Figure 5.5). The oxidation yield of TMPM units into TEMPO ones
was further determined by ESR. This method indicates an oxidation
yield of ca. 99% and confirms that a high rate of oxidation has been
reached for all the investigated hydrogels. As a typical example, Figure
5.6 (red line) shows for the P(TEMPO-s-NIPAM) hydrogel with
Xtempo = 0.4 and Xci = 0.13 a spin density of around 1.15x10°% mol g
1 with the typical signal shape for polymeric organic radicals, which
confirms the presence of TEMPO radicals in this hydrogel.

1 P(TEMPGQ-s-NIPAM) ——
84 P(TEMPQ"-s-NIPAM) ——

04 —t e

Signal intensity (a.u.)

-104

3200 ' 34|00 ' 36|00
Magnetic field (G)
Figure 5.6 Electron spin resonance spectra of the P(TEMPO-s-
NIPAM) (red line) and P(TEMPO*-s-NIPAM) (green line) hydrogels
(Xtempo = 0.4 and XcL = 0.13).

Finally, the P(TEMPO-s-NIPAM) hydrogels were converted into
P(TEMPO*-s-NIPAM) ones by the chemical oxidation of the nitroxide
radicals into oxoammonium cations using NaClO. This reaction can be
visually monitored by the color change of the hydrogels from orange to
yellow (Figure 5.5). ESR was also used to monitor this reaction. As a
typical example, a spin ratio of ca. 10 mol g was measured for the
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P(TEMPO*-s-NIPAM) hydrogel with Xtempo = 0.4 and XcL = 0.13 and
no characteristic signal belonging to radical species was clearly
visualized (Figure 5.6, green line). From the spin density measurement,
we deduce that only ca. 0.1% of the TEMPO units are not oxidized into
TEMPO™, which practically means that the conversion of the TEMPO
units into TEMPO™ ones is quantitative. Similar results have been
obtained for all the investigated hydrogels.

5.5 Mechanical properties
5.5.1 Swelling test in function of time

Swelling tests were performed on the P(TEMPO-s-NIPAM)
hydrogels with XcL = 0.13 (Figure 5.7). The swelling factor, defined as
[(Ws —Wd)/Wd] where Ws is the weight of the hydrogel in the swollen
state at equilibrium and Wd is the weight of the hydrogel in the dry
state, was calculated. The equilibrium state was determined by
regularly weighting the hydrogel during the swelling process until it
reached a constant weight (typically after 24 h).

However, the hydrogels were further equilibrated to reach a total
time of 48 h before measurement. P(TEMPO-s-NIPAM) hydrogels
with Xtempo of 0.1, 0.2 and 0.3 display swelling factors around 140
(Figure 5.7, a). For the hydrogel with Xtempo = 0.4, the swelling factor
decreases by nearly a factor of two, which can be explained by the
increase in hydrophobicity provided by the TEMPO units.

The swelling factors were significantly different for oxidized
P(TEMPO*-s-NIPAM) hydrogels with values around 85-90 for Xtempro
=0.1and 0.2 (Figure 5.7, b) and around 110 for Xtemro 0.3 and 0.4. In
this case, the value of the swelling factor increases with the content in
TEMPO™ groups which is expected since TEMPO®* groups are
hydrophilic in contrast to hydrophobic TEMPO groups. The swelling
factor values are smaller for the P(TEMPO™-s-NIPAM) hydrogels
compared to the P(TEMPO-s-NIPAM) ones in agreement with our
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previous studies on P(TEMPO-r-OEGMA) and P(TEMPO*-r-
OEGMA) hydrogels described in chapter 2 and 3.2>%
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Figure 5.7 Kinetic swelling study of a) P(TEMPO-s-NIPAM) and b)
P(TEMPO*-s-NIPAM) hydrogels with varying Xrempo (XcL fixed to
0.13, error bars represent average swelling ratio + standard deviation

where n = 3).
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5.5.2 Swelling test in function of temperature

The temperature-dependent swelling profiles of the P(TEMPO-s-
NIPAM) hydrogels with varying amounts of TEMPO units and Xcv
equal to 0.13 are illustrated in Figure 5.8. As temperature increases,
swelling decreases until 80 °C, when all gels totally collapsed. The
swelling factors decrease significantly between 20 and 25 °C for all the
investigated P(TEMPO-s-NIPAM) hydrogels in agreement with the
desolvation of NIPAM units and in line with the milky macroscopic
aspect of the hydrogels. This occurs at temperatures a bit lower than
the reported LCST of PNIPAM (32 °C). This observation is expected
since the presence of hydrophobic TEMPO units should shift the LCST
to lower temperatures.®® On the other hand, we have previously
demonstrated that solubility of TEMPO units increases as temperature
increases.?® This effect would explain why a complete collapse of the
P(TEMPO-s-NIPAM) hydrogels is not observed above the LCST of
NIPAM units but rather a slow desolvation of the hydrogels as
temperature increases (Figure 5.8).

As far as P(TEMPO*-s-NIPAM) hydrogels are concerned, the
swelling factors are found to be constant whatever the temperature and
the amount of Xtempo+. Therefore, it seems that the hydrophilic
character of TEMPO* units is totally overwhelming the effect of the
LCST of PNIPAM which has not been observed for the investigated
samples. Indeed, all the P(TEMPO-s-NIPAM) hydrogels remains
optically clear whatever the temperature meaning that the LCST of
PNIPAM is not reached in our experimental window of parameters.
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Figure 5.8 Temperature-dependent swelling profiles of P(TEMPO-s-
NIPAM) hydrogels for different Xtempo and XcL = 0.13 (error bars
represent average swelling ratio + standard deviation where n = 3).

5.5.3 Rheology experiment

The viscoelastic properties of the P(TEMPO-s-NIPAM) hydrogels
were investigated by rotational rheometry. The viscoelastic response
was measured as a function of the oscillation frequency for the different
Xtempo Values and for XcL = 0.13. As shown in Figure 5.9, the storage
modulus (G’) is constant in the whole experimental frequency range,
confirming the formation of a gel. By adding more TEMPO units in the
hydrogel, G’ increases. Since these units are insoluble in water, we
hypothesize that TEMPO groups aggregate into hydrophobic domains
that could be at the origin of the nanostructures observed by cryo-TEM
(Figure 5.4). As suggested before, those hydrophobic domains could
play the role of additional physical crosslinks to the chemical crosslinks
provided by the DEGDA units, which nicely explains the increase of
the elastic modulus of our hydrogels with increasing Xtempo. Regarding
the oxidized P(TEMPO*-s-NIPAM) hydrogels, frequency sweeps were
also performed that confirm gel formation (Figure 5.9).
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Figure 5.9 Frequency sweep plots of storage versus frequency for
P(TEMPO-s-NIPAM) and P(TEMPO"-s-NIPAM) hydrogels with
varying Xrempo and Xcr = 0.13.

While comparing the rheological properties of the P(TEMPO-s-
NIPAM) and P(TEMPO*-s-NIPAM) hydrogels, we observe that the
oxidized P(TEMPO*-s-NIPAM) hydrogels display higher moduli than
the P(TEMPO-s-NIPAM) ones although the physical crosslinks due to
hydrophobic TEMPO domains disappear upon oxidation of the
nitroxide radicals into soluble oxoammonium cations. As we discussed
previously in this thesis, the elastic modulus of hydrogels varies
depending on the presence or not of charged groups in their structure.
We attribute the higher G’ in P(TEMPO*-s-NIPAM) hydrogels to a
stiffening of the polymer network resulting from electrostatic
repulsions among positively charged TEMPO* units and the effect of
the electrostatic interactions of charged groups on the elastic free
energy. This is consistent with the observation of the swelling behavior
discussed above. The evolution of the storage modulus as a function of
temperature is presented in Figure 5.10 and is fully consistent with the
temperature swelling data, i.e. G’ decreases with temperature for
P(TEMPO-s-NIPAM) hydrogels and is constant for P(TEMPO™-s-
NIPAM) hydrogels in the investigated temperature range.
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Figure 5.10 Storage modulus of the a) P(TEMPO-s-NIPAM)
hydrogels and b) P(TEMPO™*-s-NIPAM) hydrogels with the lowest
Xtempo = 0.1; highest Xtempo = 0.4 and XcL = 0.13.

In order to investigate the reversible behavior of our hydrogels,
strain sweeps have been performed from low to high strain amplitude
and then from high to low strain. The results are shown in Figure 5.11
for the P(TEMPO-s-NIPAM) hydrogels with Xtempo = 0.1 (lowest
amount) and 0.4 (highest amount) and Xc. = 0.13.

For both samples, hysteresis is observed, which can be seen as a
signature of reversible association operating in our hydrogels. While
the network structure is partially broken at high strain in order to allow
the sample to deform, the network is reformed when coming back to
low strain amplitude. This behavior can be explained by the
hypothesized structure of our hydrogels previously described in this
chapter. Indeed, our hydrogels are believed to consist of
micellar/nanogel particles containing a TEMPO-rich core that are
usually linked together by chemical crosslinks. However, a significant
amount of nano-objects could be trapped in the network structure
through reversible association of the TEMPO groups, but without being
covalently linked to this network. Therefore, upon deformation, those
ones could dissociate from the covalent network compromising its
integrity. Nevertheless, this behavior is reversible allowing the network
to reform when deformation is stopped.
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Figure 5.11 Storage modulus of the P(TEMPO-s-NIPAM) hydrogels
with XcL = 0.13 and Xtempo = 0.1 (blue) or 0.4 (yellow), from low to
high (filled symbols) or high to low (empty symbols) amplitude of
deformation.

The strain sweep experiment carried out on oxidized P(TEMPO*-s-
NIPAM) hydrogels basically show the same hysteresis behavior
(Figure 5.12), confirming our hypothesis about the structure of the
hydrogel. Those hydrogels are mechanically weak and can be reversibly
disrupted which allow us to suggest that a fraction of nano-objects is
simply entrapped in the network and can be disentangled when a
mechanical deformation is applied.
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Figure 5.12 Storage modulus of the P(TEMPO™-s-NIPAM) hydrogels
with XcL = 0.13 and Xtempo = 0.1 (red) or 0.4 (orange), from low to
high (filled symbols) or high to low (empty symbols) amplitude of
deformation.

In sharp contrast, the reference gel containing only NIPAM and
DEGDA (and thus no TEMPO) keeps its integrity upon high
deformation (Figure 5.13). However, in order to enter its nonlinear
regime of deformation, covalent bonds have to break and the sample
does not recover its initial state with lowering the strain amplitude. In
this case, no micellar/nanogel substructure is present and only chemical
crosslinking points are responsible for network formation.
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Figure 5.13. Storage modulus of the reference hydrogel without
TEMPO units with XcL = 0.13 from low to high (red) or high to low
(blue) amplitude of deformation.

5.6 Encapsulation properties

In order to demonstrate the encapsulation abilities of our hydrogels,
we have designed a proof-of-concept experiment taking opportunity of
the presence of positively charged units in the oxidized P(TEMPO*-s-
NIPAM) hydrogels to encapsulate a negatively charged model
molecule, namely eosin B. Eosin B was selected since it can be easily
visually followed by its pink-red color. In a first experiment water
containing eosin B at a concentration of 0.012 g/L was used to realize
the equilibrium swelling of either the P(TEMPO-s-NIPAM) or the
P(TEMPO*-s-NIPAM) hydrogels. As macroscopically observed in
Figure 5.14, both P(TEMPO-s-NIPAM) and the P(TEMPO*-s-
NIPAM) (both prepared from the network with Xtempo= 0.4 and XcL =
0.13) do form hydrogels with encapsulated eosin B. Nevertheless, the
supernatant from the hydrogel prepared from the P(TEMPO*-s-
NIPAM) (Figure 5.14) seems to be colorless while the one from the
P(TEMPO-s-NIPAM) sample (Figure 5.14) still presents the same
characteristic pink color as the one of the starting eosin B solution at to.
This preliminary observation suggests that ionic interactions are formed
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between P(TEMPO*-s-NIPAM) and eosin B that could explain the
sequestration of eosin B molecules into the hydrogel. In the case of the
P(TEMPO-s-NIPAM) hydrogel, eosin B seems to be homogeneously
dispersed in the hydrogel and in the supernatant.
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Figure 5.14 Encapsulation of eosin B via two strategies: electrostatic
interaction (for TEMPO™ containing hydrogels and entrapping by
swelling for TEMPO containing hydrogels (hydrogels with Xtempo =
0.4 and XcL = 0.13).

This observation was confirmed by UV-Vis measurements realized
on the supernatant after equilibration. As observed in Figure 5.15 the
characteristic absorption peak of eosin B at 514 nm is still observed in
the supernatant of the P(TEMPO-s-NIPAM) hydrogel (an
encapsulation ability ~13% has been determined by using Beer-
Lambert law) while it is not observed in the supernatant of the
P(TEMPO*-s-NIPAM) sample (encapsulation ability —~99%)
confirming strong electrostatic interactions between the charged
TEMPO™ units and negatively charged eosin B molecules in the case of
the P(TEMPO*-s-NIPAM) hydrogel.
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Figure 5.15 UV-visible spectra of the supernatant of P(TEMPO-s-

NIPAM) (blue line) and P(TEMPO™*-s-NIPAM) (red line) hydrogels

after equilibrium swelling in eosin B solution (hydrogels prepared
from the networks with Xtempo = 0.4 and XcL = 0.13).

5.7 Conclusions

In this chapter, we have described polymer-based hydrogels
responding either to redox or temperature stimuli by introducing
NIPAM and TEMPO comonomers into a polymer network. The LCST
behavior of PNIPAM has been used to induce de-swelling of the
hydrogels with increasing temperature while the oxidation of the
nitroxide radicals of TEMPO into oxoammonium cations has allowed
the transformation of hydrophobic TEMPO into hydrophilic TEMPO™.
The application of the redox and temperature stimuli has triggered
important change in the mechanical behavior of the hydrogels as
monitored by the determination of swelling factors and of rheological
properties. Notably, it was observed that TEMPO units aggregate into
hydrophobic nano-domains acting as supplementary physical
crosslinking nodes in addition to the chemical crosslinking points
provided by the difunctional crosslinking agent. Upon oxidation, those
nano-domains are suppressed in favour of positively charged TEMPO™
units conferring a polyelectrolyte character. In addition, we have shown
that the thermo-responsive properties are influenced by the redox state
of the TEMPO units. Indeed, hydrophobic TEMPO units tend to lower
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the LCST of PNIPAM while hydrophilic TEMPO* groups seem to shift
the LCST to higher temperatures or even suppress it.

Interestingly, we have also linked the microstructure of the polymer
network to the macroscopic properties of the hydrogels. In this respect,
the large difference in reactivity ratios between the comonomers leads
to the formation of TEMPO-rich segments in the early stages of the
polymerization that further aggregate into micellar nano-objects or
nanogel particles. If too low amounts of bifunctional crosslinker are
added, those nano-objects are not linked together in the later stage of
the polymerization, leading to viscous solutions rather than
macroscopic hydrogels. Those nanoparticles have indeed been
observed by DLS and cryo-TEM. If the concentration of bifunctional
crosslinker is high enough, the nano-objects are eventually linked
together leading to a macroscopic hydrogel. The accordingly obtained
hydrogels are however rather mechanically weak and can be reversibly
disrupted through strain sweep experiments. This suggests that a
fraction of nano-objects is simply entrapped in the network and can be
disentangled when a mechanical deformation is applied.

To end, the encapsulation abilities of those hydrogels have been
tested by encapsulating a negatively charged guest molecule through
electrostatic interactions with the positively charged TEMPO™ units.
These novel stimuli-responsive hydrogels can be very relevant for
many applications in material science and biotechnology.
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5.8 Experimental section

e Materials

All chemicals and monomers were purchased from Aldrich, TCI, or
Acros. Solvents were bought from Acros and VWR. N-
Isopropylacrylamide (NIPAM, Acros) and diethylene glycol diacrylate
(DEGDA, Aldrich) were purified on an AlOx-filtration column prior
use in order to remove the inhibitor.

e Instrumentation

IH NMR spectroscopy. Proton nuclear magnetic resonance (*H NMR)
spectra were acquired on a 300 MHz Bruker Avance Il in acetonitrile
for the hydrogel obtained after polymerization.

UV-visible (UV-vis) spectroscopy. After equilibration of the oxidized
hydrogel swollen in eosin B solution at a concentration of 0.012 g/L,
the supernatant was transferred into quartz cuvettes and tested using a
Varian Cary 50 UV-vis spectrophotometer with emission scans
recorded from 250 to 800 nm.

Rheological measurements. Rheological experiments were performed
on a Kinexus Ultra (Malvern Instruments) rheometer equipped with a
heat exchanger and modified with a solvent trap. Measurements were
carried out using a plate—plate steel geometry (8 and 20 mm diameters)
with a gap adjusted between 450 and 1800 mm so that the geometry
was completely filled. Oscillatory measurements were carried out in the
linear regime (either at strain control of 1% or at stress control of 5Pa).
Strain sweep measurements have also been performed at a strain
amplitude ranging from 0.3% to 1000% and at a frequency of 5 rad.s™.
Measurements were carried out at 20 °C in a water saturated atmosphere
in order to minimize evaporation of the solvent. Normal forces were
checked to be relaxed to ~ 0.05 N prior to any measurement.
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Swelling tests. The dry gels were swollen in distilled water at 25 °C in
an isothermal water bath to study the equilibrium swelling Kinetics.
Mass measurements were taken at time intervals of 0, 0.5, 1, 2, 4, 8, 24,
and 48 h. The swelling factor was defined as the weight ratio between
the difference in hydrogel weight in both the dry and the swollen state
over the weight of the dry gel. A temperature swelling study was
conducted, gels were swelled from 10 to 80 °C with increments of 5 °C.
An equilibration time of 24 h was used before each measurement and
mass swelling ratios at each temperature were calculated.

Electron spin resonance (ESR). The EPR spin count was determined
as the mean value achieved from the EPR spectra of three different
samples of the same TEMPO-containing gel. For comparison, the EPR
spin count of a TEMPO-free gel was determined likewise. X-band EPR
spectra were acquired on an EMXmicro CW EPR spectrometer from
Bruker, Germany (EMX micro EMM-6/ 1/9-VT control unit, ER 070
magnet, EMX premium ER04 Xband microwave bridge equipped with
an EMX standard resonator, EMX080 power unit). The samples were
investigated at room temperature and the data handling was done with
the Bruker Xenon software package, version 1.1b86. The SpinCountQ
software module was used for the determination of the spin count.

Cryogenic-transmission electron microscopy (Cryo-TEM). For the
cryo-electron transmission microscopy (cryo-TEM) measurements, a 4
ml droplet of diluted sample suspension was dropped onto lacey carbon
copper grids (200 mesh, Science Services) and plunge frozen into liquid
ethane using a Vitrobot Mark 1V (FEI, Eindhoven, Netherlands), which
was set at 4 °C with 95% humidity. Vitrified grids were then mounted
on a cryo transfer holder (Gatan 914, Gatan, Munich, Germany) and
transferred into a JEOL JEM2100 (JEOL GmbH, Eching, Germany)
transmission electron microscope for imaging with a bottom-mounted
4x4k CMOS camera (TemCam-F416, TVIPS, Gauting, Germany). The
microscope was operated at an acceleration voltage of 200 kV and a
defocus of the objective lens of about 1.5-2 mm was used to increase
the contrast. The total electron dose for each micrograph was kept
below 20 e'A.
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e Synthesis

Typical procedure for the precursor poly(2,2,6,6
tetramethylpiperidinyl methacrylate-statistical-NiPAM) (P(TMPM-s-
NIPAM)) network synthesis. The synthesis of the polymer network
was carried out using conventional radical polymerization. Into a 50 mL
round-bottom flask, TMPM was dissolved in water then NIPAM and
diethyleneglycoldiacrylate (DEGDA) crosslinker were added and
stirred until a homogeneous blend was achieved. The solution was then
degassed by three freeze—pump-thaw cycles. The initiator ammonium
persulfate (APS; 0.5 eg.) and activator tetramethylethylenediamine
(TEMED; 0.5 eq.) were then introduced under argon flux. The solution
was immersed in water bath at 25 °C and stirred overnight. A
transparent gel was formed.

Typical procedure for the P(TEMPO-s-NIPAM) network synthesis.
The secondary amine of the TMPM units has been oxidized into a
nitroxide radical to lead to TEMPO. For that, water has been evaporated
under pressure from the P(TMPM-s-NIPAM) hydrogel obtained after
polymerization. Then NaxWO4 (0.25 eq.), EDTA (0.15 eq.) were added
and the mixture was swollen in methanol for a couple of hours before
adding the oxidizing agent H20 (5eq.). The mixture was then stirred at
60 °C overnight.® An orange colored gel was obtained, washed four
times with distilled water and methanol (1:1, v:v) and dried in a vacuo
at 40 °C overnight. An orange sticky material was finally obtained.

Typical procedure for the oxidized P(TEMPO*-s-NIPAM) hydrogel
synthesis. The P(TEMPO-s-NIPAM) network was swollen in distilled
H20 (31.25 eq.). Then fluoroboric acid (HBF4, 1 eq.) was slowly added
dropwise over 1 h at room temperature.?® Sodium hypochlorite (0.5 eq.)
was then added over 1 h at 0 °C and stirred for an additional 1 h at 0 °C
to lead to the oxidized P(TEMPO™-s-NIPAM) hydrogel. Then the
hydrogel was washed with ice-cold 5 wt% NaHCOg, distilled water and
ice-cold diethyl ether. The obtained yellow gel was finally dried
overnight at 40 °C in vacuo.
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Conclusions and Perspectives

The motivation for this work arose in the context of challenging
technological developments, namely smart materials. In this respect,
the goal of this thesis was to access novel polymeric hydrogel materials
with precise control over their dynamic mechanical properties and
highlighting the possible application of these materials. To this aim, a
design strategy was developed based on the introduction into the
hydrogel of the 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) stable
nitroxide radical that can be reversibly oxidized into an oxoammonium
cation (TEMPQO"). Hydrophilicity in the system is provided by the
presence of (oligoethylene glycol) methacrylate (OEGMA) for the first
type of hydrogel (chapters 2, 3 and 4) and N-isopropylacrylamide
(NIPAM) for the second type of hydrogel (chapter 5).

A state of the art has been presented in chapter 1, that summarized
the progresses achieved to date in the field of the so-called “smart”
hydrogels, encompassing the concepts and basics of hydrogels
synthesis and properties. This part showed that researchers
accomplished significant progress in developing hydrogels with higher
sophistication and complexity in contrast to the early days of hydrogels.
Increasing demand on the properties and functionalities of such
materials led us to provide novel methods for the production of ‘smart’
hydrogels.

In this thesis, chapter 2 reported the development of
P(TEMPO/TEMPO*-r-OEGMA) stimuli responsive hydrogels that can
encapsulate a guest molecule via electrostatic interactions. The
electrochemical and mechanical characterizations showed that those
gels exhibit interesting physicochemical properties making them very
promising candidates for practical use in a wide range of applications.
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Moreover, the combination of redox (TEMPO radical) and
temperature-responsive (OEGMA comonomer) behaviours in a same
hydrogel has been rarely studied. On the basis of the rarely reported
approaches on redox-responsive hydrogels, chapter 3 described the
effect of temperature and redox stimuli on the rheological properties of
reduced P(TEMPO-r-OEGMA) and oxidized P(TEMPO*-r-OEGMA)
hydrogels with varying TEMPO content at a fixed covalent crosslinking
degree. Since we use a rather low amount of di(ethylene glycol)
dimethacrylate (OEGMA?) to chemically crosslink the polymer
network, the accordingly formed hydrogels obtained after swelling with
water consist of microgel particles with entangled polymer chains that
are not chemically crosslinked. By varying the amount of TEMPO in
the polymer network, we have demonstrated that the radical form of
TEMPO aggregates into hydrophobic domains acting as physical
crosslinking nodes in our hydrogels and further increasing the cohesion
between microgel particles. Increasing the temperature results in two
opposite effects on the solubility of TEMPO and OEGMA units. The
oxidation of TEMPO into TEMPO* also results in a deep change in the
hydrogel properties since TEMPO units are essentially hydrophilic and
do not aggregate into physical crosslinking nodes.

Chapter 4 that layouts the application of those redox-responsive
hydrogels based on 2,2,6,6-tetramethyl-1-piperidinyloxy methacrylate
and oligoethyleneglycol methacrylate that have been synthesized and
characterized in chapters 2 and 3. In the first application, we have
demonstrated the electrochemically-triggered release of an
encapsulated drug, namely aspirin. For this application, we
immobilized first via ionic interactions negatively charged aspirin
molecules in the oxidized hydrogels containing positively charged
oxoammonium cations. Then the aspirin loaded hydrogels was
deposited on a carbon screen-printed electrode and the reduction of
oxoammonium cations into nitroxide radicals was electrochemically
triggered. This led to the disruption of electrostatic interactions
responsible for the immobilization of aspirin molecules in the hydrogel.
Finally, we analysed the supernatant of the hydrogels by mass
spectrometry to identify the presence of released aspirin molecules and
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quantify their amount by high-pressure liquid chromatography. In a
second application, we have used the hydrogels containing nitroxide
radicals as catalysts for the oxidation of benzylic alcohol into
benzaldehyde. The kinetics of the reaction was followed by in-situ
infra-red spectroscopy and the yield of the reaction is determined by
gas chromatography coupled to mass spectrometry. In the used
experimental conditions, a quantitative transformation of benzylic
alcohol into benzaldehyde was observed. Moreover, the formed
benzaldehyde phase separates on top of the benzylic alcohol loaded
hydrogel making the separation of the product of the reaction extremely
easy as well as the recovery of the redox hydrogel catalyst.

A second type of smart hydrogels containing 2,2,6,6-
tetramethylpiperidinoxy = methacrylate  (TEMPO)  and N-
isopropylacrylamide (NIPAM) that undergo reversible redox behavior
was prepared and investigated in chapter 5. Several polymer networks
were first prepared by free radical copolymerization of varying amounts
of TEMPO, NIPAM and a crosslinker (diethyleneglycol diacrylate,
DEGDA) and subsequently swelled with water to lead to hydrogels. In
order to investigate the effects of the redox activity of TEMPO units
and of the lower critical solution temperature (LCST) of NIPAM on the
hydrogel properties, a study of the swelling ratio of the polymer
networks in water at different temperatures was performed for the two
forms of TEMPO, the reduced (TEMPO) and oxidized (TEMPQO¥) one.
Moreover, the rheological properties were also measured for both
hydrogel forms. Finally, the encapsulation abilities of the oxidized
hydrogels were demonstrated via electrostatic interactions between
positively charged TEMPO™ units and negatively charged guest
molecules, supporting future application of our system in the
biomedical and environmental fields.
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In summary, the hydrogels based on the OEGMA comonomer
display advantages over the NIPAM-containing hydrogels by being
more biocompatible, showing stronger mechanical behavior in aqueous
medium and because their TEMPO groups can be electrochemically
oxidized leading to a better control of their redox responsive activity
and opening a wide landscape of application.

In terms of structure and morphology, OEGMA-containing
hydrogels consist of a weakly chemically crosslinked OEGMA network
containing an important fraction of entangled non-crosslinked polymer
chains in which TEMPO methacrylate monomers are essentially
randomly dispersed. Since TEMPO-methacrylate units are poorly
soluble in water, they tend to aggregate into small hydrophobic clusters
adding some weak physical crosslinks to the chemically crosslinked
OEGMA network. In contrast, the NIPAM-containing hydrogels are
believed to consist of highly segregated TEMPO-rich domains
embedded in a NIPAM-rich network due to a high difference in
reactivity ratios between the two comonomers. Moreover, the
crosslinking difunctional units have a strong tendency to be
incorporated into the TEMPO-rich domains and therefore relatively
high amounts of crosslinker have to be incorporated in order to observe
macroscopic gelation. Since TEMPO-methacrylate and NIPAM units
are highly incompatible and phase separate at the nanoscale, the
morphology of those hydrogels can be seen as a network of micellar
nanoparticles consisting of crosslinked TEMPO-rich cores surrounded
by NIPAM-rich corona. When the amount of difunctional crosslinker is
sufficient, crosslinking molecules are also incorporated into the
micellar NIPAM corona resulting in a network of crosslinked micelles.
The observation of micellar nanoparticles from slightly crosslinked
NIPAM-based hydrogels in chapter 4 gives credit to this hypothesis. In
both cases, the thermo-responsive properties are clearly influenced by
the redox state of the TEMPO units. However, a systematic
determination of the LCST should have been carried out in order to
clearly understand those effects. As expected, the redox state also
influences the mechanical properties of hydrogels including the
swelling capacity and the rheological behavior.
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Our results can be compared with previous studies on the effect of
temperature and redox state on acrylamide and methacrylate-based hydrogels
used for guest molecule delivery application. We can cite for example the
work of S. Dutta et al.! They developed a novel pH, thermo and redox
responsive semi-interpenetrating network (SIPN) by free radical
polymerization of N-isopropylacrylamide (NIPA), methacrylated
carboxymethylcellulose and a redox sensitive cross-linker. The
temperature dependent swelling behavior revealed that those SIPNs
exhibited a LCST around 32 °C, which is very close to the LCST of
PNIPA hydrogels and that the amount of methacrylated
carboxymethylcellulose had no significant influence on the LCST of the
hydrogels.

For future work, we propose on one hand testing the following
points which were not investigated in this thesis: trying to polymerize
the TEMPO monomer directly in the form of a nitronium cation,
copolymerizing NIPAM with TEMPO acrylate rather than
methacrylate in order to obtain a statistical distribution of the
comonomers and systematically determining the LCST for our
hydrogels by UV-VIS turbidimetry? or by differential scanning
calorimetry (DSC).2

In another hand, testing these families of stimuli-responsive
hydrogels for in vitro drug delivery experiments. In this case, the
cytotoxicity of the gels in their oxidised P(TEMPO*-r-OEGMA) and
reduced P(TEMPO-r-OEGMA) forms will be measured. Monitoring
the effect of the electrical stimulation on the cell viability will be also
evaluated. Finally, the drug loaded hydrogels will be used in real
conditions for their purpose, i.e. the electrical induced drug release to
cancerous or ill cells.

Moreover, materials composed of TEMPO moieties can be valuable
to other application than drug delivery. As stated in chapter 1, TEMPO
can act as a scavenger of reactive oxygen species (ROS) and as an
imaging agent. Thus, the exploration of other therapeutic applications
could be considered for our hydrogels. As example, the adaptiveness of
P(TEMPO-r-OEGMA) hydrogels for ROS scavengers and the
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evaluation of the effect of our material on damaged cells could be used
to feed a future with effective novel therapeutic systems.
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