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Introduction générale

L’'un des principaux problémes de la chimiothérapie contre le cancer est la sévere
toxicité des agents anticancéreux dans I'organisme. De plus, 'administration thérapeutique de
principes actifs (PA) est souvent limitée par des problemes de solubilité et de sensibilité a
I'hydrolyse enzymatique. C’est pourquoi, une délivrance sélective de ces médicaments au sein

des tissus cancéreux est 'un des points essentiels des recherches effectuées a ce jour.

Parmi les différentes approches issues des nanotechnologies, I'utilisation de nano-
vecteurs, cargos de taille nanométrique, s’est imposée comme une des solutions les plus
pertinentes pour augmenter I'efficacité des traitements existants, tout en réduisant leur toxicité
systémique. Ces vecteurs permettent de contourner les limitations des approches
conventionnelles a la fois en thérapie, en imagerie et en diagnostic, tout en améliorant la
solubilité en milieu aqueux des PA, leur efficacité thérapeutique (en favorisant leur

accumulation au niveau du tissu cible) et leur capacité a évaluer les réponses thérapeutiques.

En effet, leur taille nanométrique peut permettre un « ciblage passif » grace a I'effet de
perméabilité et de rétention tissulaire observé au niveau des zones tumorales (effet « EPR »).
Ce phénomene peut varier en fonction de la forme et de la charge globale des nano-systemes.
Par ailleurs, ces vecteurs offrent la possibilité de modifier leur surface a I'aide de ligands
spécifiques qui favorisent le ciblage de cellules et conférent ainsi la propriété de délivrer le PA

gu'ils transportent vers des cibles spécifiques.

Dans ce contexte, au cours de ces 20 derniéres années, les efforts de recherche dans
le domaine des nanovecteurs ont été consacrés a I'élaboration d’'une nouvelle génération de
nanoparticules intelligentes, a base de polyméres amphiphiles synthétiques ou naturels,
permettant une délivrance sélective des principes actifs hydrophobes dans les cellules

tumorales.

Bien que ce domaine de recherche trés actif ait conduit a un grand nombre d'études
préclinigues et cliniques, qui ont permis de mieux comprendre la validité de cette approche,
les nanovecteurs ne remplissent pas toutes les caractéristiques nécessaires pour pouvoir
véhiculer un principe actif sélectivement vers des cellules ou tissus cibles et le libérer de
maniére contrdlée. Ainsi, des défis importants restent a surmonter et passent par la conception
de nanoparticules plus sophistiquées, combinant plusieurs fonctions [1-3]. Par ailleurs, la
plupart des procédés utilisés pour préparer des nanoparticules impliquent l'utilisation de

solvants toxiques et/ou des tensioactifs, ce qui impose des étapes de purification importantes.
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Depuis plusieurs années, I'équipe « Structure et Modifications de Polysaccharides »
du CERMAYV dispose d’'une expertise dans la modification chimique de polysaccharides
naturels et plus particulierement dans ['élaboration d’hydrogels innovants a différentes
échelles (macrogels, microcapsules, nanogels) pour des applications biomédicales dont la
délivrance contrblée de principes actifs et de cellules (schéma 1.A). Notamment, une partie de
lactivité de cette équipe concerne l'expertise dans la caractérisation et la modification
chimique de l'acide hyaluronique, activité qui a débutée il y a plus de 15 ans. Ce
polysaccharide appartient a la famille des glycosaminoglycanes (GAGS), polysaccharides
biocompatibles et biodégradables omniprésents dans le corps, et est un ligand du récepteur
protéique CD44 surexprimé par plusieurs cellules cancéreuses (notamment les cellules

épithéliales (carcinome) de la glande mammaire et les cellules tumorales ovariennes).

Ainsi des nanogels (réseaux d'hydrogel de taille nanométrique) a base d’acide
hyaluronique ont été développés pour la délivrance contrdlée de principes actifs [4-6]. Leur
formation repose sur l'auto-association, induite par une élévation de la température, de
copolymeres thermosensibles greffés sur le squelette polysaccharidique. La déshydratation
des chaines de copolymére par chauffage entraine un changement de conformation globale
du polysaccharide modifié vers la formation de nanogels, capables de piéger sélectivement
des PA trés peu solubles dans I'eau dans les nanodomaines hydrophobes formés par le

copolymere (schéma 1.B) Le potentiel des systémes élaborés a clairement motivé ce travail.

Dans ce contexte, nous proposons d'étendre cette approche a la formation d’'une
nouvelle génération de nanogels thermosensibles dans le but, d’'une part de mieux controler
leur pharmacocinétique (stabilité colloidale) et leur biodistribution (propriétés biologiques)

dans l'organisme, et d’autre part d’évaluer leur polyvalence en tant que systémes plate-formes.

Ce manuscrit décrit les différentes étapes qui ont été suivies pour élaborer et
caractériser des nanogels a base d’acide hyaluronique et d’'un autre GAG encore peu utilisé
pour la conception de nanovecteurs, 'héparosan (Hep). Ce mémoire est divisé en quatre

chapitres.

Le premier chapitre consiste en une revue bibliographique qui propose un état de I'art
sur les nanovecteurs amphiphiles. Aprés une description des caractéristiques générales de
ces systémes, nous nous intéresserons en particulier aux potentiels des nanovecteurs

amphiphiles élaborés a partir de glycosaminoglycanes.

Le second chapitre présente la synthese du copolymere thermosensible utilisé pour

induire la formation des nanogels.
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Le troisieme chapitre est dédié a la préparation de nanogels thermosensibles a partir
du HA et de I'Hep. La comparaison des nanogels en fonction de leur propriété de surface est

présentée. Nous discutons I'impact du choix du GAG ainsi que de la réticulation de ce dernier

sur la biodistribution in vivo des systémes synthétisés.

Enfin, le quatriéme chapitre est consacré aux perspectives d’utilisation de ces
systemes comme plateformes pour I'encapsulation de différents types de nanoparticules. Il se

focalise plus particulierement sur I'encapsulation de nanoparticules d’oxyde de fer super-

paramagnétiques.

Toutes les parties qui feront 'objet de publications ont été rédigées en anglais.
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Schéma 1. A) Modifications chimiques de polysaccharides pour I'élaboration de systemes de

délivrance contr6lée de principes actifs. B) Elaboration de nanogels thermosensibles a partir

de polysaccharides pour la thérapie anti-cancéreuse.
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Chapitre 1 - Glycosaminoglycans based drug
delivery systems - Bibliography review

| Introduction

Drugs are substances administered to the body where they are expected to have a
beneficial effect regarding disease treatment, disease prevention, discomfort reduction, or
injury reparation. However, in chemotherapy, many chemotherapeutic agents can
simultaneously improve the survival rate of patients while resulting in adverse effects, owing
to a lack of specificity. Development of “smart” carriers allowing controlled release and

targeting of drugs to a specific site can overcome this limitation [1-3].

The primary hurdle for the success of any drug delivery system is to overcome innate
immunity as a result of blood—NP interaction, which could compromise the potency and
efficacy of the drug. The particle size is a factor for controlling the extravation rate of
nanoparticles from bloodstream as well as recognition by the reticuloendothelial system (RES).
In general, nanoparticles with sizes in the range 30-200 nm are preferred for in vivo delivery
(size > 30 nm to escape renal clearance and < 200 to prevent sequestration from RES of the
spleen and liver). Moreover, their nanoscale dimension enables them to exploit the "passive
targeting" thanks to the effect of permeability and tissue retention (EPR) at the level of the

tumor zones.

In addition to passive targeting, active targeting can increase drug efficacy. Most
tumors are characterized by the overexpression of cancer-specific antigen(s) or receptors(s)
on their cell surfaces, which are essential for the growth of tumor cells. Therefore, the use of
nanocarrier-based delivery systems to target these receptors is an important modality of
treatment. The more targeted a drug is, the lower its chance of triggering drug resistance, a

cautionary concern surrounding the use of broad-spectrum antibiotics.

Especially, smart polymeric nanoparticles hold great promise for the selective delivery
of hydrophobic active ingredients in tumor cells [4-5]. These systems have typically submicron
sizes in the range 20-250 nm and include various architectures such as nanospheres [6],
nanovesicles [7-8], micelles [9], and dendrimers [10]. All polymers used to produce
nanocarriers, synthetic or natural polymers, have to be carefully chosen for medical
applications not only regarding their functional properties but also their biocompatibility and

biodegradability. For polymeric materials, the biocompatibility is closely connected to the

5



Chapitre 1 — Glycosaminoglycans based drug delivery systems — Bibliography review

biodegradability. Biocompatibility can be defined as the ability of material to exist in contact
with tissues of the human body without causing an unacceptable degree of harm [11].
Degradation products and fragments have to be biocompatible. Non-biodegradable material
can be used in development too. However, in that case, precaution against polymer
accumulation in body has to be taken.

Therefore, biopolymers possess several favourable characteristics in comparison to
synthetic polymers used in drug delivery, such as biocompatibility, biodegradability, non-
toxicity and abundant renewable sources [12]. Among them, naturally occurring
polysaccharides are attractive building blocks for designing drug delivery systems, because
they can offer even more advantages over conventional nanocarriers composed of totally
chemically synthesized materials i) prevent recognition by the RES ii) intrinsic bioactivity for
some polysaccharides such as ability to be recognized by cell-surface protein receptors,
mucoadhesive, antimicrobial, and anti-inflammatory properties, and iii) the presence of various
functional groups on macromolecular backbone allowing chemical reactions with different
kinds of molecules [13-16]. In particular, glycosaminoglycans (GAGs), which are important
heteropolysaccharides in the extracellular matrix where they play a unique role in modulating

cellular functions, show a great potential in the field of drug delivery. [17]

This review covers recent developments of nanocarriers based on GAGs, highlighting
the formation of modular, tunable self-assembled nanoparticles. We will describe the different
approaches for chemical modification of GAGs and we will analyze in details their self-
assembly, their degradation mechanisms in vivo, their current clinical applications and the
possibility to translate some of the recent research achievements into practical clinical

application in the near, mid- and long-term future.

Il Glycosaminoglycans for the design of drug nanocarriers

Various polysaccharides such as chitosan [18], dextran [19], pullulan [20],
galactomannan [21], and alginate [22] have been used for the fabrication of drug delivery
nanosystems over the last two decades [23-24]. Among them, glycosaminoglycans have
gained increasing interest. They constitute the most abundant hetero-polysaccharides in the
body. GAGs are primary components of the cell surface and the extracellular matrix (ECM).
Depending on the tissue and cell type, GAGs are structural, adhesion, and/or signalling
elements. In the ECM, they interact with numerous proteins and modulate their activity and
consequently, govern important biological processes such as cell growth, differentiation,

morphogenesis, cell migration and bacterial/viral infections (Figurel.1-B) [25-27]. These
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natural polysaccharides have been widely employed as therapeutic agents and targeting
moieties, which is typically not seen in their synthetic counterparts [27-31]. Furthermore, unlike
the latter, they are free from problems of adverse effects and do not transform into harmful

substances upon biodegradation in the body with no risk of bioaccumulation.
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Figure 1.1 A) Diagram of part of an aggrecan aggregate. G1, G2, and G3 are globular, folded
regions of the central core protein. Proteoglycan aggrecan showing the noncovalent binding
of proteoglycan to HA with the link proteins B) Proteoglycans act as coreceptors for growth
factor receptor (GFR) signaling, thus influencing cell signaling and cell behavior. GAGs present
as a part of proteoglycans on the cell surface and in ECM, bind to numerous proteins, and
modulate their function. Figure from Misra et al. [17]

Important types of GAGs that differ in chemical composition, structure and function
include hyaluronic acid (HA), heparin (Hp), heparan sulfate (HS), chrondroitin sulfate (CS)
dermatan sulfate (DS) and keratan sulfate (KS). The molar masses and sulfation patterns of
GAGs vary over a broad range, depending on the organism, tissue type, age and health
conditions. With regard to their structure, they are linear anionic heteropolysaccharides
composed of repeating disaccharide units of N- acetylated hexosamine linked to hexuronic
acid (with the exception of keratan sulfate).

Hyaluronic acid is unique among the GAGs family in that it does not contain any sulfate
and is not found covalently attached to the core proteins forming a proteoglycan in the Golgi
apparatus (Figure 1.1-A). The enzymes responsible for its production are located in the plasma
membrane [32]. Medical grade HA is currently produced by bacterial fermentation by many
companies up to several tons per year [33]. It is also available in a wide range of molar masses

(from 5 kg/mol to more than 2 million g/mol) to suit various biomedical applications.

In the GAGs family, we can also include another interesting polysaccharide, heparosan,
which is the natural precursor of heparin/heparan sulphate. Heparosan has a chemical

structure close to that of HA. Indeed, Hep has a repeating disaccharide unit of D-glucuronic
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acid (GIcA) and N-acetyl-D-glucosamine (GIcNAc) residues such as HA, but the a-1,4 bond
between the GIcA and the GIcNAc units replaces the 3-1,3 bond found in HA.

Hyaluronic acid (HA) Chondroitin sulfate (CS) Dermatane sulfate (DS)
@
OH OR Na© OR
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Figure 1.2 Chemical structures of repeating disaccharides of glycosaminoglycans and
Heparosan.

Il Self-assembly drug delivery systems based on GAGs

A wide variety of self-assembled nanosized carriers based on GAGs, with distinct
architectures, sizes and surface properties has been developed [17,31]. GAGs NPs can be
divided into three groups: micelles, nanovesicles and nanospheres. Herein, GAGs-decorated
hydride or composite nanoparticles are not included as polymeric nanoparticles since the
polysaccharide is mainly located on the carrier surface and is not the major component. An

illustration of the different types of GAGs-based NPs is given in Figure 1.3.
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[11.1 Nanovesicles

Polymeric nanovesicles are hollow-core systems, acting as drug reservoirs in which the
drug can be entrapped in the liquid core and/or in the polymeric shell/wall. Two generations of
nanovesicles have been developed.

The first generation are composed of an oily core surrounded by a thin polymer
membrane generally prepared by interfacial nano-deposition such as layer-by-layer (LBL) self-
assembly of oppositely charged polymer (polyelectrolytes complexes) [34]. The main
established methods to control the size of nanocapsules are surfactant assisted inverse water-
in-oil emulsion [35-36] and inorganic salt induced mineralization [37-38]. These nanovesicles
can be used as reservoirs to encapsulate and protect hydrophobic active species. However,
GAGs (CS, HP, HA), due to their high molar mass, do not allow the production of capsules

with sizes below 250 nm.

More recently, a second generation of vesicles with an aqueous core commonly
referred to as polymersomes, in analogy to the lipid-based vesicles, liposomes, was developed
[8, 39]. These latter are hollow spheres consisting of a polymer bilayer in which both hydrophilic
and hydrophobic therapeutic molecules can be encapsulated in the aqueous core and in the
polymer shell, respectively. The bilayer is made from amphiphilic diblock (A-B) or triblock (A-
B-A) copolymer [40]. The size and morphology can be controlled by varying the composition
and size of the copolymer, preparation methods and solution properties. Compared to
liposomes, polymersomes have a higher membrane thickness, which provides to the bilayer
higher stability and robustness against mechanical stresses [8]. Moreover, delivery of two
different kind of drugs can work synergistically to enhance the therapeutic effect. So far,
however, very few studies have reported on polymersome formation from polysaccharide-
based diblock.

[11.2 Micelles

Similarly, to polymersomes, nanomicelles are composed of amphiphilic block
copolymers. The difference between them lies in the architecture of the self-association.
Micelles are characterized by amphiphilic block copolymers adopting in aqueous solution a
core-shell structure which can directly entrap the cargo in the hydrophobic core. Thus, only
hydrophobic compounds can be encapsulated. The two major advantages of these structures
are that i) the synthesis of block copolymer enables the design of well-defined and controlled
architectures, ii) they allow to preserve fully or to a large extent the integrity and properties of
the GAGs chain.
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The transition from polymersomes to micelles and vice-versa is driven by the
hydrophilic/hydrophobic balance. The morphology evolves, with the ratio of the hydrophilic part
to the total mass of the copolymers, from polymersomes (cylinder form at low hydrophilic
content < 40% by weight of the polymer molecule) to spherical micelles (conical form at higher
hydrophilic content > 50%) [41].

[11.3 Nanospheres

Nanospheres can be described as a solid polymer matrix in which the cargo is
dispersed throughout the matrix, grafted to the polymer matrix or adsorbed at the surface.

Thus, this architecture offers different possibilities for drug loading.

In the last two decades, nanogels, a new type of nanospheres, were developed. They
are described as aqueous dispersion of hanometer-sized (100 to 500 nm) [42] chemically or

physically crosslinked networks of hydrophilic polymers [43-47].

The physical crosslinking is based on various physical interactions, including hydrogen
bonding, electrostatic interactions and hydrophobic interactions. Self-assembled nanogels can
therefore be divided in two main groups: polyelectrolyte nanogels and amphiphilic nanogels.
Since GAGs are negatively charged, complexation strategy with oppositely charged
polysaccharides, such as chitosan [48-55], has be used for the formation of nanogels.
However, the hydrophilic nature of these nanogels make the encapsulation of neutral
hydrophobic drugs impossible. On the other hand, amphiphilic soft nanogels are capable of
holding small hydrophilic as well as hydrophobic molecular therapeutics, biomacromolecules

and inorganic nanoparticles within their crosslinked cores-shell networks.

Compared to other nanopatrticles, outlined above, nanogels are able to take up large
amounts of water or physiological fluid, while maintaining their internal network structure. Thus,
they exhibit the greatest flexibility and deformability, high loading capacities (30 to 50% weight)
[47] and the particular feature of efficiently loading drug at any time, i.e. when the nanogels
are swollen and equilibrated in water or in biological fluid. Therefore, since their introduction in
1999 by Vinogradov et al. [56] these gel nanoparticles have gained increasing interest and
have become the most studied nanovectors among GAGs-based nanoparticles for diverse

cancers and other immune disorders [17, 31].

The detailed description for each of the three types of nanocarrier (vesicles, micelles,
nanospheres) highlights one common feature which is their ability to self-assemble in water
into nanoparticles owing to their amphiphilic nature. This provides a driving force for self-

assembly without the need of solvents or surfactants. This property is sought out for the
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suitable administration of hydrophobic drugs that constitute a large part of currently available

drugs and remains nowadays a great challenge in the field of biomedicine.
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Figure 1.3 Schematic representation of different GAGs-based nanocarriers.
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IV Strategies for the design of GAGs-based drug delivery
systems

Among glycosaminoglycans, hyaluronic acid, heparin, heparan and chondroitin sulfate
are the most extensively studied as drug delivery systems owing to their potential as
pharmaceuticals and because they are the four most prevalent GAGs in humans. Concerning
keratan sulfate (KS) and dermatan sulfate (DS), very few studies have been done. The lack of
knowledge regarding the biosynthetic pathway of KS limits its use [57]. DS was principally
employed as pharmaceutical (cofactor in variety of therapeutics) especially in cell-mediated
tissue repair and wound healing [58]. However, it was noted that DS shares heparin’s structure
and is able to selectively target the neovascular system, by binding heparin cofactor I, a
receptor reported to be upregulated on tumor endothelium, and penetrate into the tumor matrix
[59]. Because of that activity, one example of DS based nanogels have been developed by
Ranney et al. to encapsulate imaging probe (Fe*": deferoxamine) and therapeutic agent
(doxorubicine) via polyelectrolyte complex formation [60].

This section discusses approaches for the synthesis of GAG based amphiphilic

nanoparticles.
IV.1 Hyaluronic acid-based amphiphilic nanopatrticles

HA is the oldest discovered GAG by Meyer et al in 1950’s [61-62]. It consists of
repeating disaccharide units of D-glucuronic acid and N-acetyl-D-glucosamine, linked together

via alternating 3-1,4 and B-1,3 glycosidic bonds.

In the field of drug-delivery systems, HA is by far the most extensively studied GAG
[63-66] not only for its biocompatibility and low immunogenicity but also for its unique
opportunity to target various cancer cells that overexpressed HA receptors on their surface
(CD44 and RHAMM) [67]. Moreover, HA can be easily degraded after internalization in tumor
cells by successive actions of hyaluronidases (HYALS) [68] thus releasing the drug inside the

target cells. The level of HYALSs is elevated in many cancer cells.

It is noted that successful translocation into cells HA requires binding to multiple
receptors. The molar mass of HA is one of the main factors that govern its interaction with the
CD44 receptor involved in cellular uptake. Un-modified 6-8 saccharide repeating units are
required for selective binding to one CD44 receptor [69]. However, oligosaccharides larger

than 20 residues are required for effectively interacting with more than one CD44 receptor [70].
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HA with a molar mass below 31 kg/mol binds only one CD44 receptor, while HA with a molar

mass above 130 kg/mol binds from 5 to 8 CD44 receptors [71].

IV.1.1 Micelles

Micelles are made from amphiphilic block copolymers (HA-b-polymer). They were
synthesized by end-to-end coupling strategies as described in Figure 1.4. The most common
ones belong to click chemistry. As shown in Figure 1.4, the terminal reducing end of HA can
react as an aldehyde group with amine-functionalized molecules by a reductive amination
reaction to produce HA-derivatives that can be coupled with the hydrophobic polymer block
via a Huisgen cycloaddition or an amine-acid coupling reaction. The other end formed
(hydroxymethyl) can also be used to polymerize directly the hydrophobic polymer at the end
of the HA chain.

OH o HO o o OH H B _ polymer
HO % o I} N—~—~N OHO - polymer
* { ° o °© NH

NH”O
o®
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2) NHS-polymer
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Figure 1.4 Scheme of main HA conjugation mechanism at the reducing end.

Table 1.1 summarizes the different synthetic hydrophobic polymers used as the
hydrophobic block: poly(e-caprolactone) (PCL), poly(pyridyl disulphide methacrylate (PDSMA),
poly (D,L-lactide-co-glycolide) (PLGA) and poly(n-butyl cyanoacrylate) (PBCA). After the

coupling reactions, micelles were formulated through, emulsion, dialysis, or nanoprecipitation.

13



Chapitre 1 — Glycosaminoglycans based drug delivery systems — Bibliography review

Table 1.1 HA-b-polymers used for the formation of micelles. Hydrophobic polymer core.

HA
kg/mol

Function
at HA
extremity

Hydrophobic block structure

Size
(nm)

DL
(EE)
%

Application

Ref

12

Alkyne from
propargyl amine

(Ns-)
PCL

198

In vitro: Cytotoxicity

and intracellular drug

release (doxorubicin
(DOX))

In vivo S-CC7 tumor:
biodistribution and
antitumor efficacy

(DOX)

[72]

7,4

Alkyne from
propargyl amine

(Ns-)
PDSMA

148

215

(87)

In vitro: drug release
(DOX)

In vivo S-CC7 tumor:
biodistribution,
pharmacokinetics,
tumor accumulation
profiles and antitumor
efficacy (DOX)

(73]

5.7

Amine from
cystamine
grafted on HA

NHS-
PLGA

250

In vitro: hemolytic
cytotoxicity

In vivo Ehrlich ascites

tumor: Biodistribution

and Antitumor efficacy
(DOX)

[74]

5.6,7.3
and 8.9

Aldehyde

(NHS")
PLGA

111-
192

In vitro: cellular
uptake and
cytotoxicity

In vivo MCF-7 and
MDA-MB-231 tumors:
tumor targeting and
antitumor effect
(docetaxel (DTX))

[75]

18,100,
50 and
1000

10

Hydroxymethyl
group

PBCA

291

1000

(90)

In vitro: cellular
uptake and
cytotoxicity

In vivo S-180 tumor:
Antitumor effect
(Paclitaxel (PTX))

[76]

134

170

In vitro: cellular
uptake and
cytotoxicity

In vivo S-180 tumor:

Antitumor effect
(Morin hydrate and
Vitamin E (TPGS))

[77]
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He et al. reported micelles with sizes ranging from 291 nm to 1010 nm depending on
the molar mass of HA used for the synthesis of the block copolymers (18, 100, 500, 10000
kg/mol) [76]. Thus, small molar masses around 10 kg/mol were preferred for the elaboration
of micelles with a size < 200 nm. Furthermore, interesting behaviors were also noted
concerning the encapsulation. Abbad et al. found that the combination of the hydrophobic
polymer chain with a molecule with a bulky shape and aromatic ring such as vitamin E
derivatives (D-alpha-tocopheryl Polyethylene glycol succinate, TPGS) improved the properties
of micelles, resulting in a drug loading (DL) increase (from 4,7 % to 7,5 %) and a slightly smaller
size (from 170 to 135 nm) [77]. This was explained by the fact that TPGS possesses a bulky
shape and has a large surface area which makes it a good emulsifier for hydrophobic drugs,
including morin hydrate (MH). Moreover, the aromatic ring of TPGS may cause stronger
hydrophobic interactions between drugs and polymers. Concerning in vivo antitumor effect,
better results were also obtained due to the synergistic effect of the combination of TPGS with
MH. Generally, all of the micelles were found to be more potent in suppressing tumor growth

after intravenous administration to tumor-bearing mice than free drug injection.

Although physically crosslinked nanoparticles offer several advantages, it is well known
that they usually suffer from lack of long-term stability when circulating in the bloodstream. To
improve colloidal stability of micelles, Han et al. compared two different reversible crosslinking
strategies (shell [72] or core [73]) using the same crosslinker precursor (pyridyldisulphide,
PDS), resulting in disulfide crosslinks. These crosslinks are cleavable by cytosolic reductants
(glutathione, GSH) in cancer cells. To do so, they synthesized via click chemistry (Huisgen
1,3-dipolar cycloaddition) core-crosslinked micelles (CC-HAM) based on HA-b-PDSMA
(poly(pyridyl disulfide methacrylate)) (Figure 1.5-A) and shell-crosslinked micelles (HA-ss-
NPs) based on HA-b-PCL (poly(caprolactone)) (Figure 1.5-B). A drug model, the anti-cancer
drug doxorubicin (DOX) was encapsulated and micelles with a size around 200 nm were
obtained for both systems. Interestingly, these two micelles exhibited different release profiles
of drug and biodistributions in SCC7 tumor-bearing mice. The release of DOX for core-
crosslinked micelles was more efficient (reaching 100% versus 80%) in the presence of GSH,
while it was the same for both systems in the absence of GSH (around 30%). Regarding the
biodistribution profiles,the tumor/liver ratio indicated a higher accumulation of HA-ss-NPs in
the tumor (tumor/liver ratio > 1) than CC-HAM (tumot/liver ratio < 1). Then, comparison with
un-crosslinked micelles showed that the crosslinked micelles exhibited higher structural
stability in the presence of serum, sodium dodecyl sulfate or in the blood stream. On the other
hand, the tumor/liver ratio between un-crosslinked and crosslinked micelles for each system
showed a significant increase (+ 30% and tumor/liver ratio ~ 3) of nanogels accumulation for

shell-crosslinked nanogels (HA-ss-NPs).
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Figure 1.5 A) Synthetic scheme of core crosslinked HA-b-poly(PDSMA) (CC-HAM) micelles
loaded with DOX. Al) Release profiles of DOX from CC-HAMs and HAM in the absence or the
presence of GSH. The error bars in the graph represent standard deviations (n=5). A2)
Fluorescence intensities of tumors and organs. Asterisks (*) denote statistically significant
differences (*p<0,05) calculated by one-way ANOVA test. B) Synthetic scheme of the
formation of DOX-loaded crosslinked micelles and their GSH responsive drug release
behaviour B1) In vitro release behaviour of DOX from DOX-HA-ss-NPs in the absence or the
presence of GSH. The error bars in the graph represent standard deviations (n=3). B2)
Quantification of the ex-vivo tumor-targeting characteristics of HA micelles in tumor bearing
mice. Error bars in the graph represent the standard deviation for five animals per group. [72-
73]

IV.1.2 Polymersomes

Polymersomes formed from copolymers based on HA have been reported by few team.
Such systems were obtained by coupling HA with degradable hydrophobic polymers such as
poly(y-benzyl-L-glutamate) (PBLG) [78-81] and poly(e-caprolactone) (PCL) [82] (Table 1.2).
The synthesis of the HA-block-polymer was carried out using the copper catalysed Huisgen
1,3-dipolar cycloaddition of azide-terminated polymer and alkyne-functionalized HA (as
already seen for micelles synthesis in Figure 1.4). The drug was loaded during the formation

of polymersomes by the solvent nanoprecipitation method.
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Table 1.2 HA-based polymersomes.

HA Drug Hydrophobic block Size DL Application Ref
kg/mol Structure (nm) (EE)
%
303§gd - In vitro and in vivo lung [78]
tumor cells targeting
O
In vivo antitumor activity
boXx Ns/\/\ﬁ Ht” 400 ) in EAT tumor cels 7ol
PBLG 12 In vivo antitumor efficacy
0" ~o 440 (50) in MCF-7 and U87 cells [80]
ﬁ In vitro toxicity and

release behaviour
DOC 260 - [81]
In vivo biodistribution in

MCF-7 and U87 cells

Hydrophilic
5 antimicrobials N3 Jrn/\/\/\OJ[H 200 Detection of Enzymes of 82
- and PCL o n - - pathogenic bacteria (82]
2100 hydrophobic 300 “Staphylococcus aureus”
dye Nile red

Lecommandoux et al. described polymersomes based on HA-b-PBLG (Mwua = 5
kg/mol) with a size around 300-400 nm to convey different chemotherapeutics payloads such
as DOX [79-80] and docetaxel (DOC) [81], with a high drug loading capacity (loading capacity
of 10 % and encapsulation efficiency of about 50%). These polymersomes accumulated at the
tumor site in addition to liver, lungs and spleen. DOC-and DOX-loaded HA-b-PBLGgo uptake
in tumor was larger at each time (1, 4 and 24h) compared to a solution of free drugs. Lastly,
by varying the hydrophilic/hydrophobic balance of the copolymer and the conditions of
nanoparticles formation, it was possible to obtain particles with a smaller size of 30 nm [78].
The authors observed that size plays a role in cellular uptake in vitro. NPs of 30 nm were bound
and internalized by non-small cell lung cancers (NSCLC) cells more efficiently (2-3 times
higher) than NPs of 300 nm. However, in vivo studies could not confirm these results. After
intravenous administration, both systems have the same ability to reach the tumor sites (H322,
H358 NSCLC cell lines) except for A549 tumor with a slight preferential uptake of NP 30 nm,

but mostly were rapidly taken by the liver after administration.

In contrast, Hass et al. [82] developed polymersomes based on hyaluronic acid and
polycaprolactone to encapsulate a dye molecule inside the aqueous core in addition to a
hydrophobic dye in the shell. These HA-b-PCL copolymers were assembled using the solvent-
shift method with chloroform and water, which yielded assemblies in a size range of 50-400
nm. The authors demonstrated that the size distributions and the hydrodynamic diameter

varied considerably depending on the cargo molecule without following a clear trend.
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Thus, the capacity to encapsulate either hydrophobic or hydrophilic drugs has been
proved. However, the main advantage of this architecture in comparison to micelles to deliver
both hydrophilic (in their core) and hydrophobic (inside the bilayer) therapeutics molecules to

enhance the therapeutic effect was not shown.

IV.1.3 Nanogels

In contrast to the previous nanocarriers, nanogels are based on grafting hydrophobic
molecules along the HA skeleton through its reactive carboxylic acid and hydroxyl groups.
When carboxylate or hydroxyl groups are modified, multiple attachments occur and the
hydrophobic groups are randomly linked to the polysaccharide chain. Different hydrophobic
molecules can be grafted on a HA chain, from very simple HA-drug covalently linked
conjugates to complex particulate formulations HA-polymer conjugates based nanogels.
These particles have been used to deliver small molecule drugs or proreins that are chemically
of physically bound to HA.

IV.1.3.1 HA-drug conjugates

It is believed that polymer-drug conjugates can significantly increase drug loading
content compared to traditional polymer carriers in which the drug is physical entrapped, as

well as prevent burst release.

Conjugation of drugs to HA was reported as early as 1996 [83]. This approach aimed
to convert the drug to an inactive prodrug derivative through a bond that ideally should be
sufficiently stable during the blood circulation to increase the prodrug in vivo-life and be
promptly cleaved at a specific target site. This cleavage should occur without altering the

chemical structure of drug, allowing to release it in its active form (Ringsdorf model [84]).

The difference of physiological microenvironment between tumor and normal tissues
can be advantageously used to regulate the release of anticancer drugs. In contrast to normal
tissues, the physiological features of tumor tissues include weak acidity, overexpressed
proteins and enzymes, abnormal temperature gradients. Moreover, the endosomes and
lysosomes of tumor tissues are in a reductive state due to the high level of GSH or cysteine.
This explains why disulfide bonds have been used extensively for the design of nanocarriers
[85].
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Based on this finding, in addition to usual amide and ester bonds, different stimuli-labile
linkers have been exploited to develop hyaluronic acid nanogels that are sensitive to redox
potential, pH, and enzymes, to control drug release at the target site. Thus, HA-drug
conjugated can be classified through the kind of stimuli-labile linker. The most common drug
model involved in HA-drug conjugates are doxorubicin and paclitaxel (PTX). These anti-cancer
agents are among the most effective chemotherapeutics, inducing death of cancer cells in a

wide variety of tumors.

The HA (200 kg/mol)-PTX prodrug synthesized via the formation of an ester bond
between HA and PTX (renamed as ONCOFID-P by the pharmaceutical company Fidia)
achieved a high PTX loading of 20% (w/w) [86]. A significantly increased CD44 dependent
cellular uptake of PTX in cancer cells in vitro and in vivo was observed and PTX was easily
release [87]. The same conjugation strategy of ONCOGID-P was successfully applied to other
antineoplastic agents, such as docetaxel, doxorubicin and the active metabolite of irinotecan
(7-ethyl-10-hydroxycamptothecin). In vitro and in vivo phase | and Il clinical studies were
initiated in several CD44-overexpressing cancer cells [88]. In all these studies, these prodrugs
reduced tumor cell growth and metastasis, although intravenous injection of ONCOFID-P was
followed by a rapid and strong liver uptake (almost 80% of the injected dose) while 6% reached
the tumor site [89]. However, no evidence of self-association into nanogel was provided.
Actually, only few reports indicated that HA-PTX conjugates can self-assemble into

nanoparticles in aqueous solution.

Table 1.3 gives the HA-drug conjugates which demonstrated self-assembly properties

by dynamic light scattering and transmission or scanning electron microscopy analyses.

Recently, Xu et al., proved the possibility to form well-defined nanogels based on HA-
PTX prodrug [90]. PTX was linked to HA via the coupling of two intermediates HA-adipic
dihydrazide (HA-ADH) and PTX-hydroxysuccinimide (PTX-NHS) via a carbodiimide coupling
between activated ester of PTX and the hydrazide group of HA. Nanogels were then prepared
by dispersing HA-PTX prodrug into aqueous solutions followed by ultrasonication. The
resulting NPs (size ~ 200 nm) were taken up well by cancer cells, thus enhancing PTX delivery.
Importantly, cellular uptake and internalization pathway studies involving receptor inhibitors
revealed that HA-PTX NPs obtained cytosolic delivery via by passing lysosomal-endosomal
system. It was assumed that cellular entry occurred via direct penetration across the cell
membrane. Moreover, HA-PTX nanogels had more than 4-fold decrease in tumor volume on

day 14 in contrast to PTX alone, due to their significant accumulation in tumors.
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Table 1.3 Summary of HA-drug conjugates which demonstrated self-assembly properties.

HA Drug linkers Size  Drug release Application Ref
kg/mol (nm)
HO
o 3 )D In vitro cellular uptake
N T o H 9 o and internalization
g o = ot Drug*N.NJ-K/\/\/”\N,H—HA pathway H22 cells
1o gL H H 200 - [90]
= @ In vivo H22 tumor
bearing mice imaging
PTX Hydrazone bond and antitumor activity
0

Drug\NJLHA 275 47-63% In vitro re!ease, and

10 PTX H - 50h cytotoxicity agents [91]
Amino-acid bond 285 MCE-7
(peptide bond)
o OH 9 oH 0,
,‘/ Amide bond 581 0% In vitro triggered drug
0.0‘ oM 72h

150 ; and cellular uptake by [92]

OMeO oK © 0 Human breast cancer

’,;,C’j Hydrazone bond 160 31%
e, Yy 0 72h (pH - 5) HCT116 cells, (MC'?)
In vitro triggered drug
and cellular uptake
398 A549, MCF-7, MCF-
in- ide- 7/ADR

130 DOX Legumain-peptide-NH, ] _ (93]

(amino-acid bond) 474 . .
In vivo legumain
response in A549 cell

and anti-tumor ability

Oommmen et al. [92] compared two HA-DOX prodrugs possessing, respectively, a
stable amide linkage (HA-DOX) and a cleavable hydrazone bond (HA=DOX) between DOX
and HA. Very large particles with a size of 581 and 1600 nm were obtained for HA-DOX and
HA=DOX, respectively. However, HA=DOX with larger size showed better cytoxicity than HA-
DOX having a smaller size. Since these particles were sequestered in endosome/lysosome, it
was assumed that nanoparticle size was not the only factor governing cellular uptake and

cytotoxicity of particles made of HA.

Lin et al. [93] drew the same conclusion looking at the size of a HA-DOX prodrug with
a cleavable linker sensitive to the targeted tumor environment. Interestingly, they chose a
legumain substrate peptide bridge sensitive to legumain (an asparaginyl endopeptidase)
activity that is highly up-regulated in a number of solid tumors, to link HA to DOX. The synthesis
was carried out using carbodiimide coupling. The resulting nanogels were further crosslinked
in a water/oil solvent system to form large nanogels (~ 400 nm). Despite this size the developed
nanogels were uptake in all cell lines (A549, MCF-7 and MCF-7/ADR).
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Xin et al. proposed an alternative strategy in which amino acids (aa) were proposed as
spacers between HA and PTX [91]. The carboxylic group of aa was first linked to the 2’-
hydroxyl group of PTX, and then the amino group of the resulting conjugate to the carboxylic
group of HA (Mw = 10 kg/mol). HA-aa-PTX prodrugs with a DL of 10-15% (w/w) spontaneously
assembled into nanogels with a size of ~270 nm. Owing to better recognition by the esterase
enzymes, the presence of an amino acid spacer resulted in an increase of both the hydrolysis
rate and the release of PTX, compared to prodrugs formed by direct ester bond formation
between HA and PTX and to the HA-ADH-PTX prodrug.

IV.1.3.2 HA-small hydrophobic molecules conjugates

Various small hydrophobic molecules including linear alkyl chains and cholesteryl
derivatives have been conjugated to HA to yield nanoassemblies. More specifically,
biologically active molecules such as glycyrrhetinic (hepatic targeting properties) [94-96] and
tocopheryl (specific vitamin E with anticancer properties and nontoxic side effects on normal
cells) [97] have also been used to prepare self-assembled systems based on HA.

IV.1.3.2.1  Alkylated HA derivatives

HA samples with different molar masses have been modified with short and long alkyl
chains (number of carbon atom varying from 8 to 20). Table 1.4 summarizes the main

characteristics of nanogels based on alkylated HA derivatives.

The conjugation was performed on the carboxylic acid or hydroxyl groups of HA and
with various degrees of substitution. The most common alkylated HA conjugates are ester and
amide derivatives. The main difference between these conjugates lies in the stability of
covalent bond between HA and the alkyl chain, the ester bond being the easiest to cleave by

cellular esterases.

Self-assemblies of the alkylated HA derivatives were prepared by a variety of
techniques including ultrasound, dialysis and emulsification depending on the swelling property

and solubilization of modified polysaccharide in water.

To further investigate the self-association behavior, the molar feed ratio and the molar
mass of HA have been varied. The conclusion is that DS value of alkyl chain affected the
diameter of nanogels. The size decrease as the DS increase probably due to the formation of
dense hydrophobic inner cores of aggregates nanodomains. Conversely, when focusing on

the molar mass of HA, higher sizes were obtained for the higher HA molar masses [98-99].
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All self-assembled systems were effective delivery systems for active substances in
both in vitro and in vivo settings. However, the nanogels showed a high distribution in the liver,
spleen and lung, possibly owing to their cellular uptake by phagocytic cells of the RES and by
liver sinusoidal endothelial cells expressing another HA receptor (hyaluronan receptor for
endocytosis, HARE).

Thus, to improve the selective uptake at the tumor site, a dual receptor targeting was
proposed by Liu et al. [100-101] with the conjugation of Folic Acid (FA) to HA-octadecylamine
via an ester bond (FA-HA-octadecylamine). In vitro biological studies revealed enhanced
internalization of nanogels in MCF-7 cells compared to HA-octadecylamine via folate-mediated
endocytosis. Moreover, the dual targeting of micelles resulted in a better multidrug resistance
(MDR)-overcoming performance, and higher PTX tumor accumulation, than HA-
octadecylamine or Taxol in MCF-7 tumor-bearing mice. However, nanogels still accumulated

substantially in the liver.

Concerning in vivo behavior another observation was made by Velebny et al. While the
molar mass of HA did not influence the overall performance of nanogels in cellular transport
studies, the alkyl chain length and the nature of encapsulated compound affected both the
loading capacity and stability of the nanogels [103]. Indeed, alkyl chains can interact with
serum albumin in the blood stream which can not only bind to the polymeric drug-delivery
systems but also alter their stability and cause release of the payload. Albumin forms part of
the most potent binding partners for drugs and drug carriers in blood as immunoglobulins,
fibrinogen, apolipoproteins [110-111]. Thus, to further stabilize nanogels based on alkylated
HA, Zhong et al. reported on amphiphilic redox-responsive and reversibly crosslinked HA
nanogels based on HA-Lys-lipoic acid (LA) [107]. LA is a natural antioxidant containing a
disulfure bond. So, the shell of nanogels could be readily crosslinked through disulfide bridges
(HA X-NPs) using catalytic amount of a reducing agent (dithiothreitol, DTT) (Figure 1.6). The
in vivo pharmacokinetics and biodistribution studies in MCF-7/ADR tumor-bearing mice
showed that DOX-loaded HA X-NPs exhibited prolonged circulation time and a high
accumulation in the tumor (12.71% of injected dose per gram of tissue (ID/g)). DOX-loaded
HA X-NPs revealed inhibited DOX release under physiological conditions and fast drug release
(89% in 22h) in the presence of GSH (10mM). After reaching the tumor environment, they led

to inhibition of tumor growth.

This approach was also considered by Yin et al. [109] to co-deliver a hydrophobic drug
(PTX) and hydrophilic gene (aurora kinase A SIRNA, AURKA) for breast cancer treatment. To
do so, they designed a redox-responsive and cationic nanogel, HA-ss-(OA-g-bPEI) known as

HSOP. In this system, octane dioic acid (OA), the hydrophobic group and branched
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polyethyleneimine (bPEI), the hydrophilic cationic group, were linked to HA through cystamine
(containing a disulfide bond). The in vivo and in vitro antitumor efficacy of HSOP in mice was
compared to that of single-drug-loaded micelles and non-responsive nanogels (HOP). Due to
the synergistic inhibition and the efficient drug release in response to cytoplasmic reducing
environment, HSOP nanogels were found to possess the highest antitumor efficacy in vivo.
The biodistribution profile showed that 2 h after intravenous administration, redox-responsive
nanogels (HSOP) and non-responsive nanogels (HOP) accumulated in both liver and tumor,

whereas after 24h preferential tumor accumulation was observed.

Finally, Uthaman et al. [102] proposed an alternative to chemotherapy by encapsulating
in HA-octadecylamine a photosensitizer (IR 780) which absorbs in the NIR region (HA-IR 780),
for photothermal therapy (PTT). The synthesized HA-IR 780 nanogels (daverage< 200 NmM) are
non-toxic to tumor cells but promote significant toxicity upon laser irradiation. PTT uses
photosensitizers to generate heat upon laser irradiation, leading to cellular necrosis and
apoptosis in the tumor (temperature> 49.9°C). Toxicity studies showed that HA-IR 780 does
not cause any adverse effects in organs, including heart, liver, lungs, kidney and spleen,

although it selectively caused cell damage in the tumor region upon laser irradiation.

Table 1.4 Alkylated HA conjugates forming nanogels.

Mn HA Size DL
System (kg/mol) (nm) Drug(s) Method EEY% Tumor model ref
HA- 300 200-300 - sonication - B [98]
tetradecylamine
HA-decylamine 10, 25 170-300 Buc(jgsDoSr;lde sonication (18-57) Caco-2 [99]
FA-HA- o 18 [100]
octadecylamine 11 176-455 PTX ultrasonication (77-97) MCF-7, A549 [101]
HA- 480 150-500 IR780 Dialysis 10 TC-1 [102]
octadecylamine
I
HA-OA (C18) 15 66 PTX Solvent 14 (70) - [103]
evaporation
I
HA-CA (C6) 15 57 PTX Solvent 2.2 (44) - [103]
evaporatlon
HA-OSA 850 400 TA - - - [105]
HA-SA-CYS-OA 44 290 DTX Emulsification by 5 o 76 MCF-7, A549 [106]
sonication

Solvent exchange

HA-Lys-LA 35 152-237 DOX method (dialysis) 15 MCF-7/ADR [107]
. o A549, B16F10,
HA-FAs-PEI 20 100-300 SiRNA sonication Hep3B, MDAMB4cs 1106
HA-ss-(OA-g- PTX, AURKA o
bPE]) 20 135-220 SRNA dialysis 13 (PTX) MDA-MB-231 [109}
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Figure 1.6 A) lllustration of disulfide-crosslinked HA X-NPs based on HA-Lys-LA conjugates
for active CD44-targeting DOX delivery. B) In vivo biodistribution of X-NP-DOX and free DOX
in MCF-7/ADR human breast bearing nude mice at 10h post intravenous injection
(fluorescence images and quantification of DOX accumulated in different organs and tumors)
C) TEM images of HA-Lys-LA X-NPs. D)Change of size distribution in response to 10 mM GSH
in PBS [107].

IV.1.3.2.2  HA-cholesterol conjugates

Cholesterol (CHOL) is a vital component of cell membranes accounting for over 20%
of the plasma membrane lipids. Due to their biocompatibility and hydrophobicity, cholesterol
derivatives or analogues are often used to design drug delivery nanoparticles. In particular,
bile acids which are steroid monocarboxylic acids related to cholesterol are by far the most
extensively studied ones. These include 5B-cholanic acid (53-CHOL) [112-121] and
deoxycholic acid (DOCA) [122-124]. Cholesterol and their analogues are distinguished from
previous lipid group by their unique structure consisting of several linked hydrocarbon rings

forming a bulky steroid structure, which can play a critical role in the encapsulation.

Figurel.7 illustrates several HA derivatives modified with cholesteryl moieties. After
sonication in water, HA-5B-Cholanic acid conjugates led to the formation of spherical particles
of which the size decreased as the DS increased [112]. Studies by confocal microscopy of the
HA-NPs fluorescently labeled with the near-infrared (NIR) dye, cyanine 5.5, incubated with

cancer cells (SCC7) over-expressing CD44 demonstrated cellular uptake when were
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incubated with cancer cells. When the SCC7 cells were pre-treated with a high dose of free-
HA to block CD44 prior to Cy5.5-labeled HA-NPs treatment, cellular uptake of HA-NPs was
found to be inhibited. Following systemic administration of Cy5.5-labeled HA-NPs into a tumor-
bearing mouse, their biodistribution was monitored as a function of time. Irrespective of the
particle size, significant amounts of HA-NPs circulated for two days in the bloodstream and
were selectively accumulated into the tumor site. The smaller HA-NPs were able to reach the
tumor site more effectively than larger HA-NPs. Interestingly, the concentration of HA-NPs in
the tumor site was dramatically reduced when mice were pre-treated with an excess of free-
HA. This study thus showed that HA-NPs were effectively accumulated into the tumor site by
a combination of passive and active targeting mechanisms. However, a significant portion of
HA-NPs was also found in the liver site, possibly owing to their cellular uptake by phagocytic
cells of the reticuloendothelial system and by liver sinusoidal endothelial cells expressing
another HA receptor (HARE). Therefore, pegylation of HA-NPs was performed by varying the
DS of poly(ethylene glycol) (PE in order to control their surface property.) [115-116]. When the
PEGylated HA-nanogels (238 nm) were systemically administered into tumor-bearing mice for
in vivo real-time imaging, they were more effectively accumulated into the tumor tissue, up to

1.6-fold higher than bare HA-nanogels.

In addition to PEGylation, Hans et al. [117] proposed to reinforce the shell of
nanoparticles through controlled deposition of inorganic calcium and phosphate ions on the
shell via a sequential addition method. The resulting mineralized nanoparticles (M-PEG-HA-
NPs) had a smaller size (153.7 £ 4.5 nm) than bare PEG-HA-NPs (265.1 + 9.5nm), implying
that mineralization allows the formation of compact nanoparticles. Interestingly, when the
mineralized nanoparticles were exposed to acidic buffer conditions (< pH 6.5), their sizes
increased rapidly due to dissolution of the inorganic minerals and faster drug (DOX) release
was observed. In vivo biodistribution study shows that M-PEG-HA-NPs could reach the tumor
site and more effectively than bare PEG-HA-NPs.

In another way, Yoon et al. [120] developed photo-crosslinked HA nanopatrticles (c-HA-
NPs) to enhance their in vivo colloidal stability and reduce unintended burst release of the
loaded drug. Nanogels were stabilized by UV-triggered chemical crosslinking of acrylate
groups (APMA) grafted on the HA backbone (PEG-HA-CHOL-APMA, Figure 1.7). PTX-c-HA-
NPs (230 nm) showed improved stability, which enhanced their in vivo tumor-targeted ability.
Coupled to a sustained released of drug, the therapeutic efficacy of PTX-loaded c-HA-NPs

was better than those of free PTX and un-crosslinked HA-NPs.
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Figure 1.7 HA derivatives modified by cholesteryl derivatives.

Sustained release of drug at the target site could also be carried out using a cleavable

linker between HA and the cholesterol moiety. Hu et al. [118] designed redox-responsive NPs

for the triggered intracellular delivery of DOX for breast cancer. The redox-responsive NPs

were based on hyaluronic acid grafted with cholesteryl moiety (HA-ss-Chol) using cystamine

as cleavable disulfide linkage. A peptide targeting EGFR (Epidermal growth factor receptor)

was further surface-conjugated to HA-ss-Chol (GE11-HA-ss-Chol) to achieve dual active

targeting. A novel small peptide GE11 (sequence YHWYGYTPQNVI) was shown to have high

affinity toward EGFR-overexpressed cancer cells. In addition, this resulting system exhibited
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good properties such as small size (~146 nm) and a high PTX drug loading and encapsulation

efficiency of 33% and 91%, respectively.

To highlight the role of the hydrophobic moiety introduced on HA, Zhu et al. [119]
compared the effect of modification of HA with a fatty acid (octadecanoic acid, OA) and
cholesterol on the properties of nanogels. The latter were obtained from HA-SA-CYS-OA and
HA-SA-CYS-CHOL in which cystamine (CYS) is a redox cleavable linkage (Figure 1.8). The
authors concluded that: i) the hydrophobic groups affect the distribution, metabolism, excretion
and antitumor efficacy of nanogels. ii) the HA-SA-CYS-CHOL-based nanogels exhibit better
tumor targeting properties and efficient antitumor effect at very low concentration and with
extremely low systemic toxicity compared to HA-SA-CYS-OA. iii) regarding drug
encapsulation, it is important to consider the interactions between the hydrophobic group and

the drug loaded to select the most appropriate hydrophobic moiety.
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Figure 1.8 Synthesis scheme HA-SA-CYS-CHOL (A), HA-SA-CYS-OA (B). Transmission
electron micrographs of DTX-loaded HA-SA-CYS-OA (C) and HA-SA-CYS-CHOL (D). In vivo
disposition of DIR solution and HA-SA-CYS-CHOL, HA-SA-CYS-OA nanogels at different
study intervals (E). Ex vivo fluorescence images of tissue samples collected 24h post-injection
(F). Comparison table between HA-SA-CYS-OA and HA-SA-CYS-CHOL nanogels, the cross
indicates the higher result, red cross for disadvantageous result and green cross for
advantageous one (G). Adapted from Zhu et al. 2017 [119]
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IV.1.3.3HA-polymer conjugates

Two main strategies have been investigated to design GAG-polymer conjugates: the

“grafting from” process and the “grafting onto” process.

The “grafting from” process relies on polymerization methods such as the ring-opening
polymerization (ROP), controlled radical polymerization (CRP), or oxidative polymerization
[125]. Pendant hydroxyl groups in GAGs are generally used as initiating species for the ROP

of cyclic monomers.

The “grafting onto” technique, requires the pre-synthesis of end-functionalized polymer
that are subsequently covalently bonded to the polysaccharides. Although this latter strategy
usually suffers from low grafting density (due to steric hindrance) and tedious polymerization
procedures [126], it is the most used to graft polymers on HA due in particular to the fact that
it is possible to perform the reaction in water. HA has been maodified via either its carboxylic
acid or hydroxyl groups. The carboxylic groups are mainly involved in amide-acid coupling and
esterification reactions, while the hydroxyl groups are commonly converted into ester or ether
derivatives [127]. As can be seen on Figure 1.9, the main strategy is based on amide bond
formation using carbodiimide-mediated coupling reactions. Various amine-functionalized
polymers have been grafted onto HA through the carboxylic acid group. However, most of the
carbodiimides-mediated coupling reactions have been carried out in organic solvent
(dimethylsulfoxyde, DMSQO). Moreover, when the carboxylate group is selected, it has been
found that a degree of substitution (DS, average number of substituting groups per repeating

disaccharide unit) above 0.25 decreases the ability of HA to target CD44 receptors [128].

The hydrophobic core is usually derived from the following biodegradable polymers:
poly(p,.-lactide-co-glycolide) (PLGA), poly(lactide) (PLA) and poly-¢-caprolactone (PCL) [129].

In order to prevent recognition by the reticuloendothelial system (RES), PEG chains
were introduced to most of these nanogels. The behaviour of nanogels based on polymers
above-mentioned (HA-PLGA [131-132], HA-PLA [130],HA-PCL [125]) were compared to their
PEG-derivatives (HA-PEG-PLGA [133-135], HA-PEG-PLA [130], HA-PEG-PCL [125]) and
each time, the latter exhibited greater stability (prolonged residence in the body) and had a
higher drug loading capacity (from DL<10% to DL>80%). Moreover, cytotoxicity tests revealed
that the presence of PEG on the carrier's surface did not interfere with CD44 receptor
recognition. However, despite a quite significant concentration of nanogels in tumor tissues,
biodistribution studies showed high liver uptake. Although PEG is useful, it presents some
drawbacks [137]. The main disadvantage of PEG is its non-biodegradability, resulting in long-

term bioaccumulation, especially for pharmaceuticals used at high doses. Moreover, it is
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known that immunological reactions can occur with PEGylated liposomes [138]. Therefore,
some other hydrophilic polymers have been experimentally employed as an alternative to PEG
such as: poly(N-vinyl-2-pyrrolidone) (PVP), poly(vinyl alcohol) or Poly(2-ethyl-2-oxazoline)
[139].
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Figure 1.9 Strategies based on “Grafting from” and “grafting onto” approaches to prepare HA-
polymer conjugates.

As discussed above for nanogels based on alkylated-HA, it is also possible to
incorporate redox cleavable bonds to trigger drug release. Hu et al. used this approach to
synthesis hyaluronic acid-cystamine polylactic-co-glycolic acid (HA-SS-PLGA), composed of
a hydrophobic PLGA chain and a hydrophilic HA chain linked by a bioreducible disulfide bond.
With a double emulsion method, a nano delivery system was constructed to deliver doxorubicin
(DOX) and cyclopamine (CYC, a primary inhibitor of the hedgehog signaling pathway of
Cancer stem cells (CSCs)) to both a CD44-overexpressing breast CSC subpopulation and bulk

breast cancer cells and allow an on-demand release [136].

As observe earlier for HA-fatty acid conjugates based nanogels, Wang et al. [131]
designed HA-grafted-polyethylenimine-poly(d,l-lactide-co-glycolide) (PEI-PLGA) nanogels
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system to target co-delivery of doxorubicin (DOX) and miR-542-3 p for triple negative breast
cancer (TNBC) therapy. This association showed again a suitable average size at 131.7 nm
and high drug encapsulation efficiency, while prevented miR-542-3p degradation in the serum.
HA-PEI-PLGA nanoparticles increased both drug uptake and cytotoxicity in MDA-MB-231 cells
compared to MCF-7 cells, which express lower CD44 levels.

In addition to stimuli-labile linkage, the use of a stimuli responsive polymer is attractive
for drug delivery due to their ability to change the physical and/or chemical properties of

nanogels in response to an external stimulus such as pH, light, temperature.

Table 1.5 HA-polymer conjugates forming nanogels.

System Mn HA Size Drug(s) DL (EE)% Tumor ref
(kg/mol) (nm) model
HA-PEG-PCL 6 115-196 DOX (>85) EAT [125]
HA-PLA - 30 DOX 5 (10) HTC-116 [130]
Dox: 8 (76) MCF-7,
DOX, .
HA-PLGA-PEI - 120-195 ) miRNAs: 13 MDA-MB- [131]
mMiRNAs
(88) 231
HA-PLGA 8.3 49-102 DOX 5-11 HEPG2 [132]
HA-PEG-PLGA 17-64 98 DOX 7.2 (31) HTC-116 [133]
HA-PEG-PLGA 5.7 100<x<200 DOX (>88) EAT [134]
HA-PEG-PLGA 5.7 5fluoroucacil (80) EAT [135]
HA-PEG-PLA _ 37 DOX 10 (20) HTC-116 [130]
Dox:(70) MDA-MB-
HA-ss-PLGA 6.4 245 DOX, CYC [136]
CYC: (58) 231

IV.1.3.3.1 pH-Responsive HA-polymer conjugates

It is well known that the physiological pH in cancer cell is lower than that in blood and
normal tissues. The pH is about 6.0 and 5.0 in intracellular early lysosomes and late lysosomes
respectively [140]. Hence, the acid-triggered rapid release of drugs can be achieved inside
tumor cells by using nanogels bearing pH-responsive polymer such as poly(L-histidine) (Phis).
In addition to its biocompatibility and biodegradability, poly(L-histidine) shows a natural

amphoteric property (deprotonation-protonation (pKa = 6.5) of its imidazole ring).

Qui et al. demonstrated the possibility to prepare self-assembled nanogels based on
HA-PHis (HPHM) and to induce pH-responsive intracellular drug delivery (Figure 1.10-A-B)
[141]. They further exploited the potential of this system to overcome multidrug resistance
(MDR). To do so, DOX-loaded HPHM nanogels and D-a-tocopheryl poly(ethylene glycol) 2000
(TPGS2k) was combined to co-deliver DOX and TPGS2k into drug-resistant breast cancer
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MCF-7 cells (MCF-7/ADR) (Figure 1.10-A1-A2 to -G) [142]. Tocopheryl has been
demonstrated to inhibit the efflux pumps (P-gp) leading to the restored sensitivity to anticancer
drug [143]. As compared to HPHM, the HPHM/TPGS2k nanogels (size of ~ 100 nm, high DOX
loading content of 10% and EE of ~92%), showed higher and comparable cytotoxicity against
MCF-7/ADR cells and MCF-7 cells, respectively.
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Figure 1.10 Scheme of self-assembly HA-PHis nanogels and pH-responsive intracellular drug
delivery. (A) The DOX-encapsulated micelles based on HA-PHis copolymers are formed in
aqueous condition. (A1) (B) Particles of suitable size promote nanocarrier accumulation in
tumor tissue by the EPR effect. (C) The micelles are selectively taken up by tumor cells via
CD44 receptor-mediated endocytosis and delivered to the lysosomes, triggering the release
of DOX into the cytoplasm, improving intracellular drug release and increasing the antitumor
efficacy.

0 x10°

HPHM

Fluorescence intensity

HPHM/TPGS2k

The enhanced MDR reversal effect was attributed to the higher amount of cellular
uptake of HPHM/TPGS2k in MCF-7/ADR cells than HPHM. The measurements of P-gp
expression level indicated that HPHM/TPGS2k inhibited P-gp activity but without inhibition of

31



Chapitre 1 — Glycosaminoglycans based drug delivery systems — Bibliography review

P-gp expression. Moreover, in vivo studies indicated that HPHM/TPGS2k could reach the
tumor site more effectively than HPHM. Thus, the pH-sensitive mixed nanogels system was

shown to be a promising approach for overcoming the MDR.

Lee et al. proposed to combine pH- and light-responsive properties (Figure 1.11). Light
irradiation is safe and easy to use, and lasers have been demonstrated to enhance the
intracellular delivery of therapeutic molecules by photo-chemically triggered endolysosomal
membrane disruption. [144] To this end, a photochemical agent, chlorin (Ce6) and a pH-
responsive polymer, poly(diisopropylaminoethyl)aspartamide (PDIPASP) were attached
through a carbodiimide-mediated reaction to acetylated HA (AcHA-g-PDIPASP-g-Ce6). The
resulting nanogels, DOX@PHAN (size ~ 200 nm and DOX loading content: 14 %), displayed
a pH-response activity due to the hydrophilic-hydrophobic transition of PDISPASP through the
protonation of the tertiary amine groups. Moreover, after cellular uptake via receptor-mediated
endocytosis, intensity laser irradiation stimulated Ce6 grafted on HA to produce reactive singlet
oxygen, which released DOX into the cytosol.
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Figure 1.11 A) Schematic representation of doxorubicin-loaded pH-responsive hyaluronic acid
nanonogels (DOX@PHANSs). B) TEM photographs of DOX@PHANs at pH 7.4 and 5.0
Magnification is 6000x or 15000x.

32



Chapitre 1 — Glycosaminoglycans based drug delivery systems — Bibliography review

IV.1.3.3.2 Thermoresponsive HA-polymer conjugates

Thermoresponsive polymers have been advantageously used to prepare HA-based
nanogels. Auzely-Velty et al. exploited this approach to develop a series of thermoresponsive

nanogels based on HA (listed in table 1.6).

Table 1.6 Thermoresponsive HA-polymer conjugates forming nanogels.

Mn HA Size ) CAT Tcp ref
copolymers Drug responsiveness
(kg/mol) (nm) (°C) (°C)
DEGMAGgs-co- 300 [145]
95-150 PTX thermal 34 32
OEGMAs 120
DEGMAGgs-co- 120 [146]
150 - 214 PTX Thermal 34 32
OEGMAs 300
DAAMgs-co-DMAs 40k 200 PTX Thermal, pH 32 26 [147]
DEGMA-co-CMA 40k 110 PTX Thermal, Light 27-32 <20 [148]

First, they demonstrated that the grafting of a thermoresponsive copolymer,
poly(diethylene glycol methacrylate-co-oligoethylene glycol methacrylate) (poly(DEGMA-co-
OEGMA), onto HA allowed temperature-triggered assembly of HA-poly(DEGMA-co-OEGMA)
into nanogels (Figure 1.12-A) with a critical aggregation temperature (CAT) of 34°C. This
copolymer was coupled with HA via thiol-ene coupling reactions (thiol-maleimide coupling
[145] and radical thiol-ene addition reactions [146]). These nanogels exhibited interesting
features for drug delivery such as facile formation by simply heating the HA-copolymer solution,
tunable size, easy loading of hydrophobic molecules, selectivity for cells expressing the CD44
receptor. In vivo biodistribution studies showed that the nanogels circulated freely in the blood
but they were rapidly phagocytized within 13 min by circulating macrophage, limiting their

therapeutic efficacy.

The authors subsequently focused on the design of more sophisticated nanogels with
increased colloidal stability and multiple responsiveness to precisely control their behavior after
administration in vivo. Thus, they developed core-crosslinked nanogels based on HA modified
with a copolymer of diacetone acrylamide (DAAM), N,N-dimethylacrylamide (DAAM)
(poly(DAAM-co-DMA)) [147]. The selective crosslinking of the core relied on the selective
formation of hydrazone crosslinks with bishydrazides within the globular domains of the
copolymer chains formed above the cloud point temperature (Figure 1.12-B). The efficiency of
the keto-hydrazide ligation allowed tuning the crosslinking density by varying the dihydrazide
crosslinker to ketone molar ratio. After core-crosslinking, the nanogel structure became
“frozen” and remained stable at low temperature (below the CAT of 30°C) with a size of 200

nm. Their potential of these nanogels to deliver PTX into cancer cells was demonstrated by in
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vitro cellular uptake studies and cytotoxicity assays. Moreover, to get new insight into the
mechanism that determine accumulation of the nanogels in tumor tissues, in vivo
biodistribution studies were carried out in two different mouse tumor models showing different
degrees of EPR-mediated drug targeting as well as CD44 expression levels. These studies
showed long circulation of nanogels in blood flow (h) and gave evidence for their EPR effect-
based tumor-specific targeting. Importantly, these experiments also demonstrated similar in
vivo behaviour of native HA in both tumor models, indicating that the nanogels biodistribution
is mainly determined by the nature of the shell-forming polysaccharide.

In another study, the authors developed light- and thermoresponsive HA-based
nanogels to trigger drug release “on-demand”. The strategy relied on the incorporation of
coumarin  moieties within a thermoresponsive ethylene glycol-based copolymer
(poly(diethylene glycol methacrylate-co-coumarin methacrylate), poly(DEGMA-co-CMA))
grafting on HA, leading to the formation of nanogels that can undergo disassembly upon-light
exposure (Figure 1.12-C) [148]. The nanogel disassembly is due to the hydrolysis of coumarin
esters upon UV-light irradiation or near-infrared (NIR) two-photon light excitation (750 nm),
resulting in a shift of the CAT from 27°C to a temperature above the body temperature (38°C)
of HA-poly(DEGMA-co-CMA) with 5% of CMA (mol%). These nanosystems exhibited efficient
internalization by cancer cells overexpressing the CD44 receptor of HA (HeLa cells), ability to
circulate for a prolonged period of time in the bloodstream after intravenous injection in mice

and considerable detection in tumor tissues.
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Figure 1.12 A) Synthesis of poly(DEGMA-co-OEGMA) by the RAFT polymerization method.
Temperature-responsive behavior of the HA-poly(DEGMA-co-OEGMA) Al) Transmittance
plots as a function of temperature with DS respectively 3, 4 and 6 % at a concentration Cp=5
g/L. A2) Fluorescence microscopy image at 40°C (DS: 3 %) loaded with Nile Red and A3)
scanning electron microscopy image (Cp = 2 g/L). B) Formation of hyaluronic acid-based
nanogels by temperature-induced self-assembly and their covalent crosslinking by hydrazone
bond formation within the hydrophobic domains of the grafted copolymer chains. Morphology
of HA-based nanogels crosslinked with an IDH:ketone molar ratio of 0.5 observed at 5 °C by
TEM (B1) and by cryo-TEM (B2). (B3) In vivo near-infrared fluorescence (NIRF) images of the
time dependent biodistribution of Cy5.5-labeled crosslinked nanogels in breast TS/A-pc and
HelLa tumor-bearing mice. The tumor was engrafted subcutaneously on the right flank of the
mouse. The fluorescence was measured before injection and at the following time elapse after
administration: 30 min, 1h, 2 h 30, 5 h, 24 h, and 48 h. The tumor locations are indicated by
the arrows. (B4) Fluorescence intensity ratio of the excised tumor to liver at 24 h (blue) and 48
h (orange) post-injection. The results are expressed as the mean + SD (n=3). C) Formation of
light and thermoresponsive HA-poly(DEGMA-co-CMA) nanogels by temperature increase and
disassembly upon light exposure, (C3) shift of the CAT. (C1l) Characterisation of HA-
poly(DEGMA-co-CMA) nanogels (5% CMA, 0.5 g/L in ultrapure water at 40°C) by Scanning
and transmission electron microscopy. Cellular uptake of HA-poly(DEGMA-co-CMA) nanogels
by HelLa cells C2) confocal microscopy images of HelLa cells incubated for 16h with nanogels
loaded with a fluorescent dye (di-strybenzene derivative, DSB), cyanine5-labelled nanogels

and DSB-loaded cyanine5-labelled nanogels (from left to right). C3)
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IV.2 Chondroitin sulfate-based amphiphilic nanoparticles

Chondroitin sulfate is particularly abundant in the extracellular matrix of cartilage and
bones. In the biomedical field, CS is used as a type of neutraceuticals for the treatment of
osteoarthritis owing to its anti-inflammatory activity [148-149]. Chondroitin sulfate is composed
of alternating units of (B3-1,3)-glucuronic acid (GIcUA) and (B-1,4) N-acetyl galactosamine
(GalNAc) with sulfate at either the 4- or 6-position of GalNAc or at 2-position of GICUA. It
structural similarity to hyaluronic acid makes CS an attractive building block for designing drug
delivery systems with potential targeting ability to cancer cells via CD44 receptor-mediated
endocytosis [150-152]. However, unlike HA, CS is a natural substrate for P-selectin, which is
expressed on endothelial cells, platelets, and some cancer cells. Since P-selectin plays a
critical role in tumor metastasis, CS based nanoparticles could have dual targeting capabilities,

particularly for metastatic cancer [151,153].

Therefore, CS was hydrophobically-modified for the synthesis of drug delivery
nanocarriers [154]. Table 1.7 summarizes CS-based amphiphilic nanocarriers obtained in
recent years. Most of these nanocarriers have been investigated through in vitro studies. From
this table, it can be also noticed that the hydrophobic moieties and linkers used are similar to
those used for the synthesis of HA-based self-assembled NPs. CS was conjugated through
hydrazone, ester, amide linkages to thermoresponsive (pluronic) [164], or pH-responsive
(poly(histidine)) [157] polymers, common biodegradable polymers (PLGA, PLA, PCL) [155,
159] or to small hydrophobic molecules such as a-linoleic acid [161], cholesterol [156]. These
different conjugates led to the formation of nanogels, micelles and nanocapsules. Based on
physico-chemical and in vitro studies, CS- and HA- based NPs show very similar

characteristics. The lack of in vivo studies, does not allow to go further into the conclusions.
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Table 1.7 Amphiphilic derivatives of CS leading to the formation of self-assembled NPs.

System Mn HA Size Drug(s) DL Application ref
(kg/mol) (nm) (EE)%
CS-Lipid conjuagtes
In vitro triggered release
CS-ss-CHOL 72 124-237 quercetin 23 (30) and cytotoxicity against [156]
Hela Cells
CS-hydrazone- .
10 165 DTX In vitro release and cellular [158]
DOCA uptake MCF-7
In vitro drug release, cellular
CS-PEG-DOCA 37 268 DOX (94) uptake SKOV-3 [160]
In vivo pharmacokinetics
In vitro cytotoxicity in Caco-
2 and HT29 cells, transport
Linoleic acid 4,17 78-117 - - studies across Caco-2-Cells 161
In vivo intragastric
absorption efficacy
CS-drug conjugates
ChS-drug 97 - NSAIDs - Colon targeting [162]
CS-small molecule
In vitro triggered release,
DOX DOX, 99
CS-acetylated - 345 cellular uptake and [163]
Ce6 2.5(91) o
cytotoxicity to HelLa cells
CS-polymer conjugates nanogels
In vitro intracellular uptake
CS-PCL 85 300 DOX (>85) [158]
of KB cells
CS-PLA 12 92-180 - - - [159]
. In vitro cellular uptake in
CS-pluronic 20,50 48-230 DOX 15 (42) [164]
A549 cells
pH responsive CS-polymer conjugates based pH responsive nanogels
CS-polyhistamine In vitro cytotoxicity to
pH responsive 20 133 DOX [157]
HepG2 cells
ester bond
CS-polymer conjugates micelles
CS-hydrazone- In vitro drug release, cellular
PLGA 10 255-287 DOX 10 uptake and anti-tumor effect [165]
against MCF-7
CS-PLA 5 35-54 - - - [166]
CS-polymer conjugates Capsules
Cs- Indomethacine .
50 240 (90) In vitro release [167]
poly(methacrylate) (IND)
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Very recently, Ooomen et al. proposed to lift this veil and reported the first direct
comparison (under identical conditions) of HA- and CS-based nanogels (Figure 1.13). To
facilitate direct comparison, they utilized HA and CS of similar molecular weights
(approximately 50 kg/mol). They designed theranostic NPs using fluorescein, a fluorescent
aromatic molecule. Thus, self-association was induced by hydrophobically modifying HA and
CS with fluorescein moiety. Such a modification fostered self-assembly to form NPs that not
only gave an imaging possibility but also improved the binding of aromatic drug molecules
using -1 interactions (planar undistorted 1r-core of fluorescein) with an aromatic hydrophobic
drug such as doxorubicin hydrochloride (DOX) resulting in controlled drug release (Figure
1.13) [168].

They examined the drug-loaded nanogels HA-DOX and CS-DOX in two different
human cell lines (HCT116 and MCF-7), and cellular uptake, nuclear translocation, dose-

dependent cytotoxicity, and dependence of caspase 3/7 for apoptosis were evaluated.

From this first investigation has resulted in the following findings. The FACS and the
confocal study showed CD44 mediated cellular uptake and nuclear localization of both
nanogels (CS-DOX and HA-DOX). Cytotoxicity studies of these NPs revealed that CS-derived
NPs are superior to the HA-derived one in both cell lines tested. Hematological evaluation of
HA, CS, and their nanogels show that the chemical modification of biopolymers alters the
biological function of the polymers. HA-DOX is less immunogenic compared with CS-DOX.
Otherwise, both HA-and CS nanogels could be used for developing targeted drug delivery
systems for anticancer therapy. This nanogel formulation and design is straightforward to give
a stable GAG based nanoparticles, customizable for a variety of aromatic antineoplastic
agents, with a narrow size distribution and efficient drug loading properties without the use of
any inactive excipients. The degradation of these NPs using ubiquitous enzymes in vivo,
particularly at the tumor site (because of increased enzymatic activity) will allow better control

of drug release at the tumor site.
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Figure 1.13 A) and B) Schematic representations of doxorubicin stabilized amphiphilic HA and
CS polymers. Flow-cytometric analysis of the uptake of (C) HA NPs and (D) CS NPs by
HCT116 and MCF-7 cell lines in the presence and absence of 7.5 kg/mol HA (10 mg/mL).
Estimation of caspase 3/7 activities in (E) HCT116 and (F) MCF-7 cell lines, treated with drug-
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IV.3 Heparin and heparan sulfate-based amphiphilic nanoparticles

While heparin and heparin sulphate are based on the same repeating disaccharide
units, HP and HS show very different compositions with heparin containing a much more higher
density of N- and O-sulfate groups [169-170]. This feature, in addition to their blood
anticoagulant activity, could inhibit tumor metastasis in different experimental models with the
binding of growth factor such as vascular endothelial growth factor (VEGF) and fibroplast
growth factor (bFGF). Moreover, HP is involved in the inhibition of heparanase enzymes that
are thought to be required by tumor cells for invasion of the vascular basement membrane.
Therefore, HP has been more investigated than HS and at first, has been encapsulated and
delivered as therapeutic agent [171-172].

Recently, HP based drug delivery systems have been developed as platforms for the
delivery of anticancer drugs. Interestingly, due to its inherent properties, it can exhibit a
synergistic effect for the prevention and treatment of tumor metastasis through co-delivery with
other tumor drugs. To this end, until now, only Heparin based nanogels resulting from the self-

association of hydrophobically modified derivatives of HP have been investigated [174].

HP can be hydrophobically modified by the same hydrophobic moieties as the previous
GAGs such as cholesterol derivatives [175-178] or drugs [179] conjugate via same cleavable
linker to trigger drug releasing in tumor environment. The unique difference lies on the
synergistic anticancer effect since HP has anticancer property. However, similar to other
GAGs, a systemic strong accumulation in liver and RES organs is observed as well as for the
two previous GAGSs. At least, since strategies followed are the same, comparative studies
between GAGs could be performed. Unfortunately, up until now, there is a lack of comparative
study between GAGs (or polysaccharides) based drug delivery systems. Such comparison will

allow a better understanding and awareness of the strategic challenges/approaches.

Interestingly, the high negative charge density of heparin distinguished it from previous
GAGs and has been mainly exploited to form nanogels based on electrostatic interactions.
Theoretically any cationic polymers could interact with polysaccharide to form polyelectrolyte
nanogels. In practice, these polyelectrolytes are restricted to biocompatible and water-soluble
polymers in view of safety purpose. However, combined with hydrophobic feature, a suitable

nanogels platform can be obtained.
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In this regard, Li et al. [180] combined amphiphilic properties of a heparin-drug
conjugate and electrostatic interactions to physically entrap another therapeutic agent to
optimize properties for anti-tumor chemotherapy (Figure 1.14). Thus, they designed HP-PTX
nanogels via a pH sensitive linkage (cis-acotinic linker). Then a drug, DOX-HCI and a tumor
targeting molecule, the cationic folic acid (CFA) were incorporated. The successful preparation
of the drug carrier via electrostatic adsorption was proved by zeta potential measurements
showing a decrease of surface potential due to the incorporation of cationic DOX and CFA.
Consequently, following adsorption, an increase of the average nanogel size from 150 nm to
a size around 300 nm was observed. Interestingly, HP-PTX provided relatively higher drug
loading capacity than previous HP-PCL drug carrier [173] (13% and 9%, respectively). The
release was achieved in two times. Most of DOX molecules were released within the first 12h
whereas the PTX release continued for the last 12H. Moreover in vitro tumor cytotoxicity

showed higher cytotoxicity against tumor cells than the HP-polymer conjugate.
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Figure 1.14 A) The synthetic route for HP-PTX conjugate. B) The TEM observations (B1) HP-
PTX polymer carrier before DOX and CFA absorption, and (B2) drug carrier after DOX and
CFA absorption. C) The in vitro release profiles of PTX (C1) and DOX (C2) of HP-based drug
carrier. [180]
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IV.4 Heparosan-based amphiphilic nanoparticles

Heparosan (Hep), is a particular non-sulfated member of the glycosaminoglycan family.
Hep has a chemical structure very similar to HA, in which the B-1,3 bond between the
glucuronic acid and the N-acetylglucosamine replaces the a-1,4 bond found in Hep. It is found
in the capsule of some pathogenic bacteria and it is the natural precursor of the biosynthesis
of heparin and heparan sulfate. Therefore, it has been used as a precursor for the synthesis
of bio-engineered heparin that is free of contaminants, that can cause adverse reactions in
patients. [181-185] Recent studies focused on the development of chemical and biological
synthetic strategies for obtaining this important precursor. [186-188] Thus, heparosan is a
relatively new polysaccharide used in the biomedical field. [189] Very few investigations have
been published on the chemical modification of heparosan for different applications such as

nanocarriers.

However, Hep revealed multiple key advantages over the other GAGs for drug delivery
systems and implantable biomaterial [190 -192] : i) less substantial biological interactions and
degradation in the extracellular space, ii) a longer half-life in the bloodstream of healthy animal,
iii) natural biodegradation pathway to prevent accumulation in the tissues after the drug is
released and iv) no observed immunogenicity. In contrast to HP and HS, Hep is neither
decorated with sulfate groups nor epimerized at glucuronic acid residues, it is thus relatively
biologically inactive with respect to: (i) coagulation (i.e., clotting factors not activated), (ii)
modulation of proliferation (i.e., growth factors do not bind) and (iii) inflammation (i.e., cytokines
do not interact). Moreover, enzymes that degrade (heparanase) or receptors that clear the
other GAGs including HA from the bloodstream (hyaluronan receptor for endocytosis or
stabilin) do not recognize heparosan because the sulfate groups essential for activity are

absent from this polymer [193-197].

In other words, borrowed from DeAngelis [190] “heparosan read as ‘a hole in the sugar
code’ that is ignored by the HS recognition systems”. Therefore, heparosan is stable in the
extracellular spaces where many therapeutic drugs act. Its degradation through internalization
by enzymes called B-glucuronidase, to which Hep is vulnerable, will arrive only once after
reached the lysosome space [198]. In conclusion, while most of nanocarriers, seen in this
chapter, encountered issues with delivery due to nonoptimal pharmacokinetics and systemic

high accumulation in liver, Hep may overcome these limitations.
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This hypothesis is also supported by the half-life of native heparosan compared to
others GAGs. It is noted that the clearance of HA and CS from circulation depends on its molar
mass. The half-life of native high molar mass HA in humans is 2.5-5.5 min [198], whereas CS
(Mw = 50 kg/mol) has a half-life of 12-15 min [199]. The chemical modification of HA and CS
increases the blood circulation time due to hindered enzymatic recognition [200]. In the case
of native heparosan, the half-life in the bloodstream is between 0.5- and 8-day depending on

its molar mass and the route of administration.

Therefore, Hep has been recently studied to replace PEG as a coating agent [199-200].
Nevertheless, very few studies have been carried out and to the best of our knowledge, only
Chen et al. have reported self-assembled systems based on Heparosan [201-202].

These include Hep-drug (DOX) conjugates and Hep-hydrophobic moieties (DOCA)
conjugates. The first one (Figure 1.15) was used as model to investigate the endocytosis
pathway of heparosan-based nanocatrrier. It should be noted that unusual coupling reactions
have been performed. DOX was linked to Hep through aldehyde groups obtained after opening
the sugar ring by oxidizing hydroxyl group of the glucuronic acid residue in the presence of
sodium periodate. Chen et al. demonstrated that the main endocytosis pathway of Hep-DOX
in HelLa cells was clathrin-mediated endocytosis and micropinocytosis. This study also
revealed that heparosan could undergo rapid intracellular trafficking of DOX and produced a
therapeutic effect in short period. In the case of Hep-DOCA, DOX was effectively encapsulated
in nanoparticles based on the amphiphilic Hep derivative (Figure 1.16). Cellular uptake and in
vitro cytotoxicity assays confirmed that DOX-loaded nanogels could be efficiently internalized

by HelLa cells, and showd significant distinction of IC50 between tumor cells and normal cells.
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Figure 1.15 A) Chemical structure of Heparosan-DOX conjugate (HDC). B) TEM image of
HDC nanoparticles in PBS (pH 7.4). C) Size distribution and é-potential of HDC nanogels. The
cytotoxicity of HDC against D) HeLa and E) A549 cells, free DOX with the equivalent amount

was used as the control. In vitro cytotoxicity of F) HDC and G) free DOX against HelLa cells
within different co-incubation periods.
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Figure 1.16 A) Schematic illustration of the formation of self-assembled HD nanogels and
intracellular drug delivery. B) In vitro a) fluoreorescent images of HeLa cells and b) COS7-cells
co-cultured with DOX-loaded nanogels for 1h. (a1, b1l) Red fluorescent showed the DOX has
internalized into cells; (a2, b2) blue represented cell nuclei stained by DAPI; In vitro cytotoxicity
of DOX-loaded nanogels and DOX against c) HelLa cells and d) COS7 cells. Error bars
represent standard deviation of 3 replicates for the test. C) Chemical structure of Heparosan-
DOCA conjugate (HD). D) TEM images of al) HD nanogels b1l) DOX-loaded nanogels in PBS
solution (1 mg/mL). E) Size distributions of al) HD nanogels and b1) DOX-loaded nanogels.
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V Conclusion

Glycoaminoglycan-based nanoparticles have a great potential as carriers of different
pharmaceutical agents due to their physicochemical and biological properties, which can
overcome the limitations upon the administration of conventional anticancer drugs. They are
biocompatible, biodegradable, non-toxic and easily tunable. Moreover, the multifaceted
functions of GAGs may also have context-dependent therapeutic applications due to their

intrinsic biological activities.

A wide variety of self-assembled nanosized carriers has been developed. The
introduction of hydrophobic segments into hydrophilic polysaccharide backbones allows
forming self-assembled structures with distinct architectures, sizes and surface properties,
such as micelles, polymersomes, nanocapsules, and nanogels. The most interesting
hydrophobic groups are those that improve interactions with the drug (cholesterol derivatives,
aromatic molecules) and possess a dual function such as biological activity (glycyrrhetinic,
tocopheryl) or stimuli-responsive properties (pH-, thermo-, photo-responsive) or additional
chemical modification (crosslinking).

Each system offers advantages. However, nanogel architectures, which are hydrogels
formulated at nanoscale size, have emerged as some of the most promising nanocarriers and
are currently the most studied. They are particularly appreciated for their high hydration
capacity, which gives them a flexibility that other particles do not have, and the possibility of
modifying both the hydrophilic shell and the hydrophobic core, allowing for multiple
combinations. Thus, a wide variety of nanogels have been developed and their in vivo
evaluation raises questions, such as the effect of particle size on biodistribution, their strong
or weak stability, or drug burst release, which likely impact on pharmacokinetics, tissues

distribution, and drug efficacy.

Among GAGs, hyaluronic acid is the most studied due to its unique ability to target
cancer cells overexpressing the HA receptor CD44. By contrast chondroitin, heparin and
heparosan are for the moment very little studied and lack further investigations. A thorough
comparative study between CS-, HP-, Hep-based nanocarriers and hyaluronic acid-based
nanocarriers, under the same conditions, could give us a better understanding of their in vivo
potential and the biological mechanisms involved during administration. In particular, an
important issue is to properly evaluate the advantages of the HA corona in terms of tumor
targeting. There is still little evidence that tumor targeting is closely related to the CD44

targeting effect.
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Moreover, through this bibliography review, we have seen that most nanogel-based HA
systems encountered issues with delivery due to nonoptimal pharmacokinetics and systemic
high accumulation in liver. The key to achieve optimal antitumor efficacy is to find a favorable
balance between long circulation and targeted cellular uptake exploiting the EPR effect. Thus,
most systems have incorporated PEG on their surface to reduce RES uptake and increase the
nanoparticle blood half-life. But PEG is also known to be non-biodegradable and able to induce
immune reactions after repeated applications. PEGylation does not constitute an appropriate
solution. Further studies will be needed to limit off targeting to healthy tissue, in particular to
the liver, which is the principal elimination organ of HA. In this regard, heparosan might be a
promising alternative to HA since HARE receptors, that clear the other GAGs including HA
from the bloodstream (hyaluronan receptor for endocytosis or stabilin) do not recognize
heparosan and overcome this current issue. A comparative study between HA- and Hep-based

nanogels would allow to gain a better understanding of its in vivo behavior and its potential.
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Chapitre 2 - Synthese de nouveaux copolymeéres
thermosensibles

| Introduction

Les copolyméres thermosensibles ciblés dans cette thése ont été congus de fagon a
induire 'auto-association en milieu aqueux de polysaccharides en nanoparticules (nanogels),
aprés greffage le long de la chaine polysaccharidique. Afin d’améliorer les propriétés de ces
nanogels en termes de stabilité et de capacité a transporter des molécules hydrophobes, il
s’est avéré nécessaire de développer une nouvelle famille de copolyméres permettant la
formation de nanogels a température ambiante. Comme nous I'avons souligné dans la partie
bibliographique, il est important de tenir compte de 'augmentation de la température d’auto-
association du copolymére, résultant de sa déshydratation, une fois greffé sur le

polysaccharide hydrophile, chargé négativement.

Ainsi, les travaux présentés dans ce chapitre portent sur la mise au point d’'un
copolymere thermosensible possédant une température de point de trouble (T¢p) inférieure a
la température ambiante. Cette condition est nécessaire pour conférer au polysaccharide
modifié par ce copolymere une température d’agrégation critique (CAT) inférieure a la

température ambiante (~ 25 °C).

Roy et al. ont répertorié 'ensemble des systémes de polyméres thermosensibles a
LCST (Lower Critical Solution Temperature) [1]. Il en existe une dizaine dont le plus étudié est
le systéme reposant sur les poly(N-alkyl(meth)acrylamide)s, dans lequel le poly(N-
isopropylacrylamide) (PNIPAM) fait figure de référence comme polymére thermosensible,
depuis la publication en 1967 par Scarpa et al. de sa transition de phase [2]. Cependant, la
température critique inférieure de démixtion de ce polymere est supérieure a la température
ambiante (LCST ~ 32°C) et sa toxicité potentielle n'autorise pas son utilisation in vivo. Une
autre catégorie de polyméres thermosensibles, des copolymeéres a base de (méth)acrylate
d’oligo(éthylene glycol) (OEGMA), a été rapportée plus récemment. Plusieurs études ont
montré I'excellente biocompatibilité in vitro ou in vivo de ces copolyméres, comme observé
avec le poly(éthylene glycol) [3], autorisé par I'agence américaine du médicament (Food and
Drug Administration - FDA). Ainsi, plusieurs nanosystémes incluant des copolymeres a base
d’'OEGMA, biocompatibles et thermosensibles, ont été élaborés au cours de ces quinze

dernieres années [4-9].
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Dans ce contexte, un copolymére de méthacrylate de di(éthyléne glycol) et OEGMA
(poly(DEGMA-co-OEGMA), avec un ratio DEGMA/OEGMA de 95:5) avait été synthétisé au
sein de I'équipe et utilisé pour la conception de nanogels a base d’acide hyaluronique (HA)
[10-11]. Cependant, la T¢p de ce copolymére, supérieure a la température ambiante et proche
de la température corporelle (T, ~ 34°C a 3 g/L dans le PBS), ne permet pas de garantir une
bonne stabilité des nanogels lors des manipulations et des tests in vivo. Compte tenu de ces
observations, nous nous sommes proposés de remplacer le monomere OEGMA par un
monomere hydrophobe, le méthacrylate de n-butyle (BMA), afin d’obtenir un copolymeére
présentant une T inférieure & 25°C (Figure 2.1). Afin de comparer ce copolymere,
poly(DEGMA-co-BMA), avec le poly(DEGMA-co-OEGMA) utilisé pour réaliser des nanogels
de HA « de premiéere génération », le ratio DEGMA/BMA a été fixé a 95/5.

La stratégie de synthése retenue pour élaborer ces copolyméres est la polymérisation
par transfert de chaine réversible par addition-fragmentation (RAFT, Reversible-Addition
Fragmentation Chain Tranfer). Cette méthode de polymérisation radicalaire contrdlée permet
non seulement d’obtenir des (co)polyméres avec des masses molaires prédéfinies et
homogénes (polydispersité (D) ~ 1), mais aussi de les fonctionnaliser sélectivement a une
extrémité [12]. Par ailleurs, il a été montré que des polymeéres synthétisés par polymérisation
radicalaire contrblée, possédent des transitions de phase plus étroites que des polyméres
obtenus par polymérisation radicalaire classique, caractérisés par des polydispersités plus
élevées (D ~ 2) [13].

Ce chapitre décrit dans une premiére partie la synthése de copolyméres
thermosensibles poly(DEGMA-co-BMA) par la polymérisation RAFT. La seconde partie est

consacrée a I'étude des propriétés des copolyméres obtenus.

Aggrégation des chaines

A B Monomeéres thermosensibles a LCST
DEGMA OEGMA BMA
g
2 0% o o= "o 07 o
£
L
Chaines de‘p;glyméres hydratées _TE —|_8'9 '

Fraction molaire

Figure 2.1 A) lllustration du diagramme de phase d’un polymére thermosensible en solution
en fonction de la température et de la fraction molaire. B) Monoméres thermosensibles
présenteés dans l'introduction.
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Il Polymérisation radicalaire controlée de poly(DEGMA-co-
BMA)

Des poly(DEGMA-co-BMA) possédant différentes masses molaires moyennes en
nombre (M,) allant de 5 & 16 kg/mol ont été synthétisés par polymérisation RAFT afin d’évaluer

linfluence de ce paramétre sur leur comportement en solution (Figure 2.2 et Tableau 2.2).

S
o
S

DEGMA BMA CTA R

CN
j + j AIBN, toluene, 80°C ds
> p
o o o (@) O

\

(o) Copolymérisation RAFT

T +

Figure 2.2 Synthése de la polymérisation de type RAFT du poly(DEGMA-co-BMA).

La méthode de polymérisation RAFT, introduite en 1998, repose sur la polymérisation
radicalaire d’'un monomeére en présence d’un agent de transfert de chaine (Agent RAFT ou
CTA), qui régule la concentration en radicaux, dans le milieu, tout au long de la réaction [14].
En effet, cet agent RAFT permet de terminer de maniére réversible les macro-radicaux en
croissance pour les transformer en « especes dormantes », momentanément inactives. La
Figure 2.3 illustre le mécanisme d’activation/désactivation de la chaine en croissance par
'agent RAFT. Ainsi, le processus global de polymérisation donne lieu a une durée d’amorgage
des chaines courtes par rapport a celle de la propagation, et des réactions de terminaison et
de transfert fortement minimisées. Les chaines sont encore sous forme dormante dans leur

grande majorité en fin de polymérisation.

K
/\/\Pn. + /\/\Pm — /\/\Pn + /\/\Pm.
I 1
sz Kir S.__Z
N Faible liaison Y Y N
monomere simple S S monomere

Figure 2.3 Mécanisme de transfert de chaine par addition-fragmentation réversible lors de la
polymeérisation de type RAFT. Rdle de I'agent de transfert de chaine (CTA) avec P, et Pn, les
chaines de polymeres en croissance, Ky, la constante de transfert de chaine de I'agent RAFT
et Z, le groupement qui détermine le taux d’addition-fragmentation.
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L'utilisation d’un agent RAFT approprié permet de synthétiser des polyméres a
architectures controlées, possédant des polydispersités proches de 1 et fonctionnalisés
sélectivement a une extrémité (Figure 2.4). Le choix de l'agent de transfert est donc
déterminant [15]. Concernant la copolymérisation des méthacrylates, les agents RAFT les plus
utilisés comprennent des composés thiocarbonylthio comme les dithiobenzoates [16-17].

A. Controle de la longueur des chaines B. Critéres d'un Agent RAFT
XONNAANANANY
|_> X/W\/W Y )]\(— Liaison C-S réactive
e s NN Z contrdle la réactivite W h
Polymérisation X Y de la double liaison C=S Bon groupe partant,
RAFT et joue sur le taux Faible sous la forme d’'un radical,
d'addition-fragmentation liaison capable de réinitier la polymérisation
| c-s
I_ Monomére
S
Polymérisation | Z N NN\ R
radicalaire classique | AN S
| /\/\/\/\/\/\/

Dithiobenzoate
Longueur des chaines non controlée

Figure 2.4 A) Comparaison schématique de polymeres synthétisés par polymérisation
radicalaire classique et par la méthode RAFT. B) Représentation de la structure d’un agent
RAFT, ou les groupements R et Z influencent la cinétique de polymérisation, la solubilité de
l'agent RAFT et donc le degré de controle de la longueur des chaines. Le choix de I'agent
RAFT est crucial pour obtenir des polymeres de faible polydispersité et d’architecture
contrblée. Adapté de Moad et al. [18].

Par ailleurs, ce type d’agent RAFT permet, aprés aminolyse du dithioester,
lintroduction d’une fonction thiol a une extrémité du polymére, pouvant étre utilisée pour
réaliser des réactions de couplage « thiol-éne » (Figure 2.5).

P
DEGMA BMA O)‘\ < Poly(DEGMA-co-BMA)
CN . N
jf + j AIBN, toluene, 80°C @)\s n-butylamine W
——FFF > HS

otilie 6% o RAFT copolymérisation Aminolyse

. KL ﬂ i

-

Figure 2.5 Réaction de polymérisation RAFT du poly(DEGMA-co-BMA) suivie d’'une étape
d’aminolyse.
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[I.1 Vérification expérimentale du contrble de la polymérisation RAFT

Un suivi cinétique des réactions de copolymérisation a été réalisé par RMN *H afin de

s’assurer du caractére controlé de la polymérisation par RAFT (Figure 2.6). Concrétement,

'avancement de la réaction a été suivi a partir de :

la disparition progressive des signaux i) des protons éthyléniques du DEGMA (Hb et

Hb’) a 6,2 et 5,6 ppm et du BMA (Hc et Hc’) a 6,1 et 5,5 ppm et ii) des protons
méthyléniques (Hd) du monomére DEGMA a

4,4 ppm. Le monomére BMA étant

présent en faible quantité il est plus difficile d’'observer ses signaux caractéristiques.

'apparition progressive des signaux i) des protons du groupe méthyle (Hg) du

poly(DEGMA-co-BMA) a 4,2 ppm ainsi que celle des signaux des protons CHs du

groupe butyle du poly(DEGMA) et du poly(BMA) centrés sur 1 ppm.
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N
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Figure 2.6 Suivi cinétique par analyse des spectres RMN *H (400 MHz, CDCls, 25°C) au cours
de la polymérisation du poly(DEGMA-co-BMA) a t= 0h,1h, 2h, 3h, 4h, 5h, 6h et 7h pour un

ratio en monomeéres DEGMA/BMA de 95/5 soit r~19.
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La comparaison de ces spectres avec ceux des réactifs en présence : CTA, BMA et
DEGMA respectivement (Figure 2.7), permet d’identifier plus clairement lattribution des

signaux et comprendre leur évolution au cours de la polymérisation.

d
s
a J<:N
DO/LS d | He Hd
Cc 4 a

Hb i
)

JHi Hc | Hc Hj Hf HK HI | Hn
’ [

CTA Ha

.

: Hd | Hhll[ | Hi Hf
DEGMA 12
‘ |

‘ i) ,s‘\ J‘L
'f""\""|""\""|""|""|""\""|""\""\"H|""\‘;yﬁ”"v"'\"H|""\""\
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

|
/

J 1
I gl

Figure 2.7 Spectres RMN *H (400 MHz, CDCls, 25°C) des monoméres DEGMA et BMA (aprés
purification) ainsi que du CTA.

L’intégration des signaux des différents protons mentionnés dans la Figure 2.6, nous a
permis de calculer la masse molaire moyenne en nombre du copolymére (M,), le taux de
conversion (p) et le rapport de réactivité des monomeéres (r) en fonction du temps (t) en utilisant

les équations appliquées a I'analyse RMN H regroupées dans le Tableau 2.1.

La réactivité des monomeéres se calcule théoriguement par le rapport des constantes
de réactivité (rineo) cela se traduit expérimentalement lors de I'analyse RMN *H par le ratio des
intégrales des monomeres (r). Les deux monomeres ayant des structures similaires,
présentent la méme réactivité au début de la réaction (temps<4h), la valeur du ratio en

monomeres DEGMA/BMA (r) reste aux alentours de 19. Le calcul du ratio, r, nous donne le

1 1 95 . £ . N
= -DEGMA — Hb ~ 2 ~ 19 (voir encadré Figure 2.6) lors des 4 premiéres

résultat suivant: r
Ipma Igc 5

heures de réaction. Le ratio de départ entre les monomeres est conservé, ce qui signifie que
les monomeéres sont consommeés a la méme vitesse. Au-dela de 4 heures de réaction, du fait
de la proximité des déplacements chimiques des protons éthyléniques des deux monomeres
Hb (DEGMA) et Hc (BMA) (Figure 2.7), la bonne discrimination de ces derniers devient difficile
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avec la diminution de I'intensité des signaux au fur et a mesure de 'avancement de la réaction.
Ainsi, nous avons veérifié le maintien du ratio DEGMA/BMA pour la suite de la réaction par le
calcul du ratio final en poly(DEGMA) et poly(BMA) dans les poly(DEGMA-co-BMA) synthétisés

Ipoly(DEGMA) _ IHg

apres purification. Le calcul du ratio, (r = ) réalisé a partir des spectres RMN

Ipoly(BMA) Iyj
'H des différents polyméres synthétisés (Figure 2.9) confirme la réactivité observée au cours
de la polymérisation, avec un ratio final aux alentours de 19. Cette observation, nous permet
donc de fixer le ratio des moméres a linstant t a 19 et de s’affranchir du probléme de
superposition des signaux Hb et Hc, lors de la détermination du DP, et de la masse molaire
expérimentale (M, exp).

Tableau 2.1 Récapitulatif des équations permettant de déterminer le ratio des monomeres (r),
le taux de conversion (p), le degré de polymérisation (DP,), la masse molaire théorique (Mn
théo) et expérimentale (Mn exp) ainsi que la cinétique de croissance des chaines (In[MO]/[Mt]),
appliquées a I'analyse par spectroscopie RMN *H.

Equation En théorie En RMN *H
Rapportde 1,4, = rapport de réactivité r = ratio des monomeéres at
réactivité des _ Kpeema _ In([Mpgemalo/[IMpemale) _ Tnp
monoméres Kpolymére 1n([IVIBMA ]0/[MDEGMA ]t) IHc
Taux de _ [MO] — [Mt] p= _ g
: [MO] (2 X Iyp) + Inp
conversion
Degré de MO] x Mt I I
9 pp, = MOxp _ (M4 DR, =9 % 0,95 + 9 % 0,05
polymérisation [CTA] [CTA] Ina Ina
M, théo M, théo
Masse molaire 2 masse des monomeres at0 X p avec
= ; —— + MRaFT
théorique nombre de mole de I'agent RAFT a t0 Ing
P="T"7 ~ 1
(2 X Iyp) + Iyg
M, exp M, exp
Masse molaire Mb / ; (0,95 x Md N
r ma = X %X [0,95 X Mdegma

0,05 x Mbma] + MCTA

[MO] [MO] MO]. (lup + 1ug))/2

M) = MO] — (IM0] X p) O = 1

Cinétique Ln (

Ou [MO] correspond a la concentration initiale en monomeres, [Mt] a la concentration en
monomere a l'instant t et K, la constante de réactivité. Dans ce systéme de polymérisation, le
nombre de chaines étant déterminé par le nombre de molécules de CTA, nous pouvons
également prévoir le DP, du systeme en fonction du taux de conversion (p) du monomére M
dont la concentration initiale est [MQ] et la concentration [CTA] et en déduire la masse molaire

attendue.
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La Figure 2.8-A montre que la copolymérisation du DEGMA et du BMA visant a obtenir
un copolymere de masse M, ~ 16 kg/mol nécessite un temps de réaction d’environ 7 heures.
La réaction a été effectuée en utilisant un ratio [DEGMA]o/[BMA]Jo/[CTA]o/[AIBN]o de
95/5/0,77/0,038. Le taux de conversion a été fixé a 70% afin d’éviter d’atteindre un plateau
synonyme d'un fort ralentissement ou d'un arrét de la réaction en faveur de réactions
secondaires ou de terminaisons. L’évolution linéaire de In [Mo}/[Mi] en fonction du temps
jusqu’a un taux de conversion de ~ 70 % illustre le caractére contrélé de la copolymérisation.
Ceci est confirmé par la variation linéaire de M, avec le taux de conversion [19-21]. L’évolution
de M, avec la conversion obtenue met par ailleurs en avant une bonne corrélation entre les

valeurs théoriques et expérimentales.

La cinétique de polymérisation est également montrée pour le poly(DEGMA-co-BMA)
de masse 4 kg/mol (Figure 2.8-B), en utilisant un ratio DEGMA/BMA de 95/5. Comme attendu

le caractére contrblé de la polymérisation a été observé.

A , . \ \ . , . , 16000 —
B  Mn expérimentale =
r0,8 14000+ Mn théorique n
12000 4
— 70'6 —_—
Z 5 %= 10000
= B £
I loa © S 8000+
= g c
5 3 = 6000
0.2 4000+
2000 -|
+0,0
T T T T T T T T 0 7‘r T T T
0 60 120 180 240 300 360 420 0,0 0,2 0,4 06
Temps (min) Conversion
B 1.0 4000 - H Mn expérimentale u
3500 Mn théorique
+0,8
3000
= L T 2500
g 06 é s
=5 5 B 2000
= 2 c
= 1048 = 15001
lo2 1000+
500
+0,0 0
0 60 120 180 240 300 00 02 04 06 08 10
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Figure 2.8 Evolution de Ln ([MO}/[Mt]) en fonction du temps (min) et de la masse molaire (Mx
en g/mol) en fonction du taux de conversion pour la synthése du poly(DEGMA-co-BMA) avec
une masse molaire (Mnthéo) visée de A) 16 kg/mol (Tableau 2.2, Entrée 1) et (B) 4 kg/mol
(Tableau 2.2, Entrée 5).
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Le copolymere isolé apres précipitation dans le cyclohexane a été analysé par
chromatographie d’exclusion stérique équipée d'un détecteur de diffusion de la lumiére multi-
angle (SEC-MALLS). Cette analyse a permis de confirmer la masse molaire du copolymere

(Mn,sec = 15,5 kg/mol et M run = 15,7 kg/mol) et sa polydispersité proche de 1 (b =1,12).

Ces résultats montrent donc que la synthése par polymérisation RAFT de copolymeéres
poly(DEGMA-co-BMA) répond aux criteres d’'une polymérisation radicalaire controlée et
permet de réaliser avec succés des poly(DEGMA-co-BMA) de masses molaires prédéfinies

avec des distributions de masses molaires étroites.

[I.2 Caractérisation structurale des copolymeres obtenus

Suite a ces résultats, plusieurs réactions de copolymérisation du DEGMA et du BMA
ont été réalisées en faisant varier le ratio DEGMA/BMA (DEGMA/BMA = 95/5 ou 99/1) et le
ratio monoméres (DEGMA et BMA)/CTA de fagcon a obtenir des copolyméres ayant des
masses molaires (M,) comprises entre 5 et 16 kg/mol (Tableau 2.2). Les copolyméres obtenus
a la fin des synthéses ont été analysés par RMN *H (Figure 2.9) et par SEC-MALLS afin de

déterminer leur masse molaire ainsi que leur polydispersité (D).

Tableau 2.2 Récapitulatif des synthéses des poly(DEGMA-co-BMA) par polymérisation RAFT.
M» théo: masse molaire en nombre théorique ; M, exp: masse molaire en nombre
expérimentale : D : indice de polydispersité ; Rdt : rendement de la réaction.  Analyse RMN
'H dans le CDCI; ; ® analyse SEC-MALLS dans le DMF.

Entrée Ratio? Ratio final Mnthéo  Mnexp?  Ma.exp® b Rdt (%)
[DEGMA]/ [poly(DEGMA)/ en g/mol  (RMN) (SEC)
[BMA] poly(BMA)] en g/mol en g/mol
1 95/5 95/5 16950 15740 15500 1,12 92
2 99/1 99/1 16000 16500 15916 1,2 91
3 95/5 95/5 12700 13000 12600 1,17 94
4 95/5 95/5 8000 9000 9095 1,2 90
5 95/5 95/5 4000 5000 5600 1,17 94

& Mnhexp déterminée en injectant dans I'équation (Figure 2.9) les intégrations des pic correspondant aux
poly(DEGMA) (Hg) et au poly(BMA) (Hj) en fonction du CTA (intégrale de Ha fixée a 1).

® Mn exp analyse par SEC-MALLS dans le DMF contenant 50 mM de NaNOs.
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La superposition des spectres RMN *H (Figure 2.9) permet d’apprécier 'augmentation
de la masse molaire en fonction de lintensité des signaux caractéristiques du poly(DEGMA-

co-BMA) (Hg, Hj, He, Hn, Hf) par rapport a celui de 'agent RAFT (Ha) en extrémité de chaines.
M, (RMN) = H, X Hy X Mpggya % 0,95 + Hy X Hj X Mgy X 0,05 + Mcry

1\

13 kg/mol

‘ 16 kg/mol

Poly(DEGMA-co-BMA)

T T T T T T Hh
f 44 42 40 ppm 4.4 42 40 ppm —

f
Y W”‘ H * "
o :

i 5 kg/mol 9 kg/mol “ He

i L\,/ 3 ; \J\:

44 42 40 pp‘m 4.‘4 4.‘2 4.‘0 pp‘m M ‘
16 kg/mol Eﬁ Eﬁ i Hg ||Hj Hi A ‘
Ha u Y h L

13 kg/mol

1.305

2.514

<

e A s SEe— o

9 kg/mol

I P |

5 kg/mol | }u U M

80 75 70 65 60 55 50 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 05 ppm

Figure 2.4 Spectres RMN *H (400 MHz, CDCls, 25 °C) de copolyméres poly(DEGMA-co-BMA)
possédant des masses molaires comprises entre 5 kg/mol et 16 kg/mol. Détermination de la
masse molaire du polymere final & partir des intégrales des pics Hg (poly(DEGMA)) et Hj
(poly(BMA)) par rapport au pic Ha (CTA), en utilisant I'équation ci-dessus.
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[l Comportement en solution

[1I.1 Etude de [lauto-association par turbidimétrie, détermination de la
température de point de trouble

La turbidité nous renseigne sur la diminution de l'intensité du rayon lumineux incident
traversant I'’échantillon a une longueur d’'onde donnée, causée par la diffusion de la lumiére
des particules en suspension. Cette température de transition est appelée température de
point de trouble (Tcp).

[11.1.1 Définition de la température de point de trouble

Ce phénoméne de température d’agrégation critique est dirigé par I'équation
thermodynamique de Gibbs, ou la force motrice pour tous les processus se produisant dans

un systeme non spécifique est la minimisation de I'énergie libre (AG) :

AG = AH —TAS

Les (co)polymeres a LCST sont solubles en dessous d’'une certaine température par
la formation de liaisons hydrogéne entre les molécules d’eau proches des chaines polyméres
et ces derniéres, créant ainsi une coque d’hydratation. Cette derniére se rompt lorsque la
température augmente au-dessus de la température de point de trouble (T¢p). Les chaines
polyméres précipitent en faveur d’interactions plus stables entre elles. Le terme entropique AS
devient alors prédominant, du fait de la libération de molécules d’eau dans le milieu,

conduisant a une énergie libre négative.

[11.1.2 Effet de la concentration du copolymere en solution et de la force ionique du

milieu

Une étude de la T des copolyméres par mesure de lintensité lumineuse
(transmission) des solutions de copolymere dans une solution tampon phosphate salin (PBS
10 mM, pH 7,4)) et en solution aqueuse (eau ultrapure) a été réalisée par spectrométrie UV, a
une longueur d’'onde A = 500 nm, aux concentrations de 0,05, 0,1, 0,5 et 3 g/L. La valeur se
mesure au point d’inflexion de la courbe, comme représenté pour le poly(DEGMA-co-BMA) de
Mn 15,5 kg/mol & 3 g/L dans le PBS (Figure 2.10-A).

Les résultats montrent que le comportement du poly(DEGMA-co-BMA) en solution
varie en fonction de sa concentration et du milieu salin. Les valeurs des T, augmentent avec
la dilution des solutions (+12°C), tandis qu’elles diminuent en milieu salin (-2 ou 3°C) (Figure
2.10-B).
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La diminution de la T¢p avec 'augmentation de la concentration est principalement due
au fait que pour des concentrations élevées, les chaines polyméres sont plus susceptibles de
s’agréger en raison d’'un plus grand nombre de chaine de polyméres dans le méme volume
de solution.

La diminution de la T¢p en fonction de la concentration en sel est bien connue et a été
étudiée en détail pour le poly(NIPAM) [22-24]. Elle est également décrite pour les polyméres
dérivés de poly(DEGMA) [25-26]. La présence d”ions en solution déstabilise la coque de
solvatation du polymére et modifie I'état d’hydratation des chaines de polymére. L’effet obtenu
est d’autant plus important que la concentration en sel ajouté est élevée mais il dépend
également de la nature du sel employé (série de Hofmeister).

A
[poly(DEGMA-co-BMA] Tcp (PBS) Tcp (Eau)
(g/L) (°C) (°C)
3 12 14,5
0,5 475 20
0,1 22 25
0,05 24 28
B C
100 4 100
PBS
— 90 A — 90
3 80 \ 3 80
o 70 o 70
2 60 2 60
£ 50 £ 50
£ 40 g 40
2 30 2 30
'(_;E 20 l;_“f 20
10 S 10
O >0, | 0 1 9, 0
6 10 14 18 22 26 30 34 6 10 14 18 22 26 30 34
Température (°C) Température (°C)
[poly(DGMA-co-BMA)]: 3 g/L, 0,5 g/L, et 0,05 g/L

Figure 2.10 A) Tableau récapitulatif des Tc, en fonction du milieu aqueux et de la
concentration. Graphe récapitulatif de l'intensité lumineuse des solutions du poly(DEGMA-co-
BMA) (M, = 16 kg/mol) en fonction de la concentration B) dans le PBS et C) dans l'eau.
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[11.1.3 Effet de la masse molaire du copolymere poly(DEGMA-co-BMA) sur la
transition de phase en fonction de la température

Une comparaison des valeurs de T, pour les copolyméres poly(DEGMA-co-BMA)
possédant des masses molaires comprises entre 5 et 16 kg/mol a également été réalisée afin
de sélectionner la masse molaire la plus appropriée pour le greffage du copolymeére sur I'acide
hyaluronique et I'héparosan.

Ces résultats montrent que le comportement varie également en fonction de la masse
molaire (Figure 2.11). La valeur de la T, des polyméres augmente en fonction de leur masse
molaire et, donc, de la longueur des chaines. En particulier, la Figure 2.12 montre une nette
différence entre 8 kg/mol et 12 kg/moL.

A B C
80 F 80 80 F
g6 | g 60 | |
= % %
.g 40 f % 40 £ 40 }
5 2 :
& 20 g 20 | g 20 f
= = [
O 1 1 1 0 O il 1 L L1 1
4 9 14 19 24 29 4 9 14 19 24 29 4 9 14 19 24 29
Température (°C) Température (°C) Température (°C)

[poly(DEGMA-co-BMA)]: 3 g/L, 0,5 g/L, 0,2 g/L,

Figure 2.11 Influence de la température sur la transmission optique (T¢p) de la lumiére a 500
nm du poly(DEGMA-co-BMA) de masse molaire A) 4 kg/mol, B) 8 kg/mol et C) 12 kg/mol, dans
le PBS sur la gamme de concentration : 3 g/L, 0,5 g/L, 0,2 g/L et 0,1 g/L avec une rampe de
température de 0,1°C/min.
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Figure 2.12 Evolution de la température sur la transmission optique (T¢,) en fonction de la
concentration en solution des copolyméres de masse molaire 4, 8, 12 et 16 kg/mol, d’apres
les données extraites de la Figure 2.11.
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Une possible explication de ces résultats peut étre associée au caractere hydrophobe
intensifié des poly(DEGMA-co-BMA) synthétisés, apporté par 'agent RAFT en bout de chaine
(cycle aromatique). Avec la diminution de la longueur des chaines, ces derniéres deviennent
plus sensibles a la nature des groupements a leur extrémité. Nous avons vu précédemment
lors de la superposition des spectres RMN *H (Figure 2.9) que le ratio CTA/polymére (Ha/Hg)
augmente avec la diminution de la masse molaire. Ainsi, le caractére hydrophobe des
polymeres serait amplifié pour les polyméres de faibles masses molaires, ce qui explique la
faible valeur de la T, du poly(DEGMA-co-BMA) de M, = 5 kg/mol et 9 kg/moL par rapport aux
autres échantillons de 13 kg/moL et 16 kg/moL.

Ce phénomene a déja été décrit dans la littérature. Li et al. ont mis en avant la forte
dépendance des groupes terminaux (agent RAFT) sur la T¢p du poly(NIPAM) dans le cas de
faibles masse molaires (4 kg/moL) [27]. lls montrent un effet significatif des groupements
terminaux de la chaine sur la solubilité du polymeére. La T, avant élimination de 'agent RAFT
en bout de chaine (PNIPAM-CTA) est de 25, 29 et 33°C pour des masses molaires respectives
de 4, 6 et 9 kg/mol. Aprés élimination(PNIPAM-SH) la T, augmentent, pour atteindre 32, 34
et 34°C. A présent la T¢p en fonction de la masse molaire ne varie que trés légérement (2°C)

voire plus du tout.

Par ailleurs, Qiao et al. [28] ainsi que Luz et al. [5] ont étudié l'influence de la masse
molaire sur la T, du poly(DEGMA-co-OEGMA) et le poly(MEO2MA-co-OEGMA), (poly((2-
(2methoxyethoxy)ethylmethacrylate-co-oligo(ethylene glycol)), synthétisé par ARTP (Atom
Transfer Radical Polymerization), une autre polymérisation radicalaire contrdlée. Cette
derniére n’entraine pas la présence de groupements particuliers en bout de chaine in fine.
Dans ce cas-1a, la variation de la masse molaire de 6 kg/mol a 30 kg/mol n’entraine pas une

modification de la T¢p mais seulement un élargissement de la transition en température.

Afin de vérifier cette hypothése, nous avons étudié la T, des poly(DEGMA-co-BMA)
de masse molaire 4 kg/mol et 16 kg/mol aprés aminolyse afin d’apprécier I'influence de I'agent
RAFT en extrémité de chaines. Les résultats regroupés Figure 2.13 confirment notre
hypothése. Le graphe 2.13-A met en évidence un décalage de la T, vers de plus hautes
valeurs de température pour le polymére de plus faible masse molaire (4 kg/mol), tandis que
la T¢p reste constante aux alentours de 13°C pour la plus haute masse molaire (16 kg/mol). Si
'on compare a présent en fonction de la concentration en solution (graphe 2.13-B) le
comportement de ces copolymeéres, nous constatons peu de différence. Nous observons ainsi

le méme comportement décrit par Li et al. [29].

78



Chapitre 2 - Synthese de nouveaux copolymeéres thermosensibles

>
(o8]

100 16 kg/mol 0 r
S 80 | -e-aprés aminolyse £ 70 +
! o)
3 28 -4 kg/mol o 60 SErT
2 L
@® S 50 r
£ 90 r -+-aprés aminolyse £ 40 L
€ 40 | £
@ @ 30 |
£ @ G 16 kg/mol
£ 20 ¢ 20 L omol
= e | 1l
O - 0 " 1 ' |
4 8 12 16 20 24 4 8 12 16 20 24
Température (°C) Température (°C)

Figure 2.13 A) Influence de I'agent RAFT en bout de chaine sur la transition optique (Tcp) des
copolyméres de M, 4 kg/mol et 16 kg/mol. Comparaison des T, avant et apres aminolyse, a
3 g/L et B) Comparaison de la T¢p du poly(DEGMA-co-BMA) aprés aminolyse pour deux
masses molaires : 4 kg/mol et 16 kg/mol dans le PBS a 3 g/L et 0,5 g/L. Transmission optique

(Tep) de la lumiere mesurée a 500 nm, avec une rampe de température de 0,1°C/min dans le
PBS.

l1.1.4 Effet du ratio en BMA : 99/1 passage de 13°C a 20°C

Des études réalisées sur les copolyméres poly(DEGMA-co-OEGMA) ont montré la
possibilité de moduler la T¢, des copolymeéres en fonction du ratio des monomeres
méthacrylates par polymérisation controlée [30-31]. Ainsi il est possible d’ajuster avec
précision la T¢p sur une large gamme de températures allant de 28°C a 90°C par variation des
méthacrylates utilisés et de leurs ratios. Nous avons cherché a étudier ce phénomene en
comparant les ratios DEGMA/BMA suivant : 95/5 et 99/1 (Figure 2.14). Un écart de 7°C est
observé entre les deux ratios, la T¢, passant de 12°C a 19°C avec la diminution du nombre
d’'unités butyle méthacrylate. Ce résultat confirme la pertinence du ratio DEGMA/BMA de 95/5

dans l'objectif d’obtenir des nanogels présentant une température d’agrégation critique proche
de 'ambiante,
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Figure 2.14 Influence de la température sur la transmission optique (Tcp) de la lumiére a 500
nm du poly(DEGMA-co-BMA) pour une masse molaire de 16 kg/mol et un ratio en monomeres
DEGMA/BMA de A) 95/5 B) 99/1 a 3 g/L avec une rampe de température de 0,1°C/min
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[11.2 Analyse par DLS de la distribution en taille des agrégats formés

Nos investigations sur ce phénomeéne d’agrégation a haute température ont été
poursuivies en essayant de déduire la morphologie des agrégats formés. La distribution en
taille des copolyméres a 37°C dans I'eau et dans le PBS a été analysée pour une concentration
de 0,1 g/mol (Figure 2.15). En revanche, pour les solutions concentrées (>0,5 g/mol), nous
observons une précipitation macroscopique du systéme. Les objets observés présentent des
tailles élevées, supérieures a 350 nm dans I'eau et de I'ordre du micron dans le PBS. Ainsi, le
copolymere thermosensible hydrophobe poly(DEGMA-co-BMA) ne s’agrége pas sous la forme
de nanoparticules (~ 100 nm) et est instable en milieu aqueux et salin. Ce comportement
pourra étre comparé par la suite avec celui obtenu pour les dérivés HA- et Hep-poly(DEGMA-
co-BMA) a 37°C.

A 35 B 35

30 kg/mol 30 kg/mol
<25 :12 s 25 —12
@ 20 8 @ 20 4
2 15 4 2 15
Qo g
£ 10 £ 10

Eau PBS
5 5
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Figure 2.15 Evolution du diamétre hydrodynamique par DLS des copolyméres en fonction de
la masse molaire, en solution A) eau ultrapure, B) PBS au-dessus de la T¢, a 37°C, a une
concentration de 0,1 g/L.
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IV Conclusion

La copolymérisation du poly(DEGMA-co-BMA) a été réalisée par la méthode RAFT qui
repose sur un mécanisme de transfert de chaine réversible par addition-fragmentation.
L’intérét de cette polymérisation réside dans ['utilisation d’'un agent de transfert de chaine
(CTA) qui régule la concentration en radicaux dans le milieu réactionnel tout au long de la
réaction. De cette facon, il est possible de synthétiser des polyméres d’architectures

contrblées, de faible polydispersité et de haute fonctionnalité.

L’étude du comportement en solution en fonction de la masse molaire et du ratio en
monomeére montre que I'association des monomeres sélectionnés présente un fort caractere
hydrophobe. Elle permet ainsi d’obtenir des copolyméres avec une T, inférieure a la

température ambiante. Les poly(DEGMA-co-BMA) répondent ainsi au premier critére visé.

Les quatre masses molaires synthétisés, 4, 8, 12 et 16 kg/mol présentent une T¢p
proche aprés élimination de I'agent de transfert en bout de chaine. Par conséquent, nous
retenons la masse molaire la plus élevée, en vue de I'élaboration de dérivés HA-g-copolymere
afin de créer plus facilement des domaines hydrophobes. En effet, celle-ci permet de réticuler

physiquement les nanogels tout en présentant une bonne capacité d’encapsulation.
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V Partie expérimentale

Produits chimiques

Les difféerents monomeéeres DEGMA et BMA proviennent de la société Sigma Aldrich.
Une purification des monoméres par une colonne d'oxyde d'aluminium a été effectuée avant
la polymérisation, afin d’éliminer les inhibiteurs empéchant leur auto-polymérisation. L’agent
RAFT, le 2-Cyano-2-propyl benzodithioate, ainsi que le n-butylamine également fournis par la
société Sigma-Aldrich et I'azobisisobutyronitrile (AIBN) fourni par Acros ont été utilisés dans
I'état de réception. Les différents solvants ont été fournis par la société Carlo Erba, excepté le
toluene anhydre fourni par Acros et le tampon phosphate fourni par Sigma-Aldrich. Le
chloroforme deutéré (CDCIls) provient de chez SDS. L'eau ultrapure (milli-Q) utilisée dans
toutes les expériences a été purifiée par le systeme de purification Elga Purelab avec une
résistivité de 18.2 MQ.cm.

Synthese des copolymeres poly(DEGMA-co-BMA)

Dans un ballon de 100mL, 'AIBN, 'agent RAFT puis les monomeéres DEGMA et BMA
sont successivement pesés. La quantité d’agent RAFT a introduire est donnée par I'équation
suivante :

Y([M0O] X Mmono) X p
M,, théori = M
n théorique [RAFT]o + MRrarT

Avec M, théorique, MrarT, P, [Mo] et [RAFT]=0 qui sont respectivement la masse molaire
théorique du copolymére, la masse molaire de I'agent RAFT, le taux de conversion de
monomeres, la concentration initiale en monomeres, et la concentration initiale en agent
RAFT. Le nombre de moles d’amorceur nécessaire correspondre a 5% du nombre de mole
d’agent RAFT. Le toluéne anhydre est ensuite ajouté et la solution est placée sous agitation
en milieu inerte (N2), 2 80°C jusqu’a la fin de la réaction. La durée de la réaction est déterminée
par un suivi cinétigue par RMN *H. Une fois la polymérisation terminée, le milieu réactionnel
est refroidi a température ambiante puis le copolymére est précipité dans du cyclohexane (10/1
v/v) sous vive agitation. Le précipité est laissé pour la nuit a 4°C. Aprés cette premiere
précipitation, le copolymeére est solubilisé dans un minimum de dichlorométhane, puis précipité
a nouveau selon le méme protocole afin d’éliminer les traces d’impuretés. Le lendemain le
précipité est séparé du surnageant et placé a I'étude sous vide pendant 4 heures a 40°C, puis

pesé afin de déterminer le rendement.
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Analyse RMN

Les spectres RMN 'H ont été enregistrés a 25°C en utilisant un spectromeétre Bruker
AVANCE III HD fonctionnant & 400 MHz. Le chloroforme deutéré (CDCls) a été obtenu auprés
de SDS (Vitry, France). Tous les spectres ont été enregistrés en appliquant une impulsion
d'excitation de 45° et un retard de cycle de 10 s. Les déplacements chimiques (6 en ppm)
sont donnés par rapport au tétraméthylsilane (TMS = 0 ppm) comme référence externe et
I'étalonnage a été effectué en utilisant le signal des protons résiduels du solvant comme

référence interne.

Analyse GPC

La masse molaire moyenne en nombre (M,), la masse molaire moyenne en poids (Mw)
et la polydispersité (D) du poly(DEGMA-co-BMA) ont été déterminées par chromatographie
d'exclusion stérique (SEC, Size Exclusion Chromatography) dans du diméthylformamide
contenant 50 mM de NaNOs. Les mesures ont été effectuées sur un systéme SEC équipé
d'une pompe Waters modéle 515, d'un détecteur d'indice de réfraction RI 2000 de Schambeck
SFD GmbH et d'un détecteur de diffusion de lumiere (MALLS) de Wyatt (USA). Les
échantillons ont été analysés en utilisant une colonne 161123-Agilent-10 a 30°C et a un débit
de 1 L/min.

Analyse par spectroscopie UV-Visible

La température du point de trouble (T¢p) du poly(DEGMA-co-BMA) a été déterminée
par des mesures de turbidité UV-vis (A = 500 nm) effectuées sur un scanner Varian Cary 50.
Les échantillons ont été préparés a température ambiante dans du PBS (de 0,1 a 3 g/L), aprés
guoi I'échantillon a été placé dans l'instrument. La transmittance de la lumiére a été mesurée
par une élévation contrblée de la température, de 8°C a 40°C, en utilisant un intervalle de 1°C
/10 min. La T¢p a été considérée comme la température a laquelle le facteur de transmission

de la lumiere était de 50% de celui obtenu pour le méme échantillon a 8°C.

Analyse par diffusion dynamique de la lumiere

La diffusion dynamique de la lumiére (DLS, Dynamic Light Scattering) est une
technique d’analyse non invasive permettant de mesurer la distribution en taille des particules
de copolymére en suspension dans une solution. Les mesures ont été effectuées sur I'appareil
Zetasizer NanoZS (Malvern Instruments) équipé d'un laser hélium-néon a Ilumiére

monochromatique (633 nm, 173°) et d’'un contréleur de température.
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Chapitre 3 - Elaboration de nanogels
thermosensibles

| Introduction

Les principes actifs (PA) pour étre efficaces doivent atteindre spécifiquement le site
tumoral. Par conséquent pour assurer leur succes il est nécessaire de contréler leur libération

dans le temps et I'espace, a 'aide de nano-vecteurs.

Au cours des trois derniéres décennies, tout une gamme de systémes transporteurs
de principes actifs a été développée, notamment de nombreuses nanoparticules polymériques
(NPs) [1-2]. Avec le développement croissant des PA hydrophobes, les systemes formés a
partir de polyméres amphiphiles capables de s’auto-associer en « cceur-coquille » s’averent
aujourd’hui les plus prometteurs. Ainsi, le coeur hydrophobe permet I'encapsulation du PA,
tandis que la coquille hydrophile assure la stabilité colloidale des systémes. L’auto-association
des polyméres amphiphiles conduit a la formation de différentes architectures sous la forme
de nanocapsules, polymersomes, micelles ou encore de nanosphéeres. Parmi cette derniére
catégorie, les nanogels constitués de réseaux physiquement ou chimiquement réticulés de
polymeres amphiphiles ont suscité un vif intérét pour la vectorisation. En effet, ils sont
particulierement appréciés pour leur grande capacité d’hydratation (gonflement/rétractation)
qui leur confere une flexibilité que les autres particules n’ont pas. De plus, ils présentent des
atouts tels que : une taille ajustable, une faible toxicité et une bonne stabilité en solution. Enfin
et surtout, la possibilité de modifier aussi bien la couronne hydrophile que le coeur hydrophobe
permet d’envisager de multiples combinaisons de PA pour le traitement de différents cancers

ainsi que différents mécanismes de libération [3].

Les nanogels peuvent étre élaborés a partir de polyméres synthétiques, de polymeres
naturels ou d'une combinaison des deux. Comparés aux polyméres synthétiques
majoritairement utilisés, les polysaccharides naturels offrent de nombreux avantages : ils sont
en général biodégradables, biocompatibles et peuvent présenter des propriétés biologiques
particuliéres [4]. C’est le cas notamment des glycosaminoglycanes (GAGs), une famille de
polysaccharides omniprésents dans le corps [5]. Comme nous I'avons relevé au cours de
I'étude bibliographique, deux polysaccharides se distinguent au sein de cette famille : I'acide
hyaluronique (HA) et 'héparosan (Hep). De structures similaires (seule la liaison 3-1,3 entre
'unité GIcA et I'unité GIcNAc du HA est remplacée par une liaison a-1,4 dans le cas de Hep),

ils se différencient 'un de I'autre par leurs propriétés biologiques. Le premier (HA) est réputé

87



Chapitre 3 — Elaboration de nanogels thermosensibles

pour étre reconnu par de nombreux récepteurs notamment les récepteurs CD44, surexprimés
a la surface des cellules cancéreuses ainsi que par d’autres récepteurs présents a la surface
de nombreux organes. Cela fait de lui un agent de ciblage intéressant. A contrario le second
(Hep) en tant que précurseur de I'’héparine et de 'héparane sulfate, n’est pas reconnu par les
récepteurs cités précédemment. De par leurs propriétés biologiques antagonistes, la
comparaison de ces deux GAGs comme matrice hydrophile, offre I'opportunité de mieux
comprendre les mécanismes d’accumulation des nanogels au sein des tissus cancéreux apres

injection.

Récemment, nous avons montré au sein de notre équipe la possibilité d’obtenir des
nanogels stables en milieu aqueux a base d’acide hyaluronique (HA) par simple élévation de
la température grace a l'incorporation d’'un polymére thermosensible sur le squelette du
polysaccharide. L’avantage majeur de cette approche réside dans la simplicité du procédé de
fabrication qui ne nécessite pas l'utilisation de solvants organiques, ni de tensioactifs. Trois
générations de nanogels thermosensibles ont alors été développés a partir de dérivés HA : i)
HA-poly(DEGMA-co-OEGMA) avec une CAT proche de la température du corps humain
(T=34°C) induisant une faible stabilité in vivo ii) HA-poly(DAAM-co-DMA) dont le cceur
hydrophobe est réticulé afin d’améliorer la stabilité des nanogels et iii) HA-poly(DEGMA-co-
CMA) avec un groupement photolabile conduisant a une libération contr6lée du PA dans
I'espace et dans le temps. Ces deux derniers systémes sont trés prometteurs et montrent une
accumulation dans la tumeur aprés administration par voie intraveineuse chez la souris.
Cependant, une part importante des nanogels est détectée dans le foie, ce qui s'explique par
leur capture par des cellules phagocytaires du systeme réticulo-endothélial et probablement
aussi par des cellules exprimant le récepteur HARE (hyaluronan receptor for endocytosis) du

HA, abondant dans les sites hépatiques.

Il ressort du Chapitre | que les propriétés physico-chimiques des nanoparticules, telles
que la taille, la forme, la rigidité, la structure et la chimie de surface, sont cruciales pour guider
et comprendre les interactions entre I'environnement biologique et les nanoparticules pour des

applications biomédicales [6].
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C’est pourquoi, au regard des systémes préalablement étudiés, nous souhaitons, dans
le cadre de ce travail, étendre a présent cette approche a I'élaboration d’'une nouvelle classe

de nanogels thermosensibles présentant cette fois :

e une CAT plus basse, inférieure ou proche de la température ambiante (>25°C)

¢ la possibilité de réticuler leur couronne (chaines de polysaccharides entre elles)

o différentes propriétés biologiques en fonction du polysaccharide choisi comme
matrice hydrophile (a partir de HA ou de Hep)

Pour atteindre cet objectif, un polymére thermosensible a été congu « sur mesure » dans
le chapitre précédent (poly(DEGMA-co-BMA)) et une voie de synthése reposant sur la chimie
thiol-éne radicalaire permettant a la fois de greffer le polymére thermosensible et de réticuler

la surface des nanogels a été développée.

Ce chapitre se divise en deux parties. Dans un premier temps, un article décrit la
synthese et la caractérisation de nanogels élaborés a partir de HA et de Hep ainsi que leur
biodistribution aprés administration par voie intraveineuse chez des souris porteuses d’une
tumeur. Enfin, une partie complémentaire apporte une vision sur les enjeux d’élaboration de

ces systemes.

I Reésultats et discussions

1.1 Article
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Can Heparosan be a glycosaminglycan alternative to Hyaluronic acid for the design

of nanovectors in anticancer therapy ?

Marléne Rippe,* Talitha F. Stefanello, ® Vanessa Kaplum, ® Elizandra A. Britta, ® Francielle P.
Garcia, ® Robin Poirot, # Mychelle V. P. Companhoni, ® Celso V. Nakamura, ® Anna Szarpak-
Jankowska,* Rachel Auzély-Velty**

*Univ. Grenoble Alpes, CNRS, Centre de Recherches sur les Macromolécules Végétales
(CERMAYV), 38000 Grenoble, France

SLaboratory of technological innovation in the development of pharmaceuticals and
cosmetics, State University of Maringa, Maringa, Brazil
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Introduction

Self-assembled nanogels, nanometer-sized hydrogels obtained by physical self-
assembly of interactive hydrophilic polymers, have attracted growing interest for drug delivery
as these systems combine the advantages of hydrogels with nanoscale formulations. *? Such
systems can be designed to facilitate the encapsulation of diverse classes of bioactive
compounds, and their hydrophilic shell can be exploited to control their biological behavior and
targeting ability. In this regard, nanogels made of amphiphilic polysaccharides hold promise as
versatile nanocarriers due to the presence of various functional groups on shell-forming
polysaccharides in addition to their unique physicochemical properties, including
biocompatibility and biodegradability.®>* Among polysaccharides, hyaluronic acid (HA), a
natural glycosaminoglycan ubiquitous in the body, has been widely explored to design self-
assembled nanogels for anticancer drug delivery because this polysaccharide can be
specifically recognized by cell surface CD44 receptors that are over-expressed by several
cancer cells.>® Several studies thus showed that when systemically administered into tumor-
bearing mice, HA-based nanogels (HA-NGs) were effectively accumulated into the tumor site.
However, a significant portion of HA-NGs was also found in the liver site, possibly owing to
their cellular uptake by phagocytic cells of the reticuloendothelial system (RES) and by liver
sinusoidal endothelial cells expressing another HA receptor (hyaluronan receptor for
endocytosis, HARE).® In an attempt to reduce the accumulation of self-assembled HA-NGs
into the liver site, Choi et al. modified the HA-gel particles with poly(ethylene glycol) (PEG).*°
When the PEGylated HA-nanogels were systemically administered into tumor-bearing mice for

in vivo real-time imaging, they were more effectively accumulated into the tumor tissue, up to
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1.6-fold higher than bare HA-nanogels. However, though adding PEG to a therapeutic cargo
is a FDA approved process, the synthetic nature of this polymer presents some drawbacks

especially for pharmaceuticals used at high doses.14

In this study, we explored the possibility of using heparosan (Hep) as an alternative to
HA for designing nanogels as drug carriers for tumor targeted drug delivery. This was
motivated by the fact that the HARE receptor does not recognize heparosan,*'¢ although its
chemical structure is very similar to HA. Indeed, Hep has a repeating disaccharide unit of D-
glucuronic acid (GlcA) and N-acetyl-D-glucosamine (GIcNAc) residues such as HA, but the a-
1,4 bond between the GIcA and the GIcNAc units replaces the -1,3 bond found in HA.
Moreover, since Hep is the natural precursor in the heparin/heparan sulfate biosynthetic
pathway, it should be biocompatible in the human body.'® It can also be noted that this
polysaccharide is stable in the extracellular environment but degraded by lysosomal enzymes
following entry into the cell. In this work, Hep-based nanogels (Hep-NGs) were prepared by
temperature-induced self-assembly of Hep suitably modified with a thermoresponsive ethylene
glycol-based copolymer (Scheme 1). Such temperature-triggered approach allows
spontaneous nanogel formation due to the dehydration of the grafted copolymer chains when
heated above the cloud point temperature (T¢,). Herein, we synthesized a copolymer of
di(ethylene glycol) methacrylate and butylmethacrylate (poly(DEGMA-co-BMA)) exhibiting a
Tcp well below the room temperature by judiciously adjusting the comonomer ratio. This allowed
obtaining stable nanogels at room temperature as required for good handling and biological
application. As such carrier systems may disassemble in the bloodstream because of the large
dilution volume and/or interactions with biomolecules, shell-crosslinked (SCL) nanogels were
also designed to increase their colloidal stability (Scheme 1). The synthetic route to the
nanogels relied on thiol-ene chemistry!’-18 allowing the coupling of the thiol-end functionalized
copolymer with the polysaccharide modified with alkene groups, and the subsequent
crosslinking of the shell-forming polysaccharide using a bi-functional thiol reagent. For
comparison, nanogels based on HA were also synthesized. These different nanogels were
then carefully characterized in terms of size, morphology and cytotoxicity. Biodistribution
studies demonstrated a more pronounced accumulation of Hep-NGs in the tumor tissue after
systemic administration into tumor-bearing mice, compared to HA-NGs. To our knowledge,
this study provides the first evaluation of the in vivo potential of a Hep-based nanogels as

tumor-targeting nanocarriers.
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Scheme 1. Strategy for the synthesis of un-crosslinked and shell-crosslinked nanogels based
on heparosan and hyaluronic acid modified with poly(DEGMA-co-BMA) (Hep- poly(DEGMA-
co-BMA) and HA-poly(DEGMA-co-BMA)).

Results and discussion

Synthesis of poly(DEGMA-co-BMA)

The copolymer poly(DEGMA-co-BMA) was prepared via the reversible addition—
fragmentation chain transfer (RAFT) process from di(ethylene glycol) methacrylate (DEGMA)
and butylmethacrylate (BMA) monomers using 2,2-azobis(2-methylpropionitrile) (AIBN) as an
initiator and 2-cyano-2-propyl benzodithioate (CPB) as a chain transfer agent (CTA) (Scheme
2A). A DEGMA/BMA ratio of 95:5 was selected to obtain a copolymer exhibiting a T¢, well
below the room temperature and thereby, allow formation of nanogels at room temperature
(i.e. ~ 25 °C). 'H NMR analysis was conducted to monitor the copolymerization kinetics. The
kinetic plots proved that, in these reaction conditions, CPB allowed a good control over the
RAFT copolymerization of DEGMA and BMA (Figure S1). 'H NMR and size exclusion
chromatography (SEC) analysis of the final copolymer revealed a final copolymer composition
DEGMA/BMA of 95:5, a low dispersity (P = 1.12), and a number average molar mass M, of ~
16 kg/mol (Mn,nmr = 15500 g/mol, Ma,sec = 15740 g/mol, Figure S2). The copolymer exhibited
a Tep of 18 °C at 0.5 g/L in phosphate buffer saline (PBS), pH 7.4 (Figure S3).
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Synthesis of HA and Hep-based nanogels

In order to couple poly(DEGMA-co-BMA) to HA and Hep, the polysaccharides were first
esterified with pentenoic anhydride to produce ene-functional derivatives that were previously
shown to react efficiently with various thiol-containing molecules via thiol-ene
photochemistry.'” -1 The pentenoate-modified HA and Hep (HA-p and Hep-p, respectively),
possessing a degree of substitution (DS, average number of substituents per repeating unit)
of 0.5, were subsequently reacted with poly(DEGMA-co-BMA) on which the RAFT end-group
was converted to a thiol by aminolysis using n-butylamine. The thiol-ene coupling reaction was
conducted under UV-light irradiation (A = 365 nm) in water, in the presence of Irgacure 2959
as a photoiniator (Scheme 2B). The HA- and Hep-poly(DEGMA-co-BMA) conjugates were
then purified via a batch ion exchange process performed at low temperature (< 10 °C) to
ensure effective removal of the non-grafted copolymer during washes with water, followed by
a rapid dialysis to remove salt. This purification process, completed in less than four days,
afforded the final products in 50 % vyield. This avoided difficulties encountered when using
dialysis to remove the free copolymer (low purification yield (< 50 %) and purification for a
period of more than 7 days).

Successful grafting of the copolymer was confirmed by *H-NMR analysis. In the H-
NMR spectrum, the proton signals at 4.25 ppm, 3.76 ppm, 3.39 ppm and in the region of 0.99-
1.2 ppm arising from poly(DEGMA-co-BMA) can easily be observed (Figure 1). The DS of the
conjugates, determined by the carbazole assay, were found to be 0.02 + 0.01 for the HA- and
Hep-poly(DEGMA-co-BMA) conjugates.
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Scheme 2. Synthetic pathway to HA- and Hep-poly(DEGMA-co-BMA). A) Synthesis of
poly(DEGMA-co-BMA) via the RAFT process; B) Grafting of the thermoresponsive copolymer
on HA and Hep using radical thiol-ene chemistry.
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Figure 1. *H NMR spectra (400 MHz, 6 mg/mL in D,O) of HA-poly(DEGMA-co-BMA) (A) and
Hep-poly(DEGMA-co-BMA) (B) at 5°C.

Temperature responsiveness of Hep- and HA-poly(DEGMA-co-BMA)

Dynamic light scattering analysis of solutions of Hep- and HA-poly(DEGMA-co-BMA)
in PBS at 37 °C revealed a monomodal size distribution for both derivatives, indicating their
self-assembly into nanogels at the body temperature (Figure 2A). The Hep and HA-based
nanogels exhibited a similar average size (mean diameter derived from the intensity
distribution (Dn) ~115 nm and Z-Ave ~ 110 nm). Self-assembly into nanogels was confirmed
by transmission electron microscopy (TEM) analysis, performed by drying at 40 °C droplets of
suspensions of poly(DEGMA-co-BMA)-modified Hep and HA in pure water (Fig. 2B).
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Figure 2. Temperature responsiveness of Hep- and HA-poly(DEGMA-co-BMA). A) Dynamic
light scattering analysis of Hep and HA-poly(DEGMA-co-BMA) solutions in PBS (Cp = 0.5 g/L)
at 37 °C. B) TEM image of Hep-NGs in water at 40 °C (Cp, = 0.5 g/L).
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The CAT of the HA- and Hep-poly(DEGMA-co-BMA) conjugates was determined by
measuring the light scattering intensity of aqueous solutions of the derivatives as a function of
temperature (Figure 3). The CAT, defined as the temperature at the intersection between the
lower horizontal portion of the plotted curve and the tangent line, was found to be 20 °C and
22 °C for HA- and Hep-poly(DEGMA-co-BMA), respectively. Both HA and Hep derivatives are
thus able to self-assemble into nanogels at room temperature. Self-assembly into well-defined
nanostructures is also reflected in the sharp decrease of the Pdl above the CAT as well as in
the values of mean diameter in different distributions (intensity and number distribution) and of
Z-average size, which are similar. In contrast, strong discrepancies between the mean size
values are observed below the CAT.
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Figure 3. Analysis by DLS of the temperature sensitivity of Hep-poly(DEGMA-co-BMA) (A, B)
and HA-poly(DEGMA-co-BMA) (C, D) in PBS (pH 7.4, C, = 0.5 g/L). A and C) Variation of the
Dy, Z-Ave and LSI values upon cooling from 35 °C to 10 °C (0.5 °C/min). B and D) Variation
of the LSI and PdI upon cooling from 35 °C to 10 °C.

95



Chapitre 3 — Elaboration de nanogels thermosensibles

Synthesis and characterization of shell-crosslinked nanogels

Aiming at capturing the nanogel structure, the polysaccharide shell of Hep- and HA-
NGs was crosslinked using thiol-ene chemistry by reaction of the remaining pentenoate groups
with dithiothreitol (DTT) as a bis-thiol crosslinker (Figure 4A). This crosslinking step was
performed under relatively dilute conditions (C, = 0.5 g/L) to avoid internanogel coupling, and
by varying the [SH]/[=] ratio from 1 to 2 to ensure that all nanogels were sufficiently crosslinked
to be stable at low temperature. Comparison of *H NMR spectra before and after the thiol-ene
reaction with DTT provided evidence of successful shell-crosslinking (Figure 4B), A decrease
of the alkene proton signal at 5.9 ppm can be clearly observed after reaction with DTT, and
the proton signals arising from the polysaccharide backbone and the copolymer are
significantly broadened as a result of the extension of relaxation time after shell crosslinking.
Successful crosslinking was further confirmed by FT-IR spectroscopy (Figure S4). In the IR
spectra of the crosslinked nanogels, additional bands at 839 cm* and 911 cm™ are observed
after reaction with DTT, which can be attributed to C-S bend, C-S stretching and H-C-S bend,
respectively. The new band observed at 1253 cm?® (CH. vibrations) also suggests

incorporation of DTT.19-20
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Figure 4. Shell crosslinking of NGs by reaction between DTT and alkene groups of the shell-
forming polysaccharide. A) Reaction conditions: Irgacure 2959, UV-light (A = 365 nm) exposure
for 15 min, C, = 0.5 g/L in PBS. B) Comparison of 'H NMR spectra of un-crosslinked Hep-
NGs and crosslinked Hep-NGs by varying the [SH]/[=] ratio from 1 to 2.
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Temperature responsiveness of crosslinked nanogels

While the un-crosslinked nanogels of Hep-p-poly(DEGMA-co-BMA) and HA-p-
poly(DEGMA-co-BMA) disassemble below the CAT (~ 22 °C), their counterparts crosslinked
with excess DTT ([SH)/[=] of 2) were found to be stable below the CAT. This was clearly
demonstrated by DLS measurements at temperatures varying from 30 to 10 °C with a cooling
rate of 0.3 °C/min (Figure 5). The LSI and PdI of the nanogels were constant upon cooling,
demonstrating efficient nanogel crosslinking. Furthermore, scanning electron microscopy
(SEM) images revealed the presence of nanogels at 5 °C (Figure 5C and 5F). It should be
noted that a ratio of [SH]/[=] of 2 is required to ensure complete stability of nanogels. Indeed,
the LSI of the nanogels crosslinked with a [SH]/[=] ratio of 1 slightly decreased upon cooling,

suggesting dissociation of some nanogels (Figure S5).

—1Z-av e

A %82 Elnnjzn) B —:—Eiglht scattering intensity| C
. 3 .
R

-Light scattering inten 03 25000
300+ J ! = 25000

0
| U N = o 20000
L 20000
2004 15000

15000

Dh (nm)

10000
10000

Light scattering intensity (Kcps)

01 -__—l\§ _+_+
100 5000

5000

Light scattering intensity (kcps)

10 20 30
10 15 20 25 30 Temperature (°C)

D Temperature (°C) E F
300 - 25000 03 25000 . P
z 2
[ 2
= £ X
. 20000 20000 =
. 2004 - u u . z 02 P S E
E u 15000 £ - | S . 15000 £
& g = \{,
10000 £ 10000 §
100 4 I 0,1 2
o =
5000 £ 5000 5
5
0 0 0,0
10 15 20 25 30 10 20 30
Temperature (°C) Temperature (°C)

Figure 5. Analysis by DLS and SEM of crosslinked Hep-NGs (A, B, C) and HA-NGs (D, E, F)
in PBS (pH 7.4, Cp = 0.5 g/L). A and D) Variation of the Dy, Z-Ave and LSI values upon cooling
from 35 °C to 10 °C (0.5 °C/min). B and E) Variation of the LSI and Pdl upon cooling from 35
°C to 10 °C. C and F) SEM observation at 5 °C.

Interestingly, the SCL nanogels showed temperature-dependent swelling/deswelling
transitions between 15 and 40 °C. The swelling-deswelling transition was fully reversible over

multiple heating/cooling cycles.
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Figure 6. Analysis by DLS of the swelling-deswelling transition of crosslinked Hep-NGs (A)
and HA-NGs (B) over multiple heating/cooling cycles (C, = 0.5 g/L in PBS).

Cytotoxicity of crosslinked and un-crosslinked Hep-NGs and HA-NGs

The cytotoxicity of un-crosslinked and shell-crosslinked Hep-NGs and HA-NGs, as well
as of native HA and Hep, was evaluated in Vero cells after 72 h of incubation by MTT assay.
For all the samples, the toxic concentration for 50% of the cells was higher than 1000 ug/mL,
the maximum assessed concentration, demonstrating the very low cytotoxicity and

biocompatibility of our HA and Hep derivatives (Figure S6).

In vivo biodistribution and tumor targeting of crosslinked and uncrosslinked Hep-NGs
and HA-NGs

The in vivo biodistribution and tumor targeting of Hep- and HA-based nanogels were
evaluated in Ehrlich solid tumor (EST)-bearing mice'? by a non-invasive fluorescence imaging
system. The main characteristics of the nanogels in terms of mean size and Pdl are
summarized in Table 1. Importantly, the similar size of both HA- and Hep-based un-crosslinked
nanogels as well as of both crosslinked ones together with their similar chemical composition,
except the hydrophilic shell structure, allowed a proper comparison of the biodistribution of HA-
and Hep-NGs. The nanogels and the native polysaccharides, HA (Mw = 20 and 40 kg/mol)
and Hep (Mw = 30 kg/mol), were labeled with the NIR dye Sulfo-Cyanine7 (Cy7) to visualize
their biodistribution. Briefly, the samples were chemically modified with Cy7-amine using 4-
(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride as an amine-acid coupling
agent.?! The content of Cy7 molecules in the polysaccharide derivatives (DS) was 0.002, as
determined by UV/Vis spectroscopy at 680 nm. After Cy7 labeling, the nanogels maintained
their size as shown by nanoparticle tracking analysis (NTA),? which enables the visualization
and recording of nanoparticles in solution (Figure S7). Particle size distribution obtained by
NTA ranged from 60 to 250 with an average of 150 + 40 nm and from 60 to 300 with an average
of 190 + 43 nm for the SCL NGs based on HA and Hep, respectively (Figure S7).
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Table 1. Size and polydispersity of nanogels based on Hep-poly(DEGMA-co-BMA) and HA-
poly(DEGMA-co-BMA) determined by dynamic light scattering at 40 °C (0.5 g/L in PBS).

Nanogels Z-Average size (nm) Pdl
HA Un-crosslinked nanogel 108+ 1 0.174 £ 0.03
Crosslinked nanogels (1 eq DTT) 151+ 2 0.176 £ 0.01
Hep Un-crosslinked nanogel 119+1 0.095 £ 0.006
Crosslinked nanogel (1 eq DTT) 146 £ 2 0.095 £ 0.013

Time-dependent biodistribution of Cy7-labeled native Hep, HA and nanogels on EST-
bearing mice was observed after intravenous administration. Ex-vivo fluorescence images of
excised organs and tumors showed a higher accumulation of Hep-NGs in the tumor than HA-
NGs. As shown in Figure 7A, the intensity ratio of tumor-to-liver between 1 h and 24 h was in
the order un-crosslinked Hep-NGs > crosslinked Hep-NGs > un-crosslinked HA-NGs =
crosslinked HA-NG, suggesting lower liver uptake and higher tumor accumulation for the
nanogels based on Hep. These results were consistent with those obtained from native
polysaccharides (Figure 7B). Indeed, as can be seen from Figure 7B, the intensity ratio of
tumor to liver is much higher for Hep (Mw = 30 kg/mol) than HA, whatever the molar mass of
HA (20 or 40 kg/mol). Interestingly, the intensity ratio of tumor-to-liver for the Hep-NGs and
linear Hep progressively increased during the whole period of time studied (24 h). This shows

their preferential accumulation at the tumor site.

The higher liver uptake of HA-NGs and linear HA may be related to the HARE-mediated
endocytosis.® This assumption is supported by the fact that the un-crosslinked Hep- and HA-
NGs have similar average diameters (Dn ~ 113-120 nm) as well as the crosslinked ones (Dn ~
161-183 nm). Regarding the effect of shell-crosslinking on the biodistribution, no conclusion
could be drawn from the comparison between uncrosslinked and crosslinked nanogels. The
biodistribution of both HA-NGs appeared to be relatively similar, despite the slightly higher size
and decreased deformability of the crosslinked nanogels. With regard to the Hep NGs, the
fluorescence of the crosslinked ones was detected with higher levels in most organs, including
tumor and liver. This resulted in a lower value of tumor-to-liver intensity ratio compared to the

uncrosslinked NGs.
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Figure 7. In vivo biodistribution of Hep- and HA-NGs in EST tumor-bearing mice. Fluorescence
intensity ratio of the excised tumor to liver at 1 h, 3 h, 6 h (n=1) and 24 h (n = 3) post-injection
of Hep- and HA-NGs (A), and of native Hep and HA (B). C) Ex vivo fluorescence images of
organs and tumors retrieved from the tumor-bearing mice at 24 h post-injection of NGs and of
the native polysaccharides: (1) liver; (2) lung; (3;3’) kidney; (4) spleen; (5) heart; (6) bladder;
(7) tumor. D) Top: fluorescence intensity ratio of the excised tumor to liver at 24 h post-injection
of Hep- and HA-NGs as well as of native Hep and HA (n = 3); bottom: representative images
of in vivo fluorescence images of the tumor-bearing mice after intravenous injection Hep-NGs
and of native Hep. Error bars represent standard deviations (SD). One-way ANOVA followed
by Tukey post hoc test. ** P < 0.05. *Compared to HA (native polysaccharide and nanogels).
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*Compared to crosslinked Hep-NG. E) Ex vivo fluorescence intensity of main organs at 24 h
post-administration of uncrosslinked and crosslinked HA- and Hep-NGs and native
polyssacharides (HA and Hep) (n = 3). The results were expressed as mean = SD. One-way
ANOVA followed by Tukey post hoc test: ®Compared to uncrosslinked HA-NG; Pcompared to
crosslinked HA-NG; ccompared to linear HA; “compared to uncrosslinked Hep-NG; ®compared
to crosslinked Hep-NG.

Conclusion

In this study, novel biocompatible and biodegradable nanogels based on heparosan
were developed by modification of the polysaccharide backbone with a thermoresponsive
copolymer, poly(DEGMA-co-BMA), properly designed to obtain stable nanogels at room
temperature. The versatile synthetic route to nanogels also allowed their further shell-
crosslinking to capture the nanogel structure at low temperature. Following intravenous
administration in tumor-bearing mice, both un-crosslinked and crosslinked Hep-NGs were able
to accumulate in the tumor at a much higher level than their counterparts based on HA.
Importantly, the well-defined properties of both Hep- and HA-NGs families in terms of chemical
structure (except the hydrophilic outer-shell), size and morphology allowed to reliably assess
the effect of the outer-shell forming glycosaminoglycan on their in vivo biodistribution. These
results thus showed that Hep-NGs provide an exciting new class of drug delivery platform for
cancer therapy. To the best of our knowledge, our study provides the first analysis of the in
vivo behavior of self-assembled nanoparticles based on Hep, demonstrating significant
differences compared to HA-based self-assembled nanoparticles. Regarding the effect of
shell-crosslinking on in vivo biodistribution, higher accumulation levels in most of organs,
especially in liver and tumor, were observed for the crosslinked Hep-NGs compared to the un-
crosslinked ones, 24 h after administration. At this stage, it is difficult to explain these results
as the uncrosslinked and crosslinked NGs are different not only in size but also in shell
stiffness/deformability. So far, the impact of nanoparticles flexibility/stiffness on their function
has been very little explored, and the potential benefits of tuning nanopatrticle elasticity are not
clear.?®?° Based on these considerations, these Hep-NGs represent an attractive platform to
investigate the impact of design parameters such as shell crosslinking, incorporation of
combination regimens as well as inorganic nanoparticles (magnetic nanoparticles, gold
nanoparticles) in order to more optimally exploit the biocompatibility and the beneficial

distribution of these novel nanocarriers.
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Experimental section — Materials and Methods

Materials. Hyaluronic acid samples (Mw = 20 and 40 kg/mol) were purchased from Lifecore
(USA). Heparosan (My = 30 kg/mol) was kindly provided by HTL (Javené, France). (Diethylene
glycol) methyl ether methacrylate, butyl methacrylate, 2-cyano-2-propyl benzodithioate, 2,2-
azobis(2-methylpropionitrile), phosphate buffer saline (PBS, pH 7.4), sodium chloride,
aluminum oxide, tris-(2-carboxyethyl) phosphine hydrochloride (TCEP), n-butylamine, 4-
pentenoic anhydride, thiazolyl blue tetrazolium bromide, 1,4-dithiothreitol and 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride were purchased from Sigma-
Aldrich-Fluka  (France). 2-Hydroxy-1-[4-(2-hydroxy-ethoxy)phenyl]-2-methyl-1-propanone
(Irgacure 2959) was kindly provided by Ciba Speciality Chemicals (Basel, Switzerland). Sulfo-
Cyanine7 amine (Cy7-amine) was purchased from Lumiprobe. Dulbecco’s Modified Eagle’s
Medium (DMEM), L-glutamine and fetal bovine serum (FBS) were provided by Gibco. All
chemicals, except DEGMA and BMA which were purified by running them through a column
packed with aluminum oxide, were used without any further purification. The positively charged
resin, diethylaminoethyl cellulose (DEAE Sepharose CL-6B) was purchased from GE
Healthcare Life Science. Spectra/Por 1 (MWCO 6-8000 g/mol) membrane used for dialysis
was obtained from Fisher Scientific (Rancho Domingez, CA). The water used in all experiments
was purified by a Elga Purelab purification system, with a resistivity of 18.2 MQ cm. Deuterium
oxide (D-0) and deuterated dichloromethane (CDCls) were obtained from SDS (Vitry, France).
The pentenoate-modified HA20 and Hep30 derivatives with a degree of substitution of 0.5 were

synthesized as previously described. ’

Analytical Techniques. *H NMR spectra were recorded at 10, 25 or 80 °C using a Bruker
AVANCE Il HD spectrometer operating at 400 MHz. All spectra were recorded by applying a
45° tip angle for the excitation pulse, and a 10 s recycle delay. Chemical shifts (dUJin ppm) are
given relative to external tetramethylsilane (TMS =0 ppm) and calibration was performed using
the signal of the residual protons of the solvent as a secondary reference. Fourier transform
infrared spectroscopy (FTIR) measurements were performed on a RX1 spectrometer (Perkin
Elmer, UK) with horizontal ATR accessory. For each sample, 32 scans were recorded between
4000 and 400 cm™ with a resolution of 2 cm™ using the Spectrum software V 5.0.0. The spectra
was then analyzed using the Origin 7.0 software. The number-average molar mass (M,), the
weight-average molar mass (M) and the dispersity (P) of poly(DEGMA-co-BMA) were
determined by size exclusion chromatography (SEC) in dimethylformamide containing 50 mM
NaNOs. Measurements were done on a GPC system equipped with a Waters model 515 pump,
a refractive Index Detector Rl 2000 from Schambeck SFD GmbH and a light scattering detector
(MALLS) from Wyatt (USA). The samples were analysed using a 161123-Agilent-10 column
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at 30 °C and at a flow rate of 1 mL/min. The cloud point temperature (Tcp) of poly(DEGMA-co-
BMA) was determined by UV-vis turbidity measurements (A = 500 nm) performed on a Varian
Cary 50 Scan. The samples were prepared at room temperature in PBS (from 0.1 to 3 g/L),
after which the sample was placed in the instrument. The light transmittance was measured
during at least two controlled cooling/heating cycles from 10 °C to 40 °C using a 1°C/10 min
interval. T¢p was considered to be the temperature at which the light transmittance was 50 %
of that obtained for the same sample at 10 °C. The critical aggregation temperature (CAT) of
HA-poly(DEGMA-co-BMA) or Hep-poly(DEGMA-co-BMA) in aqueous solution was assessed
using a Zetasizer NanoZS Malvern Instruments apparatus equipped with a HeNe laser at 173°
and a temperature controller. A solution of HA-poly(DEGMA-co-BMA) or Hep-poly(DEGMA-
co-BMA) in PBS at a concentration of 0.5 mg/mL was filtered through a 0.45 um polycarbonate
filter and heated from 10 to 40 °C using a 5 °C interval. The CAT was considered to be the
temperature at the intersection between the lower horizontal portion of the plotted curve
(average scattered intensity versus temperature dependence) and the tangent line of the
curve. The size and size distribution of hanogels were simultaneously measured with the CAT
by dynamic light scattering (DLS) using a Zetasizer NanoZS Malvern Instruments apparatus
operating with a HeNe laser at 173°. The hydrodynamic diameters were calculated from
diffusion coefficients using the Stokes-Einstein equation. All correlogram analyses were
performed with software supplied by the manufacturer. All the measurements were performed
in PBS (pH 7.4, [NaCl] = 0.15 M).

Synthesis of copolymer poly(DEGMA-co-BMA). DEGMA (10 g, 50 mmol) and BMA (0.398
g, 2.79 mmol), the RAFT agent 2-Cyano-2-propyl benzodithioate (0.082 g, 0.372 mmol) and
AIBN (3 mg, 0.0186 mmol) in anhydrous toluene (25 mL) were placed in a round bottom
Schlenk flask and oxygen was removed via bubbling the mixture under nitrogen atmosphere
for 30 min. Then, the flask was sealed and placed in a thermostatic oil bath pre-heated at 80
°C. The reaction was quenched by cooling and exposure to oxygen. The resulting copolymer
was precipitated in cyclohexane. The precipitate was dissolved in dichloromethane and the
copolymer was precipitated again in cyclohexane. The resulting precipitate was finally dried
under high vacuum to give 6 g of pure poly(DEGMA-co-BMA). Samples taken before and
during the polymerization were analyzed by *H NMR to determine monomers conversion. The
Mn, Mw and D values of the copolymer were determined by size exclusion chromatography in
DMF.

Synthesis of HA-poly(DEGMA-co-BMA) and Hep-poly(DEGMA-co-BMA). Prior to the
coupling reaction with HA-pentenoate, or Hep-pentenoate, the poly(DEGMA-co-BMA)

copolymer was subjected to aminolysis using n-butylamine, to convert the RAFT end-group to
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a thiol. Briefly, the copolymer (600 mg, 0.375 mmol) was solubilized in dichloromethane (9 mL)
and n-butylamine (6.5 mL, 66 mmol) was added. After 5 min under stirring at room
temperature, the reaction mixture was concentrated under reduced pressure, resulting in a
waxy liquid that was solubilized in dichloromethane. The copolymer was recovered by
precipitation in cyclohexane and dried under vacuum at 45 °C during 4 hours to remove
residual solvent. Next, the thiol-end-functionalized copolymer (550 mg, 0.0312 mmol) was
solubilized in 14 mL of pure water and TCEP (10 mg, 0.0350 mmol) was added. After 30 min
of stirring at 4 °C under nitrogen atmosphere, the copolymer solution was added to an aqueous
solution of HA-pentenoate or Hep-pentenoate (50 mg, 0.116 mmol) in pure water (4 mL),
followed by a solution of Irgacure 2959 (2 mL) in water (10 g/L) in order to obtain a final
photoiniator concentration of 0.1 % (w/v) in the reaction media. The reaction mixture cooled in
a ice bath, was exposed to UV light (A = 365 nm) with an intensity of 20 mW/cm? for 5 min
under stirring and nitrogen atmosphere. The resulting HA-poly(DEGMA-co-BMA) and Hep-
poly(DEGMA-co-BMA) derivatives were purified via a batch ion exchange process using DEAE
Sepharose CL-6B as a weak-anion exchanger. Briefly, DEAE resin (20 mL), stored in a solution
of ethanol 30 %, was washed three times with ultrapure water at 4 °C (3 x 20 mL, contact times
of 10 min). Excess liquid was removed by centrifugation (10000 rpm, 10 min) at 4° C. Then,
the resin was activated by successive washes with a 0.5 M NaCl agueous solution (20 mL), a
1 M NaCl aqueous solution (20 mL) and finally, four times with ultrapure water (4 x 20 mL).
The HA-poly(DEGMA-co-BMA) or Hep-poly(DEGMA-co-BMA) derivative was then added to
the resin in a conical tube and allowed to interact with the resin overnight at 4°C under stirring
with an orbital shaker. Then, the HA or Hep derivative bound to the resin was subjected to
seven washes with ultrapure water (7 x 20 mL) to remove un-grafted copolymer. Finally, the
HA or Hep derivative was eluted with a 1 M NaCl aqueous solution (4 x 10 mL). After filtration
of the solutions of the HA or Hep derivative through a Buchner funnel with a porous glass filter
plate (porosity 4), the solution was dialyzed against deionized water (membrane with cut-off 6-

8 Da MW, 72 h). The product was recovered by freeze-drying as a white powder.

Synthesis of crosslinked nanogels. To a solution of HA-poly(DEGMA-co-BMA) or Hep-
poly(DEGMA-co-BMA) (0.015 g, 0.022 mmol) with a DS of 0.03 at a concentration of 0.5 g/L
in PBS (pH 7.4) at 4°C under nitrogen atmosphere in an ice bath, 564 uL (1.41 mg, 0.009
mmol) of a solution of DTT in PBS (2.5 g/L) was added under stirring. Next, the temperature
of the solution was increased to 40°C well above the CAT. After stirring at 40°C for 45 min, 3.3
mL of an aqueous solution of Irgacure 2959 (10 mg/mL) was then added to the nanogels
suspension to obtain a final photoiniator concentration of 10 % (w/v). The mixture was exposed
to UV light (A = 365 nm) with an intensity of 20 mW/cm? for 15 min under stirring and nitrogen

atmosphere. The nanogels suspension was transferred into a dialysis bag (MWCO = 6-8000
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g/mol) and dialyzed against deionized water for 72 h. The shell cross-linked nanogels were
recovered by freeze-drying. The volume of the DTT solution (218 uL, 652 uL) was varied to
obtain [SH]/[=] ratios of 0.5 and 1.0, respectively. Next, the temperature of the solution was
increased to 40 °C.

Determination of the degree of substitution of HA-poly(DEGMA-co-BMA) and Hep-
poly(DEGMA-co-BMA) samples by the carbazole reaction. The DS was indirectly
determined by reaction of D-glucuronic acid units of HA with carbazole 26 Briefly, 800 pL of 25
mM sodium tetraborate solution in sulfuric acid was added to an aqueous solution of HA-
poly(DEGMA-co-BMA) or Hep-poly(DEGMA-co-BMA) (200 pL) at a concentration of 0.1 g/L.
After heating at 100 °C for 10 min, the solution was cooled at room temperature for 15 min,
and then a solution of carbazole (200 pL) in absolute ethanol 0.125 % (m/v) was added. The
sample was heated again at 100 °C for 10 min and its absorbance was determined by
spectrophotometry at 530 nm. The polysaccharide concentration was calculated from a
calibration curve (0.050 to 0.200 g/L), which allowed the indirect determination of copolymer
amount in the HA- and Hep-poly(DEGMA-co-BMA) samples.

Scanning electron microscopy and transmission electron microscopy. For SEM analysis,
drops of un-crosslinked and crosslinked nanogels solutions (0.5 mg/mL) in ultrapure water at
both 5 and 40 °C were deposited onto mica-coated copper stubs (also precooled/heated at 5
or 40 °C, respectively) and allowed to air drying at 4 or 40 °C. The samples were then coated
by approximately 2 nm of sputtered Au-Pd and observed in secondary electron imaging mode
with a ZEISS Ultra 55 FEG-SEM (Grenoble INP - CMTC). Images were acquired at low voltage
of 3 kV using an in-lens detector. For TEM analysis, all samples were dispersed in ultrapure
water, stained with 5 % uranyl acetate and observed with a JEOL JEM 1400 (Jeol, USA)

transmission electron microscope operating at 120 kV acceleration voltage.

Labeling of nanogels based on HA-poly(DEGMA-co-BMA) and Hep-poly(DEGMA-co-
BMA) with sulfo-cyanine7. Fluorescent nanogels were prepared by grafting the dye Cy7-
amine on un-crosslinked and crosslinked nanogels based on HA-poly(DEGMA-co-BMA) and
Hep-poly(DEGMA-co-BMA) (DS= 0.01) by an amine-acid coupling reaction using DMTMM as
a coupling agent?. To this end, crosslinked nanogels (0.008g, 0.0135 mmol) were solubilized
in water/DMF (1:1 v/v; 4 mL) and DMTMM (3.7 mg, 0.0135 mmol) was added to the solution,
followed by adjusting the pH to 6.5. After 30 min of stirring, Cy7-amine (0.5 mg, 0.000676
mmol) solubilized in water/DMF (1:1 v/v) at a concentration of 5 g/L was added to the reaction
mixture. After stirring at room temperature for 72 h, the nanogels were purified by dialysis using
a membrane MWCO 6-8 kg/mol against a mixture of water/ethanol (2/1 v/v) then, against

deionized water for 48 h and finally, they were recovered by freeze-drying.
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Cytotoxicity assay. Vero cells (ATCC, Maryland) were maintained in DMEM supplemented
with 2 mM L-glutamine and 10% heat-inactivated FBS at 37 °C in a 5% CO, atmosphere. In
order to investigate a possible toxicity of Hep and HA nanogels towards mammalian cells, Vero
cells obtained from confluent cultures were plated (5 x 10° cells/mL) in 96-well plates and
incubated for 24 h at 37 °C in a 5% CO; atmosphere. Next, the cells were treated with different
concentrations (10 — 1000 pg/mL) of HA- and Hep-NGs as well as the native polysaccharides
solutions in DMEM. After 72 h of incubation, the cultures were evaluated by MTT assay, as
previously described®. After treatment, the medium was removed, and the cellular monolayer
was washed with 0.01 M PBS (pH 7.4), and 50 pL of MTT solution at 2 mg/mL were added to
each well. After incubation for 4 h at 37 °C protected from light, MTT solution was removed
and 150 pL of DMSO was added to each well. Absorbance was read in a microplate reader
(BIO-TEK Power Wave XS) at 570 nm. The percentage of viable cells was calculated
compared with controls (not treated cells). The concentration that decreased 50% of the
absorbance compared with the control cells was considered the toxic concentration for 50% of
cells (CCso).

In vivo biodistribution. All in vivo procedures were carried out in accordance with the
Brazilian legislation issued by the National Council for Control of Animal Experimentation
(CONCEA) and was approved by the Ethic Committee on Animal Use of State University of
Maringa (CEUA/UEM), protocol number CEUA 6160200416. Male hairless mice (3 weeks old,
20-30 g, Londrina, Brazil) were housed under controlled conditions of temperature (22 £ 1°C)
and humidity, 12:12 h light/dark cycle and ad libitum access to food and water. Xenografted
tumors were obtained by subcutaneously injectinga suspension of 5 x 10° Ehrlich cells in PBS
(50 uL), obtained from Ehrlich tumor ascitic fluid, on the right flanks of mice. After tumor grown
period (=10 days), animals were anesthetized with isoflurane 2% in an air/O, mixture, and 100
ML of suspensions of Cy7-labeled uncrosslinked and crosslinked HA- and Hep-NGs (3 g/L in
PBS) were administered in the tail vein. For comparison, Cy7-labeled HA (My = 20 and 40
kg/mol) and Hep (Mw = 30, 3 g/L in PBS) were also injected. Immediately after injection, mice
were evaluated using an In-vivo MS FX PRO (Carestream Molecular Imaging, Carestream
Health, United States). Fluorescent images (Aexc = 750 nm; Aem = 790 nm) were obtained
with a CCD camera (Kodak Image Station) at 0, 1, 3 and 24 h post-injection. Mice were then
sacrificed and the main organs (liver, spleen, lung, kidney, heart, bladder and tumor) were
removed for ex-vivo imaging. Images acquisition and semi-quantification of relative
fluorescence intensity in regions of interest (ROI) were performed using Carestream Molecular

Imaging 5.0 software (Carestream Molecular Imaging, Carestream Health, United States).
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Figure S1. (A) Kinetic plots and (B) dependence of the number-average molar masses (Mn)
on monomer conversion for the RAFT copolymerization of DEGMA and BMA. Reaction
conditions: [DEGMA]o/[BMA]o/[CTA]o/[AIBN]o = 95/5/0.77/0.038 at 80°C in toluene.
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Figure S2. Characterisation of poly(DEGMA-co-BMA) by A) *H NMR spectroscopy (300 MHz,
10 mg/mL in CDCls, 25 °C) and, B) size exclusion chromatography (30 °C, flow rate of 1
mL/min; eluent: dimethylformamide containing 50 mM NaNOs).
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Figure S3. Turbidity measurement of a solution of poly(DEGMA-co-BMA) in PBS (0.5 g/L) as
measured by UV/Vis spectroscopy at 500 nm.

911
1253 1839
Crosslinked Nanogels l
sMie1=2 ]
Crosslinked Nanm 1121
[SHY[=] =1 1722 {
Un-crosslinked l
nanogels ) e
3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm)
C-CHprr C-SHprr i
O-CHprr l C-SHprr
Crosslinked Nanogels l

[SHI[=] =2

Crosslinked Nanogels

[SHJ/[=] = 1 C-Ocogblymer

'C=Ocopolymer1 ()[CHHA

N

Un-crosslinked l
nanogels

1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm)

Figure S4. FT-IR spectra of crosslinked Hep-NGs with [SH]/[=] = 2 (blue) and [SH]/[=] = 1
(purple), and of uncrosslinked Hep-NGs (orange). Focus on the 1800-400 cm™region includes
characteristic bands of DTT on the Heparosan backbone.
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Figure S5. Behavior of crosslinked nanogels (CAT) based on Hep-poly(DEGMA-co-BMA) and
HA-poly(DEGMA-co-BMA) with a [SH]/[=] ratio of 1. Analysis by DLS (C, = 0.5 g/L in PBS) and
by SEM of Hep-NGs (A, B, C) and of HA-NGs (D, E, F).
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Figure S6. In vitro cytotoxicity of un-crosslinked and crosslinked HA- and Hep-NGs as well as
of native HA and Hep in Vero cells after 72 h of incubation, evaluated by the MTT method.
Data are expressed as mean + SD of three independent experiments.
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Figure S7. Size distribution of shell-crosslinked HA-NGs (A) and Hep-NGs (B) in PBS (Cp =
5 x 10 g/L) determined by nanoparticle tracking analysis at 25 °C. The experimental results
(black curve) were fitted by a Gaussian curve (red curve).
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[I.2 Résultats et discussions complémentaires

Certaines études n’ont pas été décrites dans l'article et sont présentées dans la partie
qui suit. Ces derniéres mettent en avant les enjeux rencontrés lors de I'élaboration des

nanogels thermosensibles.

Nous montrerons tout d’abord en section 11.2.1 et 11.2.2 respectivement, les démarches
qui ont permis d’obtenir de fagon reproductible des nanogels de taille contrélée. En particulier,
nous décrivons la mise au point de la purification par chromatographie ionique et celle des
conditions de la réaction de couplage par chimie radicalaire thiol-éne.

Les propriétés de thermo-association en solution des dérivés HA- et Hep-poly(DEGMA-
co-BMA) sont présentées plus en détail afin de mieux comprendre la formation de nos

systémes. La derniére partie est consacrée a I'optimisation de la réticulation.

[1.2.1 Purification des dérivés HA-copolymeres synthétisés
[1.2.1.1 Purification par dialyse

La dialyse est la purification la plus utilisée pour les polysaccharides conjugués. Elle
repose sur la séparation d'espéces chimiques en fonction de leur masse molaire par une
membrane poreuse qui joue le rble de tamis. Une des difficultés rencontrées lors de la
synthése des dérivés HA-copolymére est leur purification par cette technique aprés greffage
du copolymeére par chimie thiol-éne sur le squelette du HA. La purification implique en effet
d’éliminer complétement le copolymére non greffé du dérivé HA-copolymeére. Or, dans notre
cas, les masses molaires du HA (Mn ~ 20 g/mol) et du copolymere (Mn ~ 16 kg/mol) sont tres

proches et peuvent ainsi limiter leur bonne discrimination.

C’est pourquoi dans un premier temps, nous avons identifié le seuil de coupure minimum
afin d’éliminer le copolymeére puis étudié le comportement du HA linéaire non modifié et des
dérivés HA-copolymeére synthétisés a travers cette derniére. L’ensemble des purifications est
réalisé a une température inférieure a la T¢, du copolymeére (T<12°C), a 4°C, afin que ce

dernier soit soluble dans I'eau et puisse passer a travers la membrane.

Le Tableau 3.1 regroupe la masse récupérée et le rendement de la purification en
fonction du seuil de coupure de la membrane utilisée (50 kDa ou 100 kDa). L’élimination par
dialyse du copolymére de masse molaire (M») ~16 kg/mol nécessite une membrane avec un
seuil de coupure minimal de 100 kDa (Entrées 1 et 2). Or, celui-ci entraine également une
perte des dérives HA-copolymére synthétisés (Entrée 4). Ainsi, avec ce protocole de

purification, la dialyse s’étale sur 8 jours (3 lavages/jour) et présente un rendement aux
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alentours de 20%. A titre comparatif, le HA natif (M, ~ 20 kg/mol, Pdl =1,45), non modifié, est

éliminé a plus de 50% par dialyse sur cette taille de membrane (Entrée 3).

Par ailleurs, aprés purification sur la membrane avec le seuil de coupure de 100 kDa,
nous observons apres lyophilisation la présence de traces de poly(DEGMA-co-BMA) résiduel
(masse £ 1 mg). Le remplacement de I'eau par un mélange plus apolaire eau/éthanol (2/1)
dans la solution de lavage a été envisage mais n’améliore pas la purification. Ainsi, la dialyse

n’est pas adaptée a la purification des dérivés synthétisés.

Tableau 3.1 Conditions expérimentales de la purification par dialyse.

Entrée Produit Masse Masse Membrane Nombre Masse Rende-
molaire de Seuil de de lavage récupérée ment
(kg/mol)  départ coupure (mg) (%)
HA (kDa)
(mg)
1 Copolymére 15 50 50 9 50
2 Copolymére 15 50 100 9 >1 \
3 HA 20 50 100 9 15-20 30-40
HA-copo i 17-21
4 (DS 2%) 50 100 9 20-25

acalculé en divisant le nombre de mole d’unité de répétition du dérivé HA-copolymére (M = 740 g/mol)
par le nombre de mol d’unité de répétition du HA (M = 401 g/mol)

11.2.1.2 Purification par chromatographie ionique en batch

La technique de chromatographie ionique en batch (Figure 1.1), consiste a séparer les
molécules présentes en solution en fonction de leur charge. Cette technique, aussi appelée
chromatographie sur échangeur d’ions, porte sur l'interaction entre I'acide hyaluronique chargé
négativement et une résine chargée positivement. Le copolymére thermosensible étant non
chargé, il peut ainsi étre éliminé facilement. Dans cette étude, nous avons utilisé, la résine
DEAE Sepharose CL-6B, qui a pour ion échangeur le groupement diéthylaminoéthyle, dont la

charge reste stable sur la gamme de pH 3-9.

Dans la littérature, cette technique est fréquemment utilisée pour séparer et purifier des
protéines, des polysaccharides et de maniére générale des biomolécules chargées [6-7]. Nous
avons envisagé d’explorer cette technique de purification en batch qui nous permet de réaliser

'ensemble des étapes a 4°C (au réfrigérateur).
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Le protocole final, décrit dans la publication, a été mis au point au fil des optimisations.
En patrticulier, la concentration en sel aux différentes étapes constitue un parametre clé. Il est
nécessaire de commencer par une élimination de I'éthanol présent dans la solution de
stockage et de terminer par une étape de ringage pour éliminer le sel présent en forte
concentration aprés ['élution. Deuxiemement, la complexation des dérivés chargés
négativement avec la résine est optimale pour une conductivité de ~ 1-2 mS/cm?. En dessous

de cette valeur, la complexation électrostatique est moins efficace [8-9].

Elution des derivés
avec 1 mM NaCl

Elimination éthanol
ringage a

I'eau ultrapure (3x) 2/
—_— —_—

Activation de la résine

Elimination du sel
ringage (10 x)

Ajout du milieu
réactionnel

Elimination du

® ? copolymére non gréffé Premiere élution Stockage dans
7 ~N

1) 0,5 mM NaCl &si
((%) 1 mmM NaaCI Adhe_smn POu; eg% aprés 1h, puis 3 autres une solution
minimur /) lavage A/l eau ultrapure aprés 15 minutes a 30% étnanol (v/v)
(3) ringage (7 lavages) P °

(2 mS/cm?, 4 ringages)

Légende : ee résine / copolymeére / polysaccharide /(( dérivé polysaccharide-copolymere

Figure 3.1 Schéma représentatif de la méthode expérimentale mise au point pour réaliser la
purification par chromatographie ionique en batch des dérivés de polysaccharides.

L'une des étapes nécessaires au bon déroulement de la purification est celle qui
permet d’éliminer le copolymére non greffé : le lavage de la résine a I'eau froide. Le nombre
de lavages a été validé d’'une part visuellement, par observation de la turbidité des eaux de
lavage avec la montée en température (Figure 3.2-C), et d’autre part, par analyse UV/Vis de
la turbidité a 37°C (Figure 3.2-B). Il est important de noter ici que la longueur d’onde
d’absorbance du copolymeére varie avec la présence ou non de I'agent RAFT en bout de
chaine. En effet, les dérivés thiocarbonylthio sont des chromophores qui absorbent fortement
dans I'UV aux alentours de 300-310 nm. L’absorbance relative a 'agent RAFT disparait aprés
son élimination par aminolyse [10]. Ainsi, seule 'absorbance des esters d’alkyle aux alentours
de 290-300 nm est observée pour le copolymeére a purifier (Figure 3.2-A). Nous observons au
fur et @ mesure des lavages une diminution progressive des esters d’alkyle par analyse UV/Vis
des eaux de lavage jusqu’a une disparition totale aprés 7 lavages (Figure 3.2-B) qui se traduit

visuellement par une diminution progressive de la turbidité (Figure 3.2-C).
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Figure 3.2 Analyse des eaux de lavage A) Spectres UV/Vis du copolymére avant et aprés
aminolyse ainsi que du dérivé HA-pentenoate a 20°C B) Spectres UV/Vis des eaux de lavage
(n=10) & 20°C, C) Eaux de lavage a température ambiante (n=7).

[1.2.1.3 Validation de la purification

Pour vérifier la fiabilité de ce protocole de purification, nous avons dans un premier
temps confronté les deux techniques, la chromatographie ionique et la purification par dialyse.
Dans un deuxiéme temps, nous avons analysé et comparé les propriétés des dérivés ainsi

obtenus.

Comparaison des techniques de purification

Le tableau 3.2 résume les caractéristiques: temps et rendement, des deux
purifications. Il apparait que la chromatographie ionique permet de diviser le temps de
purification par deux (passage de 8 a 4 jours) et d'augmenter le rendement par deux.
L’échantillon 3 joue le réle de controle et met en évidence une perte de HA pendant la

purification aux alentours de 10%.
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Tableau 3.2 Comparaison des purifications par dialyse et chromatographie ionique pour les
dérivés de HA-copolymeére et le HA.

Entrée Produit Masse  Purification  Temps Masse Rendement
de HA de (jour) récupérée (%)°
départ (mg)
(mg)

1 HA- 50 Dialyse 8 20-25 17-212
copolymere

2 HA- 50 Chro. lon 3-4 50-60 42-51°
copolymére

3 HA 50 Chro-lon 3-4 42-45 84-902

@ observé pour 3 réplicas; P calculé en divisant le nombre de mole d’'unités de répétition du dérivé HA-
copolymére par le nombre de mol d’unité de répétition du HA.

Afin de vérifier I'efficacité de la complexation du HA avec la résine, une étude par
analyse FTIR de la composition des eaux de lavage en chromatographie ionique et en dialyse
a été menée (Figure 3.3). La comparaison des spectres avec ceux correspondant au
copolymere et au HA confirme la complexation efficace du polysaccharide avec la résine. En
effet, seule la présence du copolymeére (2850, 1750, 1450, 1250, 850 cm™) est observée dans
les eaux de lavage issues de la chromatographie ionique tandis qu’'un mélange
HA/copolymére est observé dans les eaux de lavage provenant de la dialyse.

1250

1750 |

1050 ] 07

1600 ]
1450 | ] 06
1350{ |p 850 ©90

1 05
SINpEe

Copolymere /L J W 0,3

3350 ,g5g

Absorbance (u.a.)

1 0,2

1 0,1
Chro.lon 1

||J||||I||||l|\\|:0
1850 1350 850 350

Nombre d'onde (cm-)

3850 3350 2850 2350

Figure 3.3 Comparaison des spectres infra-rouge de I'acide hyaluronique, du copolymere, des
eaux de lavage lyophilisées obtenues en dialyse et issues de la chromatographie ionique en
batch. Attribution des bandes d’absorption (cm™) des spectres FTIR (32 scans, résolution de
2s) : 3350 (-OH), 2850 (-CH, -CH>, CHs), 1750 (-C=0 copolymere), 1600 (-C=0O AH), 1450 et
1350 (-C-CH, O-CH), 1250 (C-O des esters aliphatiques), 1200-900 (-C-0O, -C-CH élongation,
-CO et -C-O-C flexion du cycle glycosidique) 850 (H-C-S flexion), 600 (allomorphe), 500 (-C-
S-S-C coude diedral) [11-12].
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Une fois les dérivés purifiés, des nanogels ont été formés a partir de ces derniers par
simple élévation de la température. Etant donné la présence de traces de copolymere dans
les dérivés obtenus aprés dialyse, nous avons voulu évaluer leur impact sur le comportement
des nanogels en solution. Pour cela, le milieu réactionnel aprés couplage par chimie thiol-éne
a été séparé en deux. Une moitié a été purifiée par dialyse et 'autre par chromatographie
ionique. Le tableau 3.3 récapitule I'ensemble des propriétés des nanogels en solution

analysées par DLS (polydispersité (Pdl) et tailles).

Nous constatons une différence de comportement entre les lots de nanogels en
fonction de la purification pour les dérivés de plus faible DS (DS 2 %). Dans le cas des
nanogels obtenus apres dialyse, le Pdl chute et leur taille augmente d’un facteur 2 (Entrée 1).
Cela peut étre di a deux effets : 1) le copolymeére résiduel (~1mg) est encapsulé lors de la
montée en température au sein des nanogels, 2) seul reste apres purification, les dérivés les
plus substitués. A titre comparatif, nous avons analysé les propriétés des nanogels obtenus
dans le cas ou I'élimination du copolymére est impossible (Entrée 3, membrane de dialyse
avec seuil de coupure 50 kDa) et le méme comportement est observé. La présence de chaines
de copolymére libres en solution auto-associées au-dessus de la T¢, entraine une forte

augmentation de la taille des particules.

Tableau 3.3 Analyse DLS des propriétés en solution des nanogels AH-copolymére obtenue
apres purification par chromatographie ionique ou par dialyse.

Entrée Purification DS Pdl Diamétre  Diameétre  Diamétre
copo (Z-av) (int) (nb)
Chro. lon 2+1 % 0,250 103 109 65
1 (+0,065) (£5,0) (£1,42) (x4,54)
Dialyse - 0,053 204 230 181
(100 kg/mol) (x0,010) (x0,010) (x0,010) (x0,010)
2 Chro. lon. 7+0.5% 0,165 86 88 64
(£0,065) (£5,0) (£1,42) (£4,54)
Dialyse - 0,025 111 117 89
(100 kg/mol) (x0,010) (+1,81) (£0,2,58) (x0,010)
3 Dialyse - 0,153 252 291 217
(50 kg/mol) (£0,025) (£0,025) (x0,025) (x0,025)

En revanche, pour des dérivés HA-copolymére de DS 7% (Entrée 2), la purification par
dialyse n’entraine pas une perte importante des dérivés HA-copo lors de I'élimination du

copolymere (rendement compris entre 40-50%). Ceci peut s’expliquer par leur masse molaire
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plus importante du fait de leur DS plus élevé. La taille des nanogels obtenus a partir des
dérivés purifiés par dialyse est la encore plus élevée que celle des nanogels résultant des

dérivés purifiés par chromatographie ionigue.

L’ensemble des résultats obtenus au cours de cette étude nous permet de valider la
pertinence de la purification par chromatographie ionique en batch mise au point. Ce protocole
reproductible surmonte les difficultés techniques et peut étre étendu a la purification d’autres

dérivés de polysaccharides comprenant des molécules hydrophobes ou thermosensibles.

[1.2.2 Détermination du Degré de Substitution (DS)

Le degré de substitution définit le nombre de chaines de copolyméres greffées en
moyenne toutes les 100 unités disaccharides de répétition du HA (ou de I'héparosan). Il est
ensuite possible de remonter au nombre de chaines de copolymeéres greffées par chaine de
HA (ou d’héparosan) (Tableau 3.4). La superposition des signaux des protons du copolymére
et du HA/Hep rendant impossible la détermination du DS par intégration des spectres RMN

IH, le DS a été évalué en effectuant un dosage au carbazole.

Tableau 3.4 Nombre de chaine de copolymére par chaine de HA en fonction du degré de
substitution.

DS (%) 1 2 4 6 8 10
Copolymére chaine/HA chaine (20 kg/mol) 0,5 1 2 3 4 5

[1.2.2.1.1 Quantification par la méthode au carbazole

La détermination du DS selon la méthode au carbazole repose sur le dosage des unités
glucuroniques par le carbazole. Cette méthode de quantification du HA est souvent rapportée
dans la littérature [13-14] et reste la méthode de référence. Le dosage au carbazole est
considéré comme aussi fiable que le dosage par HPLC pour la quantification des GAG
contenant de I'acide uronique [15]. Cependant les produits doivent étre exempts de sels et de

tout autre sucre tel que le glucose [16-17].

Le principe repose sur I'obtention d’'une coloration pouvant étre quantifiée aprées réaction
du carbazole avec les acides uroniques (Figure 3.4). Cette coloration est due a la formation
d'un dérivé du furfural obtenu par chauffage en milieu acide sulfurique et condensation avec
le carbazole. La quantité d’acide uronique est estimée en comparaison a une gamme étalon
réalisée, a partir de l'acide hyaluronique de départ (non modifi€) & chaque nouvelle

guantification.
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Dans ce travail, la quantité d’unité D-glucuronique a été déterminée par spectroscopie
UV-visible (A = 530 nm) a l'aide d’une courbe de calibration obtenue a partir d'une gamme

étalon établie en utilisant le polysaccharide concerné (HA ou Hep) dégradé dans les mémes

conditions.
(0]
OH [o)
H
HO e OH| ————» HO \ / OH
O=/NH Aude surfurique 0 0o
Tetraborate ONa
a 100°C Acide Formylfuroique
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Figure 3.4 Schéma réactionnel du dosage des unités glucuronique de HA par le carbazole A)
formation du dérivé furfural B) formation du chromophore (A = 630 nm).

La figure 3.5 regroupe les DS déterminés par cette technique pour plusieurs dérivés
préparés dans les mémes conditions et purifiés par chromatographie ionique (DS visé 30%,
en présence de TCEP). Sur huit synthéses nous constatons une disparité des DS obtenus,
deux valeurs se distinguent 1,5% et 4%, soit un DS moyen de 2+1 %.

N° lot HA-copo

|

O~NOO A WN =

LT

DS (%)
w

:

Figure 3.5 Détermination du DS par dosage au carbazole de dérivés HA-poly(DEGMA-co-
BMA) synthétisés dans les mémes conditions réactionnelles.

Au regard de cette constatation, I'objectif est de comprendre a présent I'origine des
faibles DS obtenus. Nous avons alors étudié I'efficacité de la réaction thiol-éne radicalaire, en
particulier 'influence des parametres, tels que la quantité de copolymeére initiale et la présence

d’un agent réducteur, sur le taux de greffage et la reproductibilité des syntheses.

122



Chapitre 3 — Elaboration de nanogels thermosensibles

[1.2.3 Etude de la réaction thiol-ene radicalaire

Comme décrit dans le chapitre précédent, plusieurs approches permettent de greffer des
molécules sur des glycosaminoglycanes et en patrticulier le HA. Dans ce travail, notre choix
s’est porté sur la réaction de couplage thiol-ene amorcée par des radicaux pour plusieurs

raisons.

Premiérement, cette réaction permet d’effectuer, dans des conditions simples et de
maniére séquentielle, le greffage du copolymeére sur le polysaccharide et sa réticulation en
partant d’'un dérivé polysaccharidique modifié par des groupements alcéne (penténoate). Le
choix de la fonction réactive (acide carboxylique ou hydroxyle) sur le squelette de HA peut
avoir son importance. Selon Wang et al, il est préférable de préserver la fonction carboxylique
car cette derniére semble impliquée dans la reconnaissance du HA par les récepteurs CD44
[18]. Dans le cas du dérivés HA-penténoate, la modification porte sur les hydroxyles
(estérification avec I'anhydride penténoique). Deuxiemement, I'utilisation de la lumiere UV
pour amorcer la réaction thiol-éne par voie radicalaire permet le contrble temporel et spatial
de la réaction, ce qui est particulierement intéressant pour la synthése d’hydrogels chimiques
microstructurés. Soulignons également que le couplage thiol-eéne par voie radicalaire est plus
rapide et efficace que I'addition de Michael (addition d’un thiol sur un acrylate en I'absence de
radicaux) [19]. De plus, contrairement au couplage thiol-maléimide, également utilisé au sein
de I'équipe, les dérivés HA-penténoate sont stables au stockage a sec et peuvent ainsi étre
conserves et utilisés a fagon. Enfin, cette réaction est fréquemment utilisée pour former des
hydrogels a visée thérapeutique [20-24] ainsi que pour la fonctionnalisation de leur surface par

des molécules biologiques d’intéréts [25].

11.2.3.1 Mécanisme réactionnel

La réaction s’effectue en milieu aqueux et nécessite la présence d’'un amorceur pour
générer le premier radical thiyl. Cet amorceur peut étre activé par une source de lumiére, une
source de chaleur ou bien une réaction d’'oxydo-réduction. Le radical thiyl formé réagit a son
tour avec la double liaison de I'alcéne pour former une liaison thioéther (Figure 3.6). Le radical

thiyl est ensuite régénéré.
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Figure 3.6 Mécanismes réactionnels proposés pour la chimie thiol-éne suivant une suite
cyclique dans le cas A) de la réaction d’addition radicalaire B) de la réaction d’addition de
Michael ou (i) représente une étape de propagation et (ii) représente une étape de transfert
de chaine. R; et R, sont des groupes de substituants, et EWG représente un groupe
électroattracteur [26].

11.2.3.2 Efficacité de la réaction de couplage

Dans ce travail, la réaction de couplage thiol-éne a été effectuée en milieu aqueux a
une température de 5°C (bain de glace), c’est-a-dire a une température bien inférieure a la
température de point trouble du copolymere (T, = 12 °C a 3 g/L), afin de garantir la bonne
solubilité du copolymeére dans le milieu réactionnel. Les degrés de substitution des dérivés HA-
et Hep-copolymére obtenus aprés réaction (DS ~ 2 %, Tableau 3.5) sont faibles comparés a
la quantité de copolymére utilisée pour le couplage (0.3 équivalent molaire de
copolymere/unité de répétition du HA ou de Hep). Ce faible rendement de couplage (~ 8-7%)

est vraisemblablement lié & des encombrements stériques.

Tableau 3.5 Taux de greffage du copolymére thermosensible sur les chaines de HA obtenus
par dosage au carbazole aprés purification par chromatographie ionique.

Entrée Produit DS moyen (carbazole) DS visé (couplage 100%) (%)
(%)
1 HA-copo 2+1(n=8) 30
2 Hep-copo 2+1(n=3) 30

La présence des groupements DEGMA et la masse molaire du copolymere
relativement élevée, similaire a celle du polysaccharide (HA ou Hep), ne sont en effet pas
favorables au couplage de plusieurs chaines copolymére. On sait peu de choses de I'impact

des paramétres structuraux sur le contréle de l'efficacité du couplage thiol-ene en milieu
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agueux. Cette chimie a particulierement été étudiée pour la synthése ou la fonctionnalisation
des polyméres en milieu organique [19]. Seul Colak et al. ont étudié la chimie thiol-éne
radicalaire dans le PBS afin de former des systémes hydrogel-peptide capables d’encapsuler
des cellules [27]. lls observent une dépendance du couplage en fonction de 'encombrement
stérique associé a la taille de la molécule a greffer. lls présument également que cela
entrainerait dans le cas du greffage de molécules plus volumineuses, des taux de greffage
nettement plus faibles. Les auteurs attribuent ce phénomeéne a des problemes de diffusion des

radicaux.

Cette conclusion fait écho aux travaux antérieurs réalisés par Koo et al. qui ont
comparé la fonctionnalisation de polymeres par réaction thiol-éne radicalaire par des petites
molécules et par un autre polymére dans des solvants organiques [28]. L’influence des
paramétres clés de la réaction, a savoir le ratio [SH]/[=], le temps d’irradiation, la puissance de
la lampe, la concentration ont été explorés par Koo et al [28]. La réaction thiol-éne s’est révélée
infructueuse pour tous les couplages polymére-polymére ne comprenant pas un large exces
(facteur 5) de thiol ou de groupement alcéne (efficacité du couplage = 25%) et a uniquement
conduit a un rendement satisfaisant lorsque le polymére est fonctionnalisé avec de petites
molécules. Selon ces auteurs, ce phénoméne s’expliquerait par la présence de réactions de

terminaison dues a des réactions de recombinaison et a I'addition de radicaux.

Une importante différence de couplages entre polymére-petite molécule et polymére-

polymére a également été mise en évidence par Derboven et al [29]. Cependant, ces auteurs
proposent une tout autre explication et remettent en cause celle communément admise jusqu’a
présent. En complétant les travaux précédents de Koo et al. par 'analyse en modélisation de
la cinétique de couplage, ils concluent que l'efficacité limitée du couplage polymére-polymeére
et la formation de produits secondaires pouvaient étre attribuées d’'une part a la solubilité
limitée du polymeére et d’autre part a des concentrations inférieures en groupement terminal

(SH) par rapport au cas des petites molécules.

Cette derniére hypothése permet difficilement d’expliquer nos résultats dans la mesure
ou la réaction est effectuée dans des conditions pour lesquelles le copolymére est soluble

dans le milieu réactionnel, qui reste limpide tout au long de la réaction.

[1.2.3.3 Etude de I'influence de I'agent réducteur (TCEP) sur la réactivité

Lors de cette réaction, il est important de prendre en compte la présence d’un agent

réducteur, le TCEP, une phosphine hydrosoluble introduite afin d’éviter I'oxydation des
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fonctions thiol et la formation de ponts disulfures [31]. En effet, cet agent pourrait également

jouer un réle secondaire défavorable.

Nous trouvons dans la chimie des peptides I'utilisation de l'irradiation UV en présence
de TCEP dans le but de réaliser une désulfurisation a I'extrémité de certains acides aminés
(cystéine) [32-33]. Par exemple, Wang et al., ont observe, lors de la mise en présence de la
cystéine avec le TCEP, a des températures supérieures a I'ambiante, une modification
correspondant a la perte de 32 g/mol suggérant la conversion de la cystéine en alanine par
désulfurisation [34]. Une autre étude met en lumiére la responsabilité des catalyseurs a base
de phosphine et donc du TCEP, dans la création de nombreuses réactions secondaires lors
de la réaction d’addition de Michael [35].

Afin de vérifier cette possibilité, nous avons étudié I'influence de la présence du TCEP
lors de la réaction thiol-ene radicalaire sur le taux de greffage. Pour ce faire, une étape
d’élimination du TCEP en milieu inerte a été ajoutée au protocole en amont de la réaction.
Nous avons procédé de la fagcon suivante : aprés solubilisation en présence de TCEP du
copolymere-SH obtenu par aminolyse, une étape de purification par dialyse (membrane 6-8
KDa) en condition inerte au réfrigérateur (eau dégazée sous azote) du TCEP est réalisée (deux

lavages, 4h).

D’aprés les résultats obtenus (Tableau 3.6), il semblerait que I'absence de TCEP
permettrait d’augmenter le taux de greffage. Nous observons une multiplication d’'un facteur
deux du DS moyen obtenu a partir de dérivés synthétisés en I'absence de TCEP pour
'ensemble des dérivés HA- et Hep (entrée 1, passage d’'un DS de 2 a 4,5). Cette tendance se
confirme avec l'augmentation du DS de 4,5 a 9 % apres une augmentation par deux de la
guantité de copolymére introduite en début de réaction, en I'absence de TCEP (Entrée 3,
Figure 3.7).

Tableau 3.6 Taux de greffage obtenu en présence et en absence de TCEP lors de la réaction
thiol-ene radicalaire. n : nombre de lot de dérivés synthétisés dans les mémes conditions.

Entrée Produit DS (%) DS (%) DS (%) DS visé (%)
pentenoate  Avec TCEP Sans TCEP (couplage
100%)
1 HA-copo 50 211 (n=8) 4,5+ 0,5 (n=6) 30
2 Hep-copo 50 2+1(n=3) 45+ 0,5 (n=3) 30
3 HA-copo 50 31 (n=3) 9+0,5(n=2) 60
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N° lot HA-copo
12+ ==
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DS visé 30% DS visé 60%

Figure 3.7 Taux de greffage (DS%) obtenus en absence de TCEP lors de la réaction thiolene
radicalaire pour deux DS visé 30% (n=6) et 60% (n=2).

Les spectres RMN *H des dérivés synthétisés dans les mémes conditions, en absence
(DS = 7% et 11%) et en présence (DS = 2% et 4%) de TCEP sont respectivement superposes
en Figure 3.8.
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Figure 3.8 Spectres RMN *H des dérivés de HA présentant différents DS en copolymére.

127



Chapitre 3 — Elaboration de nanogels thermosensibles

11.2.3.4 Perspectives sur la réaction de couplage

La synthése des dérivés par chimie radicalaire thiol-eéne s’est avérée plus délicate que
prévu. Dans notre cas, il est nécessaire d’ajouter un large excés de copolymére (DS obtenu
2% pour 30% de copolymere introduit par rapport aux groupement pentenoate), ce qui

implique une étape importante de purification pour éliminer le copolymere libre en solution.

Dans ce contexte, la chimie radicalaire thiol-ene ne présente pas comme attendu les
criteres d’une « chimie clic ». Suivant la définition d'origine donnée par Sharpless [36], une
réaction clic doit, parmi d'autres exigences, permettre des rendements élevés pour un temps
de réaction raisonnable, sans générer la formation de produits secondaires et doit se conclure

par une étape de purification des produits peu fastidieuse.

Il faut ajouter a cela l'effet indésirable apporté par l'agent réducteur. Bien que
préliminaire, notre étude semble montrer une implication du TCEP sur le faible taux de
greffage. Une autre piste, que celle que nous proposons ici, a été explorée dans la littérature
afin d’éviter I'ajout d’'un agent réducteur tout en préservant la stabilité des fonctions thiols. Elle
consiste a réaliser en simultané I'aminolyse et le couplage [10, 37]. Cependant cette réaction
«en un seul pot» nécessite I'utilisation de solvant organique. Dans cette démarche, des
expériences complémentaires seraient nécessaires pour mieux comprendre la cinétique de
formation des liaisons disulfures. Il est possible que cette derniére soit suffisamment lente pour
ne pas s’inquiéter de I'oxydation des thiols dans la mesure ou le couplage est entierement

réalisé en milieu inerte et dans un court délai aprés I'aminolyse.

I1.2.4 Etude complémentaire sur les hanogels (non réticulés)

La suite de ce travail a consisté a étudier les propriétés de thermo-association en

solution des nanogels.

En effet, les propriétés thermosensibles des nanogels peuvent étre ajustables en
jouant sur les caractéristiques macromoléculaires des dérivés HA- et Hep-poly(DEGMA-co-
BMA) : DS, masse molaire du polysaccharide et composition du copolymeére thermosensible

(ratio des comonomeres) [38].

Pour identifier précisément l'influence de ces paramétres sur I'auto-association, la
structure et les propriétés des nanogels, nous avons conduit une étude systématique par RMN
'H et DLS sur les différents lots de nanogels obtenus. Cette étude a été réalisée sur les dérivés
HA-poly(DEGMA-co-BMA) aprés lyophilisation et redispersion des dérivés dans les solutions

adéquates (eau deutérée, eau, PBS).
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[1.2.4.1 Etude de I'auto-association en solution

Pour commencer, nous complétons I'étude de la formation des nanogels présentée

dans la publication par une présentation de leur morphologie par microscopie électronique en
transmission (MET) et & balayage (MEB).

Rappelons que la CAT des nanogels de HA pour un DScopoymere de 2 % se situe aux
alentours de 20-22°C. Les dérivés de HA ont été observés en-dessous (5°C) et au-dessus
(37°C) de cette valeur par DLS et microscopie (MEB et TEM). Les résultats montrent
clairement I'association des dérivés de HA en nanogels (Figure 1.11).

A 5°C, en dessous de la CAT, les dérivés HA-poly(DEGMA-co-BMA) sont solubles en
milieu aqueux. Par conséquent, les données DLS ne sont pas acceptables et n‘ont pas de
signification réelle (PDI élevé > 0,7 et non reproductibles). Seule une couche de polymere est
observée aprés séchage des échantillons par microscopie (Figure 3.9-B-C).

A 40°C, au-dessus de la CAT les dérivés forment des nanogels par auto-association
du copolymeére thermosensible en hanodomaines hydrophobes. Les clichés obtenus par TEM

(Figure 3.9-F) montrent des nanogels présentant une structure sphériqgue avec un contour
relativement diffus.
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Figure 3.9 Caractérisation des dérives HA-copolymére en-dessous de la CAT, a 5°C A) en
solution par DLS ([HA-copolymeére] = 0,5 g/L, PBS) et par analyses microscopiques en B) MEB
et C) TEM. Caractérisation des dérivés HA-copolymeére au-dessus de la CAT, a 37° D) en

solution par DLS ([HA-copolymeére] = 0,5 g/L, PBS) et par analyses microscopiques en E) MEB
et F) TEM.
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Par la suite, différentes séries de nanogels ont été préparées a partir des dérivés de
HA en faisant varier les paramétres physico-chimigues suivant :
¢ la concentration en dérivé (3 g/L, 0,5 g/L)
e la masse molaire du HA (Mw = 20 kg/mol ou 120 kg/mol)
e le degré de substitution DScopoiymere (2%, 4% et 7%)

Afin de visualiser I'étude globale, les caractéristiques de chaque lot sont résumées
dans le Tableau 3.7. L’influence de chacun de ces paramétres sera discutée dans cette partie,
dédiée a analyser le comportement en milieu aqueux des nanogels préparés afin de le relier

aux conditions d’auto-associaton.

Tableau 3.7 Récapitulatif de I'ensemble des nanogels préparés en fonction de la masse
molaire et du DS en copolymeére des dérivés HAp-copolymére obtenus aprés purification par
chromatographie ionique.

Entrée Nom Mn DS (%) DS (%)° Copo/chaine
(Kg/mol)  pentenoate de HA
1 HA-20 20 50 2 1
2 HA-120 120 50 4 6
3 HA-20 20 50 4 2
4 HA-20 20 50 7 3,5

adéterminé par RMN *H, Pdéterminé par dosage au carbazole

(i) Influence de la masse molaire de I’acide hyaluronique (20 et 120 kg/mol) sur les
propriétés d’auto-association

Nous avons observé la turbidité des solutions de HA-poly(DEGMA-co-BMA) en solution
a 3 g/L et 0,5 g/L, pour deux différentes masses molaires de HA (20 et 120 kg/mol) par
spectrométrie UV-Vis, a 500 nm, afin d’étudier a la fois I'influence de la concentration en
copolymére et de la masse molaire du polysaccharide sur la température d’agrégation critique
(CAT) des dérivés (Figure 3.10-A). Notons que ces valeurs de concentration n’ont pas été
fixées au hasard. Elles correspondent aux deux concentrations considérées dans ce projet :
0,5 g/L, concentration de travail choisie pour réaliser 'ensemble des caractérisations et 3 g/L,

concentration d’injection des nanogels pour les études in vivo.

Suivant le méme mécanisme d’auto-association que le copolymere thermosensible
décrit au chapitre précédent, la transmission de la lumiére incidente est perturbée par
I'apparition de nanogels en solution. Cependant, elle ne se mesure pas au méme endroit que

la Tep. A linstar de la CAC (concentration micellaire critique) la CAT correspond a la
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température a partir de laquelle se forment les nanogels et se mesure au point d’intersection
des deux droites. On observe donc la formation de nanogels a différentes températures,
comprises entre 21°C et 28°C, en fonction de la masse molaire du polysaccharide et de la
concentration en dérivé introduit.
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Température (°C) Dy, int (nm)
G
Entrée Produit Purification DS(:Zc;po [HI'(\;f)p ol Pdl ([Z)i_::jé;rr:) I(Jll:tm:;?; ?r"ir,"::‘:?
0,210 172 213 137
L k120 ehro: lon 4 09 (£0,030) (20,87) (1,38) (£9,38)
0,216 128 13 89
2 HA20 Chiro: fon A Uid (£0,030) (£3,56) (2,55) (£1,53)
0,319 185 159 126
< tIAZD Chro; lon 4 9 (£0,063)  (+15,54) (5,00) (*2,11)

Figure 3.10 A) DS fixé a 4% (RMN) B) DLS réalisée a 40°C dans le PBS (0,01 M) C) Diamétre
hydrodynamique (Z-ave, int, nb) et Pdl déterminés par DLS pour des dispersions de HA-
copolymere a 0,5 ou 3 g/L.

Comme attendu, phénomeéne longuement décrit dans la littérature et déja constaté
auparavant dans le cas du copolymere seul en solution, il y a une importante variation de la
CAT en fonction de la concentration en HA-copolymere (Figure 3.10-C, Tableau 3.7). Par
ailleurs, lorsque la masse molaire du HA augmente, la CAT du HA-poly(DEGMA-co-BMA),
solubilisé dans le PBS a une concentration de 0.5 g/L, passe de 22 a 28°C. Cependant, cet
écart important entre les valeurs de CAT n’est pas observé pour une concentration en HA-
poly(DEGMA-co-BMA) de 3 g/L. Ces résultats ont été couplés a une analyse DLS, a 0,5 g/L
dans le PBS a 40 °C (Figure 3.10-B). On constate une augmentation du diameétre des nanogels
lorsque la masse molaire du HA augmente.

Notre objectif étant d’élaborer des nanogels a température ambiante dés 0,5 g/L, les

nanogels synthétisés a partir du HA de masse molaire 20 kg/mol ont été sélectionnés pour la
suite du projet.
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Tableau 3.8 Récapitulatif des résultats obtenus pour des nanogels élaborés a partir de dérivés
de HA obtenus apreés purification par chromatographie ionique, présentant une masse molaire

et un DS en copolymeére différent.

Entrée  Nom Mn (Kg/mol) DS Copo/HA* [HA-copo] CAT Dh PDI
(%) g/L (°C) (Z-av, nm)
1 HA120 120 4 6 0,5 28 172 0,210
2 HA20 20 4 2 0,5 23 128 0,216

(i) Comparaison des CAT de dérivés HA-poly(DEGMA-co-BMA) possédant des DS

différents

Ainsi, a partir du HA de masse molaire 20 kg/mol, 'auto-association en nanogels de
dérivés présentant cette fois deux DScopoymere différents (4 % et 7 %) a été étudiée (Figure
3.11-A). Une étude par DLS compléte cette démarche en comparant les propriétés en
solutions de nanogels préparés a partir de trois DS différents. Nous pouvons observer une
Iégére variation du diamétre en intensité des nanogels, de 110 a 90 nm et une diminution du
Pdl, de 0,250 a 0,165, avec I'augmentation du DS (Figure 3.11-B).
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. . o DS copo  [HA-copo] Diamétre Diamétre ~ Diamétre
Entrée Produit Purification (%) (L) Pdl (z-av, nm) (int, nm) (nb, nm)
0,250 103 109 65
1 HAZ0 Chio: lon 2 0.5 (£0,065) (5,0) (1,42) (£4,54)
0,216 87 98 54
2 HA20 Chra: lon 4 09 (£0,030) (£1,63) (6,31) (7.67)
0,165 87 89 64
3 HIAZD Chro; lon Z 0.5 (£0,003) (£2,476) (*0,77) (£2,22)

Figure 3.11 A) CAT en fonction du DScopoymere (4 % et 7%) et de la concentration des dérivés
en solution (3 g/L et 0,5 g/L) B) DLS réalisée a 40°C dans le PBS (0,01 Mol) a 0,5 g/L C)
Diamétre hydrodynamique (Z-ave, int, nb) et Pdl obtenus par DLS pour une dispersion de HA-

copolymeére 4 0,5 ou 3 g/L.
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(iii) Comparaison PBS et eau

Apres l'observation, au chapitre précédent, de I'importance de la force ionique sur

I'agrégation du copolymére, I'étude a été poursuivie sur les nanogels.

Concernant la CAT, celle-ci est toujours plus faible en milieu salin avec une différence

généralement observée de 3°C (méme écart constaté dans le cas du copolymeére seul en

solution).
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Figure 3.12 A) CAT des dérivés présentant un DScopoymere de 7% en fonction de la
concentration (3g/L et 0,5 g/L) et du milieu (eau ou PBS) B) DLS réalisée a 40°C dans le PBS
(0,01 Mol) ou dans l'eau a 0,5 g/L C), diametre hydrodynamique donné en intensité.

Comme attendu, une diminution du diamétre des nanogels est observée en milieu salin

(INaCl] = 0,15M) du fait de I'écrantage des répulsions électrostatiques entre les chaines de
HA (Figure 3.12-B).

[1.2.5 Etude complémentaire sur les nanogels réticulés

Comme le montrent les analyses RMN dans la publication, la réticulation des
nanogels méme avec un ratio [SH]/[=] de 2, ne permet pas la conversion de I'ensemble des
doubles liaisons. La suite de notre démarche a donc consisté a tester un autre bisthiol
susceptible de convertir l'intégralité des doubles liaisons restantes aprés le greffage du
copolymere.

Ce dernier se doit de présenter le critére prérequis, celui des petites molécules afin
de favoriser les réactions intra-particules, c’est-a-dire entre les chaines de polysaccharide
d’'une méme particule. C’est la raison pour laquelle le PEG-bisthiol régulierement utilisé a cet
effet notamment lors de I'élaboration de gels chimiquement réticulés n’est pas approprié dans
notre cas : il présente des masses molaires trop élevées (M, comprises entre 800 et 6000

g/mol). Suivant ce prérequis, nous avons identifié le 3,6-dioxa-1,8 octane-dithiol (DODT)
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(Figure 3.13). Cette molécule a déja été utilisée pour la réticulation de biomatériaux [39] et

s’avere étre trés réactive.
/\/O\/\ /\/SH
HS O
Figure 3.13 Structure chimique du 3,6 Dioxa-1,8 octane-dithiol (DODT).

L’analyse RMN (Figure 3.14-A) confirme cette particularité et révéle la réticulation
compléte des nanogels, pour un ratio [SH]/[=] de 1, avec la disparition des signaux
correspondant aux protons de la double liaison a 5,9 ppm (cf. signal b encadré). Cette
disparition est associée d’une part a I'apparition a 1,6 ppm des signaux des protons CHx-CH.-
CH>-S (¢, b’) et d’autre part a I'apparition entre 2,6 et 3 ppm des signaux liés au DODT. Par
ailleurs, I'analyse FTIR réveéle la présence des signaux a 920 et 1250 cm™ qui peut étre
attribuée aux liaisons C-CH et O-CH du DODT et a la réticulation entre les groupements SH

présents sur le DODT et les groupements pentenoate (Figure 3.14-B).

A - o " . B
3 OR__4 &5/0 2 . N ¢ & e ¥
[ BO7 '\lf'&%w avecR=H ou /’J\“/\b/‘ ou )\d/\b./\s ™I ‘ Ten
"001(5' 0 3 Z\yla 6 il B
[ ) A
R 5 O:& o [\ ¢ ., @ e
Na 7 °/A\.b/\s/,,,\/°\/q\o/,\\/5 L,
1) P 8
H2'-H5' o
H2-H6 A
— | Hh, HI, Hi
HOD | CH3 -CO-NH
[ | pars
’w | (DODT) (Conversmn =)
el T AR \
Jl |\ Hg . ! ’
Nanogels réticulés / i\ / 1890 1390 890 390
[SHY[=] =1 — JIV Y \ .
S ] \vvw \j’ v 2
Nanogels réticulés i WA 1
[SHJ/[=]: 0,5 TR {
W A~
I S ! W WP IV N ke ne—
Nanogels non
réticulés
T T T T T 1 L
65 (60| 55 50 45 40 35 30 25 20 15 10  ppm 3390 2390 1390 390

Longueur d'onde (cm™)

Figure 3.14 A) Superposition des spectres RMN *H des nanogels avant et aprés réticulation
B) Superposition des spectres FTIR dans le but de comparer les spectres des nanogels
réticulés a 0,5 (spectre violet) et 1 équivalent (spectre bleu) en thiol.

Cependant, cette forte réactivité semble entrainer des réactions inter-particulaires.
L’observation en DLS des nanogels réticulés en solution, a 15°C et 40°C, met en évidence
I'hétérogénéité de I'échantillon avec des Pdl de ~ 0,250 et ~0,320 pour des ratios [SH]/[=] de

0,5 et 1, respectivement, ainsi que la présence de tres grosses particules (Figure 3.15). La
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distribution en taille des nanogels résultant de cette formulation est bimodale avec un pic
important d’agrégation (3% de I'intensité mesurée).
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"1 [SH1/I=1 0,5 1 1 /
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Figure 3.15 Evolution du diamétre hydrodynamique par DLS des dérivés nanogels en solution
réticulés avec un ratio en DODT de [SH]/[=] de 0,5 (rouge) ou 1 (bleu) (JAH-copolymeére] = 0,5
g/L, PBS) A) en dessous de la CAT, a 15°C B) au-dessus de la CAT, 40°C.

Une optimisation de la réticulation par le DODT est donc nécessaire. Une dilution du
milieu réactionnel favoriserait un meilleur contrdle des réactions inter-particules non désirées

afin de conserver une réticulation totale pour un mélange équimolaire.

Nous supposons que cela est également nécessaire lors de la réticulation avec le DTT.
Une étape systématique de filtration met en avant le besoin de compléter ce travail par une
étude de l'influence de la concentration sur la réticulation. Nous pouvons présumer que pour
de plus faibles concentrations, toujours au-dessus de la CAC, comme par exemple : 0,01 et

0,005 g/L, la réticulation intra-chaines pourrait étre optimisée

Perspectives/autre intérét de la réticulation

La réticulation offre également un second avantage, celui de retarder le relargage des
molécules encapsulées. Il est rapporté dans la littérature, notamment par Chen et al. que la
variation du temps de dégradation des nanogels dépendait de la nature chimique de I'agent
réticulant et de la densité de réticulation [40]. Ainsi, une étude complémentaire portant sur la
dégradation par hydrolyse enzymatique (hyaluronidase) des nanogels réticulés pourrait étre
envisagée. L’étude comparative de la cinétigue de dégradation des dérivés de HA et d’Hep
par hydrolyse enzymatique avant et apres réticulation nous renseignerait a la fois sur
I'efficacité de la réticulation mais également sur la possibilité de contrbler la dégradation de

nos systémes afin d’optimiser le relargage des principes actifs.
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[1.2.6 Quantification de la disulfo-cyanine7 amine greffée sur les produits

Afin de pouvoir visualiser les nanogels une fois injectés dans les souris par un systeme
non invasif d'imagerie de fluorescence proche de l'infrarouge, une molécule fluorescente, la
disulfo-cyanine?, a été couplée aux dérivés Hep- et HA-poly(DEGMA-co-BMA) réticulés et non
réticulés. Pour cela un agent de couplage, le 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride (DMTMM) a permis de greffer la molécule fluorescente via les
groupements carboxyliques présents sur le squelette des polysaccharides.

Le fluorophore permet le moment venu (en fonction du temps de circulation fixée apres
administration) de quantifier dans les organes la présence de nos systemes et ainsi de
déterminer leur biodistribution. |l s’avére nécessaire de connaitre le taux de greffage du
fluorophore a la surface de chaque systeme injecté. En effet, la quantification de la
fluorescence dans les organes doit étre normalisée par rapport a la quantité de dérivé Hep-
ou HA-poly(DEGMA-co-BMA) administrée. La figure 3.16 présente a titre d’exemple, la
détermination de la concentration en fluorophore par spectroscopie UV-Vis pour un lot de
nanogels destinés aux études in vivo. Une concentration similaire en fluorophore a pu étre

mesurée pour les différents nanogels.
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Hep-copolymére-réticulé 19,2 (£+0,42)

Figure 3.16 Quantification de la disulfo-cyanine7 amine (A) courbe étalon obtenue a 760 nm
dans un mélange 1/1 eau/DMF (B) Graphe du fluorophore greffé sur ’AH et I'Hep linéaire ainsi
gue sur leurs dérivés (C) Concentration en fluorophore pour [Cproduit] = 0,5 mg/mL.
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1l Conclusion

Les objectifs de ce chapitre étaient premiérement d’élaborer des nanogels
thermosensibles capables de s’auto-associer a température ambiante, deuxiéemement de
conférer & ces systemes une meilleure stabilité colloidale par la réticulation des chaines de
polysaccharides en surface et enfin d’évaluer le potentiel in vivo de I'héparosan par rapport a

I'acide hyaluronique en tant que matrice hydrophile pour I'élaboration de nanovecteurs.

Tout d’abord, il est possible grace a I'élaboration d’'un polymére thermosensible « sur
mesure » d’obtenir méme pour de faible taux de greffage (2%) du copolymeére sur le squelette
du polysaccharide, des nanogels capables de s’auto-associer a température ambiante. Une
gamme de CAT allant de 20°C a 26°C a été obtenue en fonction du DS. Les nanogels

répondent ainsi au premier critére visé.

Cependant, I'étude de la réaction de couplage par chimie thiol-éne radicalaire souligne
limportance d’optimiser plusieurs parameétres expérimentaux afin d’améliorer le taux de
greffage. Ce dernier dans les meilleures conditions ne dépasse pas les 10%, ce qui nous a
contraint a travailler sur de faibles DS (2%, 4%, 7% majoritairement). Une étude
complémentaire dédiée a la détermination en fonction du DS i) du nombre de nanodomaines
hydrophobes ainsi que ii) du nombre d’agrégation de chaine par nanodomaines permettrait
d’appréhender le mécanisme d’auto-association et de mieux comprendre la structure interne

des nanogels synthétisés [41].

De plus, I'obtention des dérivés polysaccharidiques s’est avérée plus délicate que
prévu. Notamment |'‘étape de purification a nécessité la mise au point d’'un nouveau protocole
de purification par chromographie ionique en batch a basse température afin d’obtenir des

dérivés purs.

La stratégie que nous avons retenue pour ['élaboration des nanogels repose
entierement sur la chimie thiol-éne radicalaire. Ainsi, cette derniére a été réutilisée dans le but
de réticuler la surface des nanogels a I'aide d’'une molécule bisthiol, afin de leur apporter une
meilleure stabilité colloidale en milieu tres dilué. Une étude par diffusion dynamique de la
lumiere, nous a permis de dégager des tendances sur les propriétés des nanogels en solution
en fonction de leur taux de réticulation. Nous montrons qu’apreés réticulation, les nanogels ne
se désassemblent plus et restent stables a des températures inférieures a la CAT. La
réticulation a donc permis de figer la structure des nanogels. La caractérisation de ces

systemes pourrait étre parachevée par une étude de diffusion des neutrons aux petits angles
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(SANS) afin de mettre en évidence leur morphologie précise en fonction de la température et

de leur composition avant et aprés réticulation.

Nous montrons via la caractérisation par de nombreuses techniques (DLS, MET, MEB,
Nanosight, UV/Vis) qu'’il est possible d’obtenir, de maniére reproductible, un comportement en
solution et une morphologie similaire pour des dérivés HA et Hep possédant le méme DS et
le méme taux de réticulation. Cette observation nous a permis de pousser notre investigation
a la comparaison de ces deux systemes in vivo, apres injection par voie intraveineuse dans
des souris porteuses de tumeurs, afin de répondre a la question posée : I'héparosan pourrait-
il remplacer l'acide hyaluronique en tant que matrice de nanovecteur pour la délivrance de

principes actifs en thérapie anticancéreuse ?

Bien que préliminaires, les observations faites in vivo sont trés encourageantes. Elles
suggeérent une absorption hépatique plus faible et une accumulation tumorale significativement
plus élevée pour les nanogels a base de Hep et ainsi apporte une preuve supplémentaire du
ciblage spécifique a la tumeur basé sur I'effet EPR. Fait important, ces expériences appuient
les résultats obtenus précédemment par Garcia et al. [42] et confirment le comportement in
vivo similaire des polysaccharides seuls. Elles indiquent que la biodistribution des nanogels

est principalement déterminée par la nature du polysaccharide formant la coquille.

A ce jour et a notre connaissance, aucun systéme combinant l'utilisation de I'héparosan
et un copolymeére thermosensible n’a été étudié. Plus généralement, 'héparosan a fait 'objet
de quelques travaux pour son utilisation dans la vectorisation de PA. Par ailleurs, de rares
d’études comparent les propriétés des matrices de polysaccharides entre elles dans ce
domaine. Ces expériences ouvrent ainsi la voie a un sujet de recherche a part entiére portant
sur la comparaison de différentes matrices polysaccharidiques entre elles. Notamment a la
suite de ce travail, il serait intéressant d’observer le comportement in vivo de nanogels
possédant un mélange de polysaccharides : HA et Hep et de les comparer a nos systemes.
Afin de mieux comprendre leur devenir in vivo plusieurs lignées de cellules cancéreuses
pourront étre testées. Enfin, cette investigation pourrait étre complétée par une étude sur le
potentiel d’encapsulation et de relargage de ces systémes d’'une molécule modéle d’intérét
telle que le paclitaxel (PTX) (un des PA les plus efficaces pour une grande variété de tumeurs).
Une comparaison pourrait étre réalisée entre les systémes non réticulés et réticulés. Il est
envisageable, comme observé dans la littérature (chapitre 1) que la densité de réticulation soit

susceptible d’influencer le taux de relargage de la molécule [43].
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Chapitre 4 — Design of magnetic nanobeads
based on hyaluronic acid

| Introduction

Different hybrid nanomaterials containing inorganic nanoparticles such as gold, iron
oxide, silver, quantum dots, carbon nanotubes are tested for the treatment, diagnosis and
detection of many diseases [1-3]. Iron oxide nanoparticles (IONPs) are one of the most
investigated nanoparticles for various biomedical applications such magnetic resonance
imaging (MRI), targeted drug delivery (magnetic guidance), hyperthermia (localized heating),
or stem cell tracking. Despite clear advantages, very few types of iron oxide nanoparticles

systems have been approved for clinical use by the Food and Drug Administration [4-5].

In order to avoid the aggregation for clinical application, magnetic nanoparticles should
have superparamagnetic properties which can be obtained only for small nanoparticles (<20
nm) [6-7] and decorated with biocompatible ligand to ensure dispersion in the biological fluid.
It has been demonstrated that the intensity of the magnetic response becomes smaller with
the reduction of SPIONs size. To improve magnetic response without removing
superparamagnetic properties, ensure biocompatibility, colloidal dispersion and stabilization in
aqueous media as well as prolong the blood circulation time, the IONPs have been
encapsulated in the polymer matrix through in situ encapsulation during the IONP formation or

post-synthesis encapsulation by dispersing the IONPs in a solution containing the polymer [8].

Among all the functionalizing compounds the amphiphilic polymers, capable to self-
assembly into nanogels in aqueous environment, have significant advantages as platform for
simultaneous drug and IONPs encapsulation. A variety of amphiphilic synthetic block polymers
predominate in the experiments for incorporation of magnetic nanoparticles into polymer
matrix. The IONPs are first stabilized with a primary surfactant (such as oleic acid), followed
attachment of PEG derivatives (amphiphilic block copolymer, i.e. PEG-PCL), as a secondary
surfactant, to form nanoparticles with a hydrophobic core and hydrophilic shell [9]. Particularly,
a facile and highly efficient method is to use thermoresponsive nanogels which self-assemble
by a simple increase of temperature. To this end, several systems have been described for
transferring hydrophobic magnetic nanoparticles from an organic to agueous solution by
wrapping a thermo-responsive polymer such as poly(N-isopropylacrylamide) (PNIPAM) [10-
13], a pH- and thermo-responsive polymer based on PNIPAM derivatives [14] or
olygoethylene-gycol derivatives (poly(MEO,-MA-co-OEGMA-co-MAA) [15].
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Taking into account the beneficial characteristics of polysaccharides (i.e. nontoxicity,
biodegradable, etc.), alginate [16], chitosan [17-18], dextran [19-20], heparin [21] and recently
HA [22], have been investigated for modification of magnetic nanoparticles for in vivo
applications [23]. However, unlike synthetic polymer systems, the main studied approaches
were limited to the coating of HA onto the surface of IONPs by covalent coupling (i.e. EDC/NHS
coupling) [24-29] and very few examples of IONPs physically entrapped via hydrophobic or
electrostatic interactions have been developed.

The most beneficial way to effectively increase the magnetic force acting on a
nanocarrier in a stable suspension exposed to a magnetic-field gradient, while maintaining the
superparamagnetic state, is to increase its volume. This could be achieved by dense packing
of superparamagnetic nanoparticles. The nanoparticle assemblies inside the nanobeads show
great potential for applications requiring high mobility in magnetic field gradients and high

sensitivity at low doses [30-31].

Table 4.1 presents HA-based nanobeads obtained by physical encapsulation of IONPs.
Only few examples of IONPs loaded in amphiphilic-HA have been developed and, to the best
of our knowledge, none from thermoresponsive-HA derivatives [32-36]. The obtained
structures show mainly heterogenous and not well-defined nano-structures, often limited for

MRI applications without investigation their potential for magnetic guidance to the target.

The goal of this work was to study the assembly of IONPs in our thermoresponsive
nanogels (HA-g-poly(DEGMA-co-BMA) previously described in Chapter 3. To develop
magnetic polysaccharide nanocarriers two different strategies were investigated and
compared. These systems were fully characterized in terms of size (DLS), composition (FTIR)
and morphology (SEM, TEM). We will discuss the chemistry and design considerations
associated with the synthesis of SPIONs and their incorporation into nanogel formulations.

Finally, the magnetic properties of these systems will be compared to those of single IONPs.
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Table 4.1 Examples of HA-based magnetic nanobeads. Size distribution obtained by DLS

analysis.
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Il Synthesis of hydrophobic iron oxide nanoparticles (IONPSs)

To date, a variety of methods such as co-precipitation, thermal decomposition,
hydrothermal and solvothermal synthesis, sol-gel synthesis, microemulsion, ultrasound
irradiation and biological synthesis have been applied to produce magnetic IONPs [41-42]. In
these different methods, the efforts have been put on the control of the size, shape,
morphology and magnetic properties of fabricated nanopatrticles. These are crucial parameters

for different applications.

In this work, monodisperse magnetic nanoparticles were obtained through the thermal
decomposition of iron Il acetylacetonate (Fe(acac)s) in benzyl ether at 300°C in the presence
of oleylamine and oleic acid [43-45]. Thermal decomposition of Fe(acac)sin high boiling point
solvents containing stabilizing surfactants leads to the formation of FezO4 nanocrystals coated
with oleic acid/oleylamine (Figure 4.1-A). Nanocrystals are formed by nucleation, the process
whereby nuclei (seeds) act as templates and further crystal growth. The mechanism involves
the decomposition of Fe(acac)s forming an intermediate metal-complexes-metal oleates (oleic
acid (OA) with its carboxylic group bound selectively to crystal facets) followed by the particle
growth which takes place mainly at the boiling point of the mixture. Stabilizers play an important
role in the final size and dispersity of the particles since they form a dynamic layer around the
nuclei that actively controls the growth process of the IONPs core after nucleation [46-48]. The
key of the success to prepare monodisperse nanoparticles, with an acceptable crystallinity
guality and narrow polydispersity, is a fast nucleation and growth process which can be
achieved by separation of burst nucleation from particle growth [49-51]. Thus, the mixture was
first heated up to 200°C (nucleation) and kept at this temperature for some time before heating
to reflux at 300°C in benzyl ether (growth).

The size and shape of oleic acid-coated iron oxide nanoparticles (OA-IONPs) were
determined using transmission electron microscopy (TEM). TEM images show monodisperse
nanocrystals with a narrow size around 7.8 + 0.8 nm (Figure 4.1-B-C). Dynamic light scattering
(DLS) of IONPs in chloroform confirmed the same order of IONPs size ~ 10 nm. Due to the
long hydrophobic tail, colloidal oleic acid coated-IONPs are highly soluble and stable in organic

solvents, such a hexane, toluene, tetrahydrofuran or chloroform, but insoluble in water.
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Figure 4.1 A) Scheme of a colloidal nanoparticle consisting of oleic acid/oleylamine-stabilized
FesO. (linkage with iron oxide nanoparticle) B); TEM image of iron oxide nanoparticles
stabilized with an oleic/oleylamine mixture and C) Size distribution histogram determined from
the TEM image.

Different shapes of oleic acid-coated nanoparticles such as triangular, square and
diamond were observed. As it has been previously reported, the kinetics of growth rate of
facets of the nuclei plays a critical role. Zhang et al. [50] demonstrated that the variation of
heating conditions of the reactional mixture may induce the formation of different
morphologies. A low heating rate (1.3 °C/min) mainly induces the formation of pyramidal (3D
prism/triangular geometry) FesOs nanocrystals. At a higher heating rate, 6.3 °C/min and
10°C/min, the cubic and truncated octahedral nanocrystals were obtained, respectively. In our
case, the heating rate applied for the growth step was 4.5 °C/min, which could result in different
morphologies of the synthesized nanocrystals. Moreover, a small variation of the heating rate

during experiment could also influence the final morphology of our NPs.
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Figure 4.2 presents the FTIR spectra of oleylamine, oleic acid, and OA-IONPs
respectively. Three distinct zones stand out from the IONPs spectrum: alkyl chains (3000 -
2800 cm?), COO- groups of oleic acid (1800 - 900 cm™) and Fe-O links of iron oxide (800 -
400 cm™). Comparing the three spectra, it can be seen that the two bands at 2922 cm™ and
2849 cm* are characteristic for oleic and oleylamine carbon-hydrogen stretching in alkyl chains
v(C-H). The intensities of the C=0 at 1730 cm™ and of C-O stretching at 1265 cm™ and 962
cm™ are significantly reduced in the IONPs, and two new peaks centred at 1564 cm™ and 1400
cmfrom the symmetric and asymmetric stretching of COO". This result is consistent with the
formation of iron carboxylate bonds. It is well reported that the C=0 peak shifts when the
molecule is attached to a ferrite surface [51-52]. Finally, we could observe the Fe-O bonds
between 800 and 400 cm™. Interestingly, magnetite (Fes04) and maghemite (Fe,Os) present
two different infra-red signatures in this part. The spectrum of a magnetite sample presents a
single band around 580-590 cm™ while the spectrum of a maghemite sample presents several
close bands between 400 and 800 cm™ whose resolution depends on the structural order [51,
53-54]. In our case, a broad band with a maximum at 577 cm™ and a shoulder towards 700
cmtindicates an oxidation of the magnetite which is in agreement with crystallography studies
presented in supporting information. It has been reported that the magnetite oxidizes easily to
maghemite (y-Fe20s3). As Fes0, and y-Fe»Os crystal structures are very similar, they cannot
be distinguished from standard techniques. The combination of several techniques is
necessary to quantitatively differentiate magnetite from maghemite like deep analysis by X-ray

absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) [55-56].
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Figure 4.2 Infrared spectra of synthesized oleic acid-FesO. nanoparticles (A), oleic acid (B),
and oleylamine (C).

149



Chapitre 4 - Design of magnetic nanobeads based on hyaluronic acid

To study magnetic properties, the hydrophobic IONPs were dispersed in PDMS to
ensure immobilization and separation of individual NPs in the matrix.

The zero field-cooled (ZFC) and field cooled (FC) curves were measured in a magnetic
field of 100 Oe in the temperature range of 5-300 K. The ZFC curve of IONPs shows the
blocking temperature (Tg) at 30 K (data not shown). Such behavior is characteristic of
superparamagnetism typically observed in small ferromagnetic and ferrimagnetic
nanoparticles. Below Tg, the IONPs exhibit ferrimagnetic properties. When the temperature is
above Tg, the thermal energy overcomes the anisotropy barrier and randomizes the magnetic

moment, leading to superparamagnetic behavior of nanoparticles.

Figure 4.3 shows the hysteresis loops of IONPs at 5 and 300 K. At 5 K, the hysteresis
loop indicates ferromagnetic behavior with a coercivity of 200 Oe and a remanence of 4.5 emu
gl In the same figure, in contrast to the hysteresis observed at 5 K, the response of
nanoparticles to an external field at 300 K also follows a sigmoidal curve but shows no
hysteresis. Only a negligible value (less than 25 Oe) is observable, that is attributed to the
remanent field of the VSM coils.
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Figure 4.3 Hysteresis loops and their zooms of IONPs at 5 K (red) and 300 K (green).
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When magnetization of NPs is equal to zero in the absence of an external field, such
NPs are referred to as superparamagnetic. Superparamagnetism is important in applications
such as drug delivery or MRI, where NPs exhibit no magnetic properties upon removal of the

external magnetic field and therefore no attraction for each other, preventing aggregation [6].

The saturation magnetization of IONPs at 5 and 300 K are 85 and 63 emu.g?,
respectively. Magnetization loops show that there is a reduction of the saturation magnetization
(Ms) values of IONPS. It should be noted that besides the iron oxide core, the coating layer
also contributes to the mass of the sample. Consequently, the saturation magnetization might
be influenced by the amount of OA on the surface of IONPs. Thus, the saturation magnetization
was calculated by subtracting the mass contribution of non-magnetic substance estimated to
be 32% through thermogravimetric measurement (Figure 4.4). The thermogravimetry analysis
(TGA) shows the first loss of weight related to the dehydration of the sample. At 200-450°C
decomposition of organic coating ligands present of the surface of the IONPs occurs which
results in the next mass loss, and finally the percentage of inorganic residue (Fes;O.) was

calculated at 700°C were the TG curve is stabilized.
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Figure 4.4 TGA curves of IONPs under N, atmosphere.

In conclusion, using thermal decomposition method, we prepared small (~10 nm)
monodispersed superparamagnetic IONPs. They were characterized by TEM, DLS, FTIR,
while superparamagnetic properties were confirmed by SQUID measurements. These oleic
acid coated IONPs are soluble only in non-polar solvents. To obtain water soluble magnetic
IONPs as well as expand their biomedical application, in the next part of this chapter, we

propose to integrate superparamagnetic NPs into biocompatible, biodegradable HA matrix.
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lII Design of magnetic nanobeads based on hyaluronic acid

Self-assembly is the process of specific association of molecules through non-covalent
interactions leading to the formation of organised structures. In the case of thermo-responsive
HA-g-poly(DEGMA-co-BMA), the self-assembly can be triggered by the collapsing the
hydrophobic domains above its CAT as presented in Chapter 3. To build-up the magnetic
nanobeads, in this part, we propose the incorporation of oleic acid stabilized IONPs (OA-
IOPNS) in the self-assembled structure of our modified HA. The OA-IONPs, pre-dissolved in
organic solvent, can be mixed with an aqueous solution of thermoresponsive macromolecules.
The HA-g-poly(DEGMA-co-BMA) is expected to self-associate above its CAT enclosing IONPs
in its hydrophobic domains [57].

In the following, we present two different formulation strategies for encapsulation of
IONPs including in situ enclosing owing formation of HA nanogels and IONPs clustering
followed by coating with grafted polysaccharide to obtain core/shell structure. In the first case,
IONPs were added in an aqueous solution of HA-g-poly(DEGMA-co-BMA) and encapsulated
in nanogels by a fast increase of the temperature above the CAT (T>24°C), in a one step
process. In the second case, clusters of IONPs were first formed by solvent destabilization
approach, and next HA-g-poly(DEGMA-co-BMA) was added to enwrap the preformed clusters by

a polymeric layer in aqueous solution.
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[11.1 Preparation of HA-g-copolymer/IONPs nanogels by in-situ encapsulation

To prepare the IONP-loaded nanogels (HA-g-copolymer/IONPS), oleic acid-coated
IONPs were suspended in chloroform and added drop by drop (volume = 60 uL, C = 0.5 g/L)
to 2 mL of an aqueous solution of HA-g-copolymer (DScopolymer = 2%, TAC = 24°C, CAC = 0.02
mg/mL, Cp = 0.5 g/L in PBS) at a temperature between 5 and 24°C under vortex agitation
(T<CAT). Then the temperature of the mixture was increased to 40°C to allow self-association
of HA-g-copolymer and enclosing the IONPs into hydrophobic nanodomains. The reaction
media was kept under N> at 40°C for 1 h to evaporate chloroform (Figure 4.5).

[ HA-g-poly(DEGMA-co-BMA) J %% | 1ONPs rf;‘r‘fgggf‘;ated "

Nadie In CHCI,
ol ¢

iﬁ . i :LSX‘:\SL; >
W agitation
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In H,0, at 4°C (T°<CAT) In H,0, at 25°C (T°>CAT)

Figure 4.5 Formation of the magnetic thermosensitive nanogels based on hyaluronic acid (HA-
g-copolymer/IONPS).

As the self-assemblies of HA-g-copolymer are more stable when crosslinked (as
presented in Chapter 3), we have also frozen the hybrid structure using dithiothreitol (DTT)
crosslinker to covalently bind HA chains through radical thiol-ene chemistry. To this aim, we
used the ratio of [SH]/[=] : 2/1 which showed earlier good colloidal stability of nanogels.
Subsequently to the evaporation of chloroform at 40°C, nanogels were crosslinked by reaction
of the remaining pentenoate groups with a bis-thiol crosslinker, under UV irradiation. After
shell-crosslinking, the nanogels were dialysed for 32h to remove salts and un-reacted
residues. The crosslinked nanogels were recovered by freeze-drying for storage. The obtained
structures without freeze drying were also observed by simple drying of suspension drop on

the carbon-coated copper grid and gave similar images as after freeze-drying (data not shown).
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The size and shape of the HA-g-copolymer/IONPs system is presented in Figure 4.6-
A. As a control, we present the structures obtained from i) copolymer in the absence of
hyaluronic acid (Figure 4.6-B), and ii) crosslinked nanogels in the absence of IONPs (Figure
4.5-C). The formed structures were re-dispersed in water and dried on carbon coated copper
grids before TEM imaging.

Figure 4.6 TEM images of negatively stained A) HA-g-copolymer/IONPs nanogels, B) IONPs
(C = 0.15 g/L) coprecipitated with thermoresponsive copolymer (C = 0.18 g/L) and C) un-
loaded crosslinked nanogels at 0.5 g/L.

Figure 4.6-A shows the spherical shape of the nanogel with a diameter of ~60 nm with
IONPs dispersed randomly into the polymer matrix, the nanogels without IONPs and nanogels
filled partially with IONPs. This random dispersion of IONPs could be the result of a vigorous
shaking by vortex in which different sizes of IONPs droplets in chloroform could be formed and
enclosed randomly in hydrophobic domains. When a dispersion of IONPs in chloroform (0.15
g/L) was added to a copolymer (without HA) in water (0.18 g/L), the strong aggregation was
observed. IONPs were stacked in copolymer aggregates which precipitated from water by un-
controllable manner (Figure 4.6-B). Finally, Figure 4.6-C highlights the spherical shape of the
crosslinked-nanogel with a size distribution from 30 to 100 nm obtained by self-assembly of
thermoresponsive HA derivative without the presence of inorganic NPs.

The presence of loaded nanogels dispersible in water confirms that the hydrophilicity
of HA helps in the formation of individual magnetic nanogels in aqueous solution. This
assembly is the result of combination of the HA properties and those of the thermo-responsive
copolymer. The poly(DEGMA-co-BMA) copolymer chains act as reservoirs while HA plays the
critical role of colloidal stabilizer in aqueous solution.
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In order to better understand the formation of HA-g-copolymer/IONPs nanogels, we
investigated the nanogels synthesized by addition of different concentrations of IONPS in
chloroform (30 uL/mL) 0.3, 0.5, and 1.0 g/L. The Figure 4.7 represents the DLS size distribution
of nanogels in “intensity” and in “number”. As large particles scatter much more light than small
particles (the intensity of scattering of a particle is proportional to the sixth power of its diameter
from Rayleigh’s approximation), the size distribution in intensity highlights the presence of
larger particles, while the size distribution in number takes into account the contribution of each
population by determining the number of each size particles.
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Figure 4.7 DLS size distributions of IONPs-loaded nanogels containing 0.5 g/L of HA-g-
copolymer and different concentration of SPIONs: 0.3 g/L, 0.5 g/L and 1.0 g/L A) Dy in intensity
and B) Dy in number.

The measurements performed at 40°C (T>CAT) in PBS revealed a broad intensity peak
with a size-average around 100 nm for 0.3 g/L of IONPs, while for higher amount of IONPs
(0.5 and 1 g/L), a bimodal distribution, with one population at 70-80 nm and another at 450
nm. The distribution in number that show the contribution of each population, confirms this
trend and a bimodal distribution was observed for the highest concentration of IONPs. SEM
and TEM observations of nanogels with IONPs (c = 0.5 g/L) also showed larger HA-g-
copolymer/IONPs nanogels (>60 nm) with a size distribution from 100 to 200 nm and larger
polydispersity (Figure 4.8-A-B). In the TEM images, the nanogels appeared to be much smaller
than in DLS likely due to shrinkage during the drying process.
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Figure 4.8 Images of SPION-loaded nanogels containing 0,5 g/L of HA-g-copolymer and 1 g/L
of SPIONSs in water by SEM (A) and TEM (B).

From Figure 4.8-B, we observed that higher concentration of IONPs does not eliminate
the presence of unloaded nanogels. Similar difficulties with encapsulation of IONPs have
already been encountered in other reports. Talelli et al. [57] encapsulated IONPs in
thermoresponsive mPEG-b-p(HPMAm-Lac;) block copolymer micelles (Dn = 200-300 nm)
formed via a similar mechanism based on “rapid heating” using different concentrations of
IONPs from 1 to 20 mg/mL. They observed that the presence of unloaded nano-assemblies
was related to the high concentration of polymer used for formulation of nanogels. Thus, in our
case, it seems that the IONPs/polymer ratio needs to be further adjusted. Interestingly,
thermoresponsive mPEG-b-p(HPMAm-Lac,) block copolymer nano-assemblies present
similar spherical arrangement (shape and morphology) and distribution of IONPs into

nanogels.

The heterogeneous dispersion of IONPs in a nanogel matrix could also result from the
use of the magnetic stirrer during crosslinking step. In order to avoid the problem of magnetite
aggregation on the magnetic stirrer, others techniques such as mechanical stirring have been
tried. Unfortunately, in the latter cases, large variations in nanogel size were noted.
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The comparison of the FTIR spectrum of hybrid nanogels with that of HA-g-copolymer
and OA-IONPs is presented in Figure 4.9 Apart from many characteristic bands of HA-g-
copolymer (characterized in Chapter 3), the FTIR of crosslinked HA-g-copolymer/IONPs
nanogels shows a moderate peak around 2900 cm™ which could be attributed to carbon-
hydrogen stretching v(C-H) in alkyl chains of OA present on inorganic NPs (two bands at 2922
and 2849 cm characteristics of oleic and oleylamine).
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Figure 4.9 FTIR spectra of A) OA-IONPs, B) Crosslinked HA-g-copolymer nanogels, C)
Crosslinked HA-g-copolymer/IONPs nanogels after freeze-drying.

In conclusion, the IONPs were encapsulated into the hydrophobic domains of the HA-
g-copolymer by simple increasing the temperature above the CAT. The transfer of SPIONs
from chloroform to the water-soluble nanogels was possible using HA-g-copolymer. HA-g-
copolymer/IONPs nanogels could be freeze-dried and stored easily. Unfortunately, we

observed non-homogeneous encapsulation of IONPs.
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[11.2 Core/shell nanobeads

The incorporation of IONPs in HA nanogels by in situ encapsulation presented in the
previous section (lll.1) resulted in hybrid HA nanogels. Unfortunately, we observed non-
homogenous dispersion of nanoparticles in polymer matrix, and low density of magnetic
nanocrystals in polymer matrix. In the next part, we propose to increase the amount of
magnetic hanoparticles in relation to the non-magnetic material (polymer) by the fabrication of
IONP clusters with a high content of NPs followed by deposition of HA-g-poly(DEGMA-co-
BMA).

For last two decades, different methods for preparation of clusters of colloidal
nanoparticles have been investigated. In the emulsion based colloidal assembly, the
nanoparticles are assembled spontaneously into colloidal clusters during evaporation of
emulsion phase. Various parameters influencing the clusters formation were tested such as
emulsion composition (IONPs, polymer, surfactant molecule) or packing characteristics
(temperature, time shearing) [58-61]. IONPs dissolved in non-polar solvent form droplets in the
polar phase under sonication. As the emulsion interface deform and drops shrinks, the colloidal
hard particles come into contact with neighbouring particles and form packed structures [62].
The emulsion droplets are fabricated in the presence of surfactant molecules like sodium
dodecyl sulfate (SDS) or dodecyltrimethylammonium bromide (DTAB) [60,63-64] or
amphiphilic polymers which stabilize the structure after solvent evaporation. The clustering of
SPIONs was also achieved by solvent exchange using increasing solvent polarity [65].
Similarly, in the group of Pellegrino, the concentrated magnetic beads were fabricated by the
solvent destabilization [66]. The addition of acetonitrile (ACN) to hydrophobic magnetic NPs
dissolved in tetrahydrofuran (THF) resulted in the formation of colloidal ordered assemblies.
Further, the alkyl polymaleic anhydride polymer was condensed on the hydrophobic core. After
redispersion in water, the hydrolysis of anhydride groups of coating polymer resulted in

negatively charged groups making the magnetic nanobeads soluble in aqueous solution.

l11.2.1 Preparation of magnetic clusters coated with HA-g-poly(DEGMA-co-BMA)

Figure 4.10 presents the strategy used to elaborate HA-g-copolymer-coated clusters.
The OA-IONPs were dissolved in THF solvent (1 mg/mL) and sonicated to ensure good
dispersion of individual nanopatrticles. Then, acetonitrile (v = 200 pL) was added dropwise (250
pL/min) under sonication, resulting in aggregation of the hydrophobic nanoparticles into
nanoclusters. Finally, the clusters were wrapped by polymer chains, the 1 mL of cold aqueous
solution of HA-g-copolymer (0.5 g/L) was added to the cluster suspension and heated up to

40°C under agitation for 30 min.
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Figure 4.10 Description of the successive steps in the formation of magnetic nanoclusters
coated with HA-g-poly(DEGMA-co-BMA).

The polysaccharide shell was crosslinked using radical thiol-ene chemistry by reaction
of the remaining pentenoate groups on HA chain with dithiothreitol (DTT) as a bis-thiol
crosslinker, using UV irradiation for 15 min at 20 mW/cm?, in water under relatively dilute
condition (Cpoymer = 0.5 g/mol) and N2 atmosphere. The permanent NdFeB magnet (0.3T) was
used to collect IONPs loaded nanobeads from the reaction medium (Figure 4.11-A-B). After
removal of supernatant, the magnetic nanobeads were easily redispersed in water that

indicated the presence of hydrophilic shell around magnetic clusters (Figure 4.11-C).

Figure 4.11 The nanobead suspension directly after polymer assembly (A), after separation
from solvents (6 h) (B), re-dispersed in water (C) and attracted by magnet from water after 1
night (D).

The SEM and TEM images showed individual spherical nanogels ~200 nm with slight
presence of agglomerates composed of interconnected clusters (Figure 4.12-A, C). The latter
might be formed during cluster coating with HA-g-copolymer. These agglomerates could be
easily removed by purification with magnet, resulting in a homogenous dispersion of

nanobeads (size between 150 and 200 nm) (Figure 4.12-D-F). The nanogels presented in
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Figure 4.12-B and 4.12-E showed the presence of IONPs concentrated in the center and at
lower density in the polymer shell.

Nanobeads dispersed in water

Figure 4.12 TEM images of magnetic nanobeads at low magnification A) and D), high
magnification B) and E) and SEM images C) and F) of magnetic nanobeads after re-dispersion

in water (A-C) and after magnetic separation from big agglomerates (D-F), after 30 min in
contact with a magnet.

The size of NPs presented in Figure 4.12 D-F were also analysed by DLS in water

showing the diameter of around 200 nm (Figure 4.13), which is in agreement with TEM images.
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Figure 4.13 DLS size distributions of nanobeads in water after magnetic separation from big
agglomerates (25°).
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To confirm the role of HA-g-copolymer in the formation of well-dispersed magnetic
nanobeads, the control experiments were performed. The formation of different structures was
observed when clusters were: i) without polysaccharide coating, ii) mixed with hyaluronic acid
without grafted copolymer, and iii) mixed with pure poly(DEGMA-co-BMA). The IONPs
dispersed in THF and sonicated with ACN without further HA-g-copolymer coating are shown
in Figure 4.14-A-B. Upon drying, they were dispersed on carbon-coated copper grid by
uncontrollable manner, regardless of whether made with 200 pL or 800 pL of ACN. The coating
of clusters with unmodified HA (without grafted copolymer) resulted in a mixture of individual
nanoparticles and clusters dispersed in a polymer (Figure 4.14-C), while addition of aqueous
solution of pure copolymer (poly(DEGMA-co-BMA) resulted in the precipitation (like a glue) of
IONPs in the copolymer matrix after heating (data not shown). To prepare the latter, the
copolymer was first dissolved in water at 4°C and then, after addition to the clusters suspension
under agitation, heated up to 40°C.

Figure 4.14 TEM images of IONPs clusters obtained from 200 pL of IONPS (1g /L) in THF
destabilized by 200 pL (A), and 800 pL (B) of ACN, and clusters obtained by destabilization
with 200 pL of ACN and mixed with HA-pentenoate solution (0.5 g/L).

In all three cases, we did not obtain nanobeads, we observed the precipitation and
dispersion of particles in the polymer matrix. Thus, the coating with HA grafted with
hydrophobic copolymer was necessary to stabilize the compact structure of magnetic cluster.
The hydrophilic nature of HA allows dispersion in agueous solutions, while grafted copolymer
helps the deposition of this amphiphilic HA on the hydrophobic cluster.
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Cross-linking

Although in the first experiments, we performed cross-linking (described above), we
also tested the fabrication of magnetic nanobeads without cross-linking step. The cross-linking
step required magnetic agitation for homogenous UV irradiation of nanobeads which risked in
the attraction of magnetic structures to the magnetic stirrer and sample loss. Figure 4.15
presents TEM images of cross-linked and un cross-linked nanobeads after purification with
magnet. While the cross-linking improved the stability of hybrid nanogels obtained by in situ
encapsulation, in this case, the crosslinked and un-crosslinked nanobeads showed similar
morphology and stability in aqueous solution even after 1 month of storage in H,O (checked
by DLS). Our hypothesis is that grafted HA-copolymer strongly interacts with hydrophobic

clusters resulting in stable coating without cross-linking.

In addition, the size distribution of un-crosslinked and crosslinked nanobeads obtained
at volume THF/ACN ratio of 1/1 (200 uL / 200 pL) was analyzed by DLS in water and PBS, at
25°C (Table 4.2) In PBS, similar sizes ~214 nm and 235 nm for crosslinked and un-crosslinked
nanobeads were observed, while in H,O the diameter increased to ~280-290 nm for both
cases, the swelling property of hanogels is affecting by the concentration of salt. The negative
charge on HA surface helps in electrostatic repulsion and prevents aggregation. Thus, the

addition of salt results in ionic shielding and a deswelling is observed.
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Figure 4.15 TEM images of negatively stained crosslinked HA-g-copolymer coated SPION
clusters made with THF/ACN ratio of A) 200 pL / 200 pL and TEM images of un-crosslinked
HA-g-copolymer coated SPIONs clusters made with THF/ACN ratio of C) 200 pL / 200 pL and
D) 200 pL / 800 pL HA-g-copolymer.

Table 4.2 Size distribution of un-crosslinked and crosslinked nanobeads in suspension made
from THF/ACN ratio 1:1. Dynamic light scattering (DLS) analysis of nanobeads in water and
PBS media was performed at 25°C.

Dn (nm)
Media H20 PBS
Un-crosslinked 28014 235+3.0
Crosslinked 293+5.0 214+£2.0
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Destabilizing solvent

We tested water and ACN as destabilizing polar solvents for the formation of the
magnetic clusters. After slow addition (250 pL/min) of water (200 pL) to the IONPs in THF (200
KL) under sonication we observed precipitation. Contrary, when the same amount of ACN was
added to the nanoparticles in THF, we observed slightly cloudy solution without precipitation.
Two different quantities of ACN were added (200 puL and 800 pL) to the 200 pL of IONPs in
THF (1 mg/mL) resulting in volume ratio THF/ACN of 1:1 and 1:4, respectively. After
ultrasonication, addition of HA derivative and purification step, the image of un-crosslinked and
crosslinked nanobeads obtain for two different ratios are presented in Figure 4.15. As a control,

the clusters of IONPs without coating are shown in Figure 4.14-A-B.

At THF/ACN 1:4, we obtained higher variation of diameter from 50 to 250 nm, with
higher number of small nanobeads with a size below 100 nm, while at 1:1 ratio, we formed
more homogenous structures in the range of 200-250 nm for crosslinked and 100-200 nm for
un-crosslinked nanobeads. The presence of smaller nanobeads in the sample prepared at
THF/ACN 1:4 can be explained by dominant attractive forces due to hydrophobic interactions
between IONPs. With the progressive addition of a polar solvent such as ACN into IONPs
solutions in THF, NPs attract each other and compress to expel solvent molecules and
minimized free energy of the surface [67]. Thus, the droplets could be made smaller during
sonication. However, this step of ACN addition and later sonication to evaporate THF is very
delicate. Difficulties related to the sonication of very small volume and control of the balance
between the maximum of THF evaporation (to obtain small nanoclusters) and avoiding the
precipitation (we observed that the complete THF evaporation led to sudden precipitation of
clusters) resulted in slightly heterogeneous nanobeads. Chen at al. also demonstrated the
incorporation of IONPs nanoparticles in polymer nanogel using ultrasonication [12]. The
PNIPAM-co-AA was dissolved in water and mixed with IONPs dispersed in isomeropyl
myristate as an oily phase. The authors explain that ultrasonication might trigger the
dehydration of the nanogels and induce transformation into the small nanostructure enclosing
inorganic nanoparticles or hydrophobic drug. The formation of nanoclusters was reported also
by Biggal at al. [66,67]. Here, the authors used THF/CAN ratio v/v 1:4 and coated the formed

clusters with synthetic alkyl polymaleic anhydride.
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Different structures of magnetic nanobeads

From TEM images of magnetic nanobeads, we observed that two types of structures
were formed: core/shell hybrid nanobeads and structures with IONPs homogeneously
dispersed in the polymer matrix.

The core/shell nanobeads composed of IONPs nanoclusters surrounded by the
polymer shell were found when the IONPs in THF/ACN mixture were sonicated at 65°C for 30
min to evaporate nonpolar solvent. The removal of THF induced a clustering of inorganic
nanoparticles. Figure 4.16-A-B, E shows the TEM images of the resulting nanobeads (after
polymer deposition and cross-linking) with a spherical morphology, dark contrasted iron oxide
nanocrystals in the core and light-contrasted layer of polymer as the shell. The core/shell
structure was also confirmed by cryo-TEM (Figure 4.16-C) and SEM (Figure 4.16-D).
Meanwhile, some individual nanocrystals of IONPs could be also found in the polymer shell
(Figure 4.16-B). As the HA-g-copolymer is insoluble in ACN, after addition of HA derivative in
water to the suspension of nanoclusters in ACN, we forced the amphiphilic polymer to
assemble on the hydrophobic cluster. The presence of individual nanocrystals in a polymer
shell may be explained by the interactions between the hydrophobic copolymer present on HA
and non-clustered NPs present in the suspension, or by diffusion from the cluster surface in to
the polymer shell forming complexed gel network. Apart from individual nanoclusters coated
with a polymer shell, we also observed the simultaneous coating of higher number of clusters
leading usually to the bigger nanobeads (Figure 4.16-E). However, they could be easily
removed from the nanobead suspension using a permanent magnet, as described eatrlier.
Furthermore, we found that clustering of the IONPs could also induce the formation of colloidal
ordered assemblies, the structures in which the inorganic nanoparticles are organized (Figure
4.16-B-C, E), similarly as Bigall et al. [66-67]. When the sonication of IONPs in THF/ACN
mixture was stopped after 10min at RT (without THF evaporation), we obtained the nanobeads
with homogeneously dispersed IONPs in polymer matrix (Figure 4.16-F), The hydrophobic
nanocrystals likely interact with hydrophobic chains on HA and form a complex polymer

network.
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Figure 4.16 TEM (A-B and E-F - negative staining), cryo-TEM (C) and SEM (D) images of
core/shell (A-E) cross-linked nanogels and nanogels with dispersed IONPs (F).
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Quantitative analysis of encapsulated magnetic NPs

To give insight into the quantity of inorganic magnetic nanoparticles in nanogels and

core/shell nanobeads, thermogravimetric (TGA) measurements were performed.
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Figure 4.17 TGA curves of pure HA-g-poly(DEGMA-co-BMA) indicated as HA-g-copo curve
(black), HA-g-poly(DEGMA-co-BMA) nanogels with incorporated IONPs as HA-g-copo/IONPs
curve (red) and HA-g-poly(DEGMA-co-BMA) coated nanoclusters of IONPs as HA-g-
copo/clusters (green) line, under N> atmosphere, all samples were freeze dried before
analysis.

The curve of pure HA-g-copo exhibits three weight losses from 40 to 700°C to attain
total weight loss of 90 %. The first loss occurs in the 40-120 °C temperature range from water
evaporation. Similar losses were observed for nanogels and coated clusters. Next weight
losses observed for HA-copo sample were recorded at approximately 220-400°C, attributed to
the decomposition of HA, followed by next weight loss at 400 °C due to the DEGMA-co-BMA
copolymer grafted on HA chains. Heating to 700°C resulted in a final weight of 10% residual
weight. Similar steps of weight loss for the HA/PEO were observed [69], with confirmation of
the resistivity of this polymer for complete decomposition of HA [70]. The weight losses which
begins at 200°C for both HA-g-(DEGMA-co-BMA)/IONPs nanogels and HA-g-(DEGMA-co-
BMA) coated magnetic clusters can be related to the decomposition of HA-g-copolymer as well
as oleic acid present on the surface of IONPs. At 450°C the sample weight begins to stabilize.
From the weight residues at 700°C, quantity of magnetic nanopatrticles in these two different
hybrids nanocomposites can be calculated. The percentage of magnetic nanoparticles in
hybrid samples was calculated after normalization of samples weights at 200°C (after water
evaporation) (Figure Sl.4.2) and subtraction of the residue of non-decomposed polysaccharide
at 700°C. Finally, we could conclude that the percentage of magnetic material, thus the content
of IONPs in the nanogels prepared by in-situ encapsulation is equal to 18%, while in the case

of HA coated nanoclusters 44%. Thus, we confirm that using clustering of IONPs followed by
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coating with HA-g-copolymer we could increase the amount of magnetic nanoparticles in the

polymer nanobeads.

[11.2.2 Magnetic attraction

To demonstrate the possibility of guiding/trapping the magnetic nanogels using external
magnetic field, we used a flat thermomagnetically micro-patterned hard magnetic film with an
Mr (remanent magnetization) of 1.2 T and magnetic field gradients up to 10° T/m [71]. First,
the nanogels were loaded with IONPs together and di-strylbenzene derivative (DSB). DSB is
a hydrophobic fluorescent dye used as a model of drug as described earlier [72-73]. This
fluorescent molecule is soluble in apolar solvents and precipitating in agueous solutions. The
loading was achieved by adding concentrated solution of DSB (0.5 mg/mL) in THF to a solution
of dispersed IONPs in THF. Then, ACN was added under sonication to have THF/ACN ratio
viv: 1/1. After cooling to 4°C, an aqueous solution of HA-copolymer was added to the mixture.
The low temperature ensured the solubility of thermoresponsive HA-g-copolymer and good
dispersion in the mixture followed by a slow heating up to RT resulting in assembly of polymer
on hydrophobic core. The prepared fluorescent magnetic nanobeads were placed close to a
permanent magnet for 4 h for purification, and next for 30 min to remove agglomerates. The
fluorescence microscopy images show a size of 250 nm (DLS) when 25 pg of DSB (Figure
4.18-A) was used for encapsulation and larger nanobeads when higher amount of DSB was
used (Figure 4.18-B).

Figure 4.18 Representative fluorescence microscopy images of nanogels re-suspended in
water filled with 25 pg (A) and 50 pg (B) of DSB.
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To observe the response of nanogels to the magnetic field pattern produced by micro-
magnet arrays the suspension of fluorescent magnetic nanogels was dropped onto the
thermomagnetically patterned film and images were taken with an interval of 2 frames/s. Figure
4.19 presents the images within 30 s of interaction with magnetic arrays with square and line
patterns. Nanobeads initially dispersed in the solution are positioned on the tops of the
micromagnets, creating patterns that reflects the geometry of the underlying magnetic
structure. The particles dispersed in the solution move towards the highest magnetic field
gradients which are located at the interfaces between the magnetic zones with a positive and
negative stray field. In the case of magnetic stripes, the particle will eventually agglomerate
between the stripes and fluorescent lines are observed. In the case of magnetic chessboards,
the particles will agglomerate between the squares and some fluorescent lines will appear.
After 30 s, the fluorescence intensity of magnetic pattern is practically stable indicating that all
magnetic nanogels are attracted. A few nanogels observed in the space between the
micromagnets is related to the fact that the surface of micro-patterned hard magnetic films is
not perfectly homogenous and shows some defects leading to the presence of local variation

of the magnetic field gradient peaks.

Os 1s

100 pm 100 pm

Figure 4.19 Fluorescence images of the nanobeads trapped by micro-magnets after 0, 1, 6,
and 30s. The magnetic lines (A) represents attracted nanobeads with 25 ug of DSB, while
squares (B) represents attracted nanobeads with 50 pg of DSB used for encapsulation.
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The ordered position of the nanobeads under magnetic field proved the magnetic
nature of our nanobeads. The 10 nm superparamagnetic iron oxide nanoparticles concentrated
in core/shell structure allow to rapid response (within seconds) to the patterned magnetic field.
This simple experiment demonstrates the possibility to accurately position/align nanobeads
using arrays of permanent micromagnet. The study of magnetic attraction and controlled
positioning can be further enlarged to attraction and guiding the magnetic nanogels towards
desired organ in the body using external magnetic field for application such as MRI,
hyperthermia treatment or targeted drug release.

Squid magnetic susceptibility measurements confirmed that IONPs preserved the
superparamagnetic properties after clustering and HA-copolymer assembly since no
hysteresis loop is observed (Figure 4.20). Small coercivity of 25 Oe is close to the resolution
measurements. However, the saturation magnetization (Ms) of 6 emu/g at 300 K is low
comparing to the Ms of individual NPs. Similar Ms has been also observed for Wang et al [24].
This result could be attributed to two possible reasons. One is that the HA-g-poly(DEGMA-co-
BMA) coated nanoclusters of IONPs contain only about 44% of magnetic IONPs which reduces
the relative mass ratio of the magnetic component and thus decrease the value of Ms per gram
of HA-g-poly(DEGMA-co-BMA) coated nanoclusters of IONPs. Another is that the polymer
coating may adversely affect the magnetic property. The surface property changes are known

to influence magnetic properties.
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Figure 4.20 Hysteresis loop and it zoom of self-assembly HA-g-copolymer/IONPs coated
clusters at 300K.
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IV Conclusion

In this chapter, we demonstrated the possibility of incorporation of inorganic

nanoparticles into the HA based nanogels.

As an example of inorganic NPs, we selected superparamagnetic iron oxide
nanoparticles, as they can introduce interesting magnetic properties to HA nanogels. To
synthesize the small IONPs (8 nm), thermal decomposition method in an organic solution was
used, the NPs were characterized using TEM, DLS, IR, TGA, as well as their

superparamagnetic properties were confirmed by SQUID-VSM measurements.

To build-up the hybrid HA nanobeads, two different formulation strategies were studied
including in situ enclosing within HA nanogels and SPIONs clustering followed by coating with
(DEGMA-co-BMA) grafted on HA polysaccharide. In the first case, the IONPs were
encapsulated in the hydrophobic domains of the HA-g-copolymer during self-assembly
process, while in the second strategy, we first formed magnetic cluster and later coated with
amphiphilic HA-g-copolymer. Both strategies resulted in nanoscale beads, easily dispersible
in water. The distribution of inorganic particles in polymer matrix differed. Electron microscopy
analysis revealed the formation of two different structures: nanogels with individual IONPs
dispersed in polymer matrix, and core/shell nanobeads, in first, and second strategy,
respectively. Different parameters were varied to increase the efficiency of encapsulation of

inorganic nanopatrticles.

The TGA comparison of both structures showed the presence of inorganic matter of
18% in nanogels, while the clustering if IONPs allowed to increase the inorganic material in
relation to non-magnetic polymer to 40%. The core/shell nanobeads were attracted within
seconds to the patterned magnetic films. The SQUID-VSM analysis showed that IONPs

maintain the superparamagnetism after incorporation.

The increased content of SPIONs can offer good response to magnetic field used in
magnetic guidance to the desired region, can improve the heating power hyperthermia

treatment and change the contrast effect in MRI.
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V Experimental section

Materials

Hyaluronic acid samples (Mw = 20 kg/mol) were purchased from Lifecore (USA), Iron
lll acetylacetonate (Fe(acac)s), 1,2-tetradecanediol, oleic acid, oleylamine, 1,4-dithiothreitol
(DTT), benzyl ether, chloroform, tetrahydrofuran, phosphate buffer saline (PBS, pH 7.4), tris-
(2-carboxyethyl) phosphine hydrochloride (TCEP), were purchased from Sigma-Aldrich-Fluka
(France). 2-Hydroxy-1-[4-(2-hydroxy-ethoxy) phenyl]-2-methyl-1-propanone (Irgacure 2959)
was kindly provided by Ciba Speciality Chemicals (Basel, Switzerland). Uranyless™ negative
stain was purchased from Delta Microscopies. All chemicals, were used without any further
purification. The water used in all experiments was purified by a Elga Purelab purification

system, with a resistivity of 18.2 MQ cm.

Synthesis of iron oxide nanoparticles

The reaction of synthesis of iron oxide nanoparticles was performed in a 3-neck flask
(100 mL) under the nitrogen atmosphere to minimized oxidation of magnetite (FesO.) to
maghemite (y-Fe»03). All the reactants were used in the synthesis without further purification
as follows: Iron Il acetylacetonate (Fe(acac)s) (2 mmol, My = 353,17 g/mol, m = 709 mg), 1,2-
tetradecanediol (10 mmol, My, = 230.39 g/mol, m = 2,56q), oleic acid (6 mmol, My = 282.46,
v=1.90 mL) and oleylamine (6 mmol, My = 267.49 g/mol, v = 1.97 mL) and benzyl ether (10
mL) were mixed and degassed at room temperature for 30 min under a constant flow of N»
and vigorous stirring. After that, the flask was sealed and the solution was first heated up at
3°C/min and kept at 200°C for 2 h. After the addition of a reflux column, a second heating rate
follow of 4.5°C/min to reach the reflux temperature (300°C) and kept at this temperature for 1
h. The resultant black-colored mixture was cooled to room temperature by removing the heat
source. Ethanol (about 10 mL, 3 times) was added to the mixture, to precipitate the particles

an separate via permanent magnet.

Synthesis of HA-g-copolymer/IONPs nanogels

HAp-g-poly(DEGMA-co-BMA) (with DScopolymer 0.02, DSpentanoate 0.48) was dissolved at
in 2mL of PBS (pH 7.4) at 4°C to obtain concentration 0.5 g/L. The IONPs in chloroform (16 g/L)
were added drop by drop to the HAp-g-poly(DEGMA-co-BMA) solution at RT under vortex.
After complete addition the flask was put in a water bath, the temperature was increased up to

40°C and the solution was bubbled under nitrogen for 15 min without stirring.
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Synthesis of core/shell nanobeads

Oleic acid coated IONPs were dissolved in 200 pL of tetrahydrofuran (1 mg/mL). 200
or 800 pL destabilizing solvent (ACN) was added to the suspension at a rate of 250 pL/min
and sonicated for 30 min at 65°C. Then the nanoclusters suspension was place in an ice bath
at 4°C. 1 mL of cold aqueous solution of HA-g- poly(DEGMA-co-BMA) (0.5 g/L) was slowly
added to the nanoclusters in ACN and agitated for 15 min at 40°C. The nanobeads were
crosslinked according the same procedure as magnetic nanogels and purified using

permanent magnet.

Cross-linking HA-g-copolymer/IONPs nanogels

Next, a solution of DTT in PBS (2.5 g/L) was added to nanogels in order to reach the
ratio [SH]/[=] : 1/1 followed by 5 min of vortexing. The flask was kept for 30 min at 40°C without
stirrer under N». Finally, 200 pL of an aqueous solution of Irgacure 2959 (10 mg/mL) was added
to the nanogels suspension to obtain a final photoiniator concentration of 10% (w/v). The
mixture was exposed to UV light (A = 365 nm) with an intensity of 20 mW/cm?for 15 min under
stirring and nitrogen atmosphere at 40°C. The nanogels suspension was transferred into a
dialysis bag (MWCO = 6-8 kg/mol), dialyzed against milli-Q water or purified by magnet

separation and recovered by freeze-drying.

Magnet separation

Nanobeads were separated from the solvent and residues using permanent
NdFeB(0.3T) magnet. Nanobeads could be easily re-dispersed in Milli-Q water. Finally, a
second purification step through an external magnetic field for 30 min is applied to separate
aggregates from homogenous dispersed nanobeads. After this last separation, the
supernatant with small nanobeads was kept for further characterization and the pellet was

removed.

TEM, cryo-TEM and, electron diffraction characterization

200-mesh TEM grids coated with a thin film of amorphous carbon were submitted to a
glow discharge treatment (Pelco easiGlow) to make the surface of the carbon film hydrophilic.
Droplets (4 pL) of dilute particle suspensions were deposited on the grid and, after a few
minutes, the liquid in excess was blotted with filter paper. Prior to complete drying, droplets of
Uranyless™ (neutral contrasting agent, Delta Microscopies) were deposited. After a few
minutes, the stain in excess was blotted out and the remaining liquid film allowed to dry. Images
of the specimens were recorded with a TVIPS TemCam F216 digital camera, using a Philips

CM200 (FEI) microscope operating at 200 kV. Unstained specimens of pure magnetite
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nanoparticles were prepared as well by air-drying of dilutes suspensions on the glow-

discharged carbon film.

For these specimens, selected-area electron diffraction patterns were recorded on
groups of nanoparticles and the diffraction rings were calibrated using those from gold
particles. The particle size was measured from the TEM images using the ImageJ software.
Statistical size distribution result evaluated from approximatively 200 particles.

For cryo-TEM imaging, thin liquid films of the suspensions were formed on NetMesh
lacy carbon films (Pelco) and quench-frozen in liquid ethane using a Leica EM-GP workstation.
The specimens were mounted on a precooled Gatan 626 specimen holder, transferred in the
microscope and observed at low temperature (-176°C). All specimens were observed with
Philips CM200 'Cryo’ (FEI) microscope operating at 200 kV. Images were recorded with a
TVIPS TemCam F216 digital camera (2040 x 2040 pixels).

SEM characterization

Drops of un-crosslinked and crosslinked nanogels solutions (0.5 mg/mL) in ultrapure
water at both 5 and 40°C were deposited onto mica-coated copper stubs (also
precooled/heated at 5 or 40°C, respectively) and allowed to air drying at 4 or 40°C. The
samples were then coated by approximately 2 nm of sputtered Au-Pd and observed in
secondary electron imaging mode with a ZEISS Ultra 55 FEG-SEM (Grenoble INP - CMTC).

Images were acquired at low voltage of 3 kV using an in-lens detector.
Optical and fluorescence imaging

The observations of fluorescent samples were performed using an inverted Axio Vert
Al microscope (Zeiss) driven by Zen software.

DLS characterization

The size distribution and the polydispersity in solution was assessed using a Zetasizer
NanoZS Malvern Instruments apparatus equipped with a HeNe laser at 173° and a

temperature controller.

FTIR characterization

Fourier transform infrared spectroscopy (FTIR) measurements were done on a RX1
spectrometer (Perkin ElImer, UK) with horizontal ATR accessory. For each sample, 32 scans
were recorded between 4000 and 400 cm-1 with a resolution of 2 cm-1 using the Spectrum
Software V 5.0.0.
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Thermogravimetric Analysis (TGA)

The mass of iron oxide nanoparticles content encapsulated inside HA-g-polymer
structures was determinate by thermogravimetric analysis using a TGA 92, Setaram
Instruments. The samples were analyzed under nitrogen (1 bar) and at a heating rate of
5°C/min from room temperature (25 °C) to 800 °C.

SQUID-VSM

The magnetic properties of the sample were evaluated using superconducting quantum
interference device (SQUID) VSM Quantum Design. The individual IONPs were dispersed in
PDMS, while the magnetic nanogels were freeze dried and placed in the holder. Magnetization
loops were measured at 5 K and at 300K and the results were corrected by subtracting the
diamagnetic contribution of holders. The saturation magnetization at the maximum field was
normalized to the gram of IONPs. Temperature dependent zero-field cooling and field cooling
magnetization measurements were performed by cooling the sample to 5 K under a zero or a
100 Oe magnetic field, respectively. Then, the magnetization was measured while the samples
were heated to 300K under a 100 Oe field.

Loading of DSB into magnetic nanogels

25 and 50 pL of a DSB dissolved in THF (0.5 mg/mL) were added to a 200 pL of IONPs
in THF (1 mg/mL), giving solution A and B, respectively. The mixtures were sonicated for 30
min. 225 and 250 pL of ACN was added to sample (A) and sample (B), respectively. Finally,
the samples were cooled in an ice glace before adding 1 mL of HA-g-poly(DEGMA-co-BMA)
in H.O (0.5 mg/mL). After 30 min of agitation the samples were placed close to permanent
magnet to purify and collect nanogels loaded with magnetic nanoparticles and DSB. After 6h
of separation the supernatant with unloaded DSB was removed and replaced with 1mL of
water. This step was repeated twice to remove unloaded DSB.

Micro-patterned hard magnetic films

The 5 um thick hard-magnetic nheodymium iron boron (NdFeB) films deposited on
100 mm Si wafers were first magnetised out of plane in 8 T and than partially irradiated with a
KrF (248 nm) pulsed excimer laser during 20 ns [74]. During irradiation, a chessboard mask
consisting of pattern with individual features of size 100 x 100 um? or a stripe mask consisting
of patterns with individual feature sizes of 3 mm x 100 pm was placed in front of the film and
an external magnetic field was applied opposite to the initial magnetization direction. As a
result, the magnetic regions not masked were heated up by the laser and the magnetization

direction was reversed. The resultant structure consists of either an chessboard type or a stripe
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type array of oppositely magnetized micro-magnets. A drop of 20 L of nanogel solution was
dropped onto glass coverslip and flattened with micro-patterned magnetic surface. The precise

patterns were imaged using inverted fluorescence optical microscopy (Olympus CKX41).
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VI Supplementary information

VI.1 OA-IONP crystal structure and morphology of magnetite nanocrystals

" 1/(0,15nm)

anneau hkl dsp dsp FFT dsp
DE calibration images théorique
or
1 111 4.8 49 4.84
2 220 2.9 2:9 3.00
3 311 25 - 2.55
4 400 24 - 2.12
5 422 1.7 - 1.74
6 511 1.6 - 1.63
7 440 1.4 - 1.49

Figure Sl.4.1 A-C) TEM images of oleic acid-coated IONPs at different magnifications; D)
Electron diffraction pattern recorded form the area selected in C and indexation of diffraction
rings. E) high resolution lattice images of selected particles with calculated power spectra. F)
Summary of the lattice spacings in relation i electron diffraction rings.
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In Figure Sl.4.1-A. the IONP sample with a size around 16 nm contains truncated
octahedral NCs. In Figure Sl.4.1-B, we can see the facets of each nanocrystal and from this
image it is possible to measure, in projection, the angle between facets and deduce the lattice
plane and the corresponding type of crystallographic plane (Figure Sl.4.1-E) which were
summarized in Figure Sl.4.1-F. This analysis revealed an angle of 110° associated with {111}
planes which typically characterize an octahedral structure (eight {111} planes). Yang et al.
explained this phenomenon: the crystal shape is determined by the ratio (R) of growth rate in
[100] direction to that of [111] direction. Thus, a faster growth along the [100] direction
promotes the formation of octahedral nanoparticles, while a faster growth along a [111]
direction generates cubic particles. [75] It is worth noting that the octahedral also called
“spherical like” shaped octahedron Fe304 nanocrystals is the most frequently reported shape.
[76] The electron diffraction pattern in Figure SI.4.1-D from a group of randomly oriented IONP
particles shown in Figure Sl.4.1-C revealed a clear set of diffraction rings, indicating the highly
crystalline nature of the 16-nm iron oxide nanocrystals and was in good agreement with those
from standard magnetite. [77] This observation should however be nuanced as the control of
the degree of oxidation of iron during the synthesis by thermal decomposition is difficult. The
high resolution TEM images (Figure Sl.4.1-E) shows the lattice fringes corresponding to
different crystallographic planes in few particles. Figure Sl.4.1-F presents a Table summarizing
the indexing of the diffraction rings and lattice planes, in comparison with the theoretical values

calculated from the magnetite unit cell.

V1.2 Quantity of encapsulated magnetic nanoparticles
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Figure S1.4.2 TGA curves of pure HA-g-poly(DEGMA-co-BMA) indicated as HA-g-copo curve
(black), HA-g-poly(DEGMA-co-BMA) nanogels with incorporated IONPs as HA-g-copo/IONPs
curve (red) and HA-g-poly(DEGMA-co-BMA) coated nanoclusters of IONPs as HA-g-
copo/clusters (green) line, under N> atmosphere, all samples were freeze dried before
analysis, with respect to normalized weight vs. temperature.
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Conclusion générale et perspectives

L’'objectif de ces travaux de thése était d’élaborer des nanogels a base de GAGs

comme hano-vecteurs pour la vectorisation d’agents anticancéreux hydrophobes.

Notre approche a été de modifier I'acide hyaluronique (HA) et I'héparosan (Hep)
propices a la comparaison de leur capacité a s’accumuler dans les tumeurs. En effet, ils ont la
particularité de présenter une structure macromoléculaire similaire tout en possédant des
propriétés biologiques différentes. Ces polysaccharides d’intérét ont été modifiés par un
copolymeére thermosensible capable d’induire par simple élévation de la température, au-
dessus d’'une température d’agrégation critique (CAT), a la fois leur auto-association en
nanogels et I'encapsulation de molécules hydrophobes en leur sein. La « coquille hydrophile »
formée par le polysaccharide offre quant a elle la possibilité de contrdler le comportement des

nanogels in vivo apres injection par voie intraveineuse ainsi que leur capacité de ciblage.

La premiére partie de ce travail a porté sur I'optimisation des propriétés du copolymére
thermosensible greffé sur le squelette des polysaccharides. Les monomeres ainsi que leur
ratio ont été soigneusement sélectionnés afin d’obtenir une CAT des nanogels proche de la

température ambiante et des nanovecteurs stables lors les manipulations biologiques a 37 °C.

Une gamme de nanogels a été ainsi élaborée dans une seconde partie a partir des
deux polysaccharides sélectionnés et du copolymere thermosensible synthétisé « sur
mesure ». La voie de synthése des dérivés HA-poly(DEGMA-co-BMA) et Hep-poly(DEGMA-
co-BMA) a reposé sur la chimie radicalaire thiol-éne permettant le couplage du copolymére
fonctionnalisé a l'extrémité par une fonction thiol avec le polysaccharide modifié par des
groupements alcene. L’avantage de cette chimie est qu’elle peut étre utilisée a usage multiple.
Par conséquent, elle permet d’exploiter pleinement les groupements alcene restant afin de

modifier la surface des nanogels a partir d’'un seul intermédiaire polysaccharidique.

Les nanogels physiquement réticulés sont susceptibles de se désassembler sous
I'effet de la dilution ou en raison d’interactions avec des biomolécules présentes dans la
circulation sanguine. Ainsi, cette chimie a été mise a profit pour réticuler les chaines
polysaccharidiques formant la couronne hydrophile des nanogels a 'aide d’'un dérivé bisthiol,

de maniere a figer leur structure.
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Cette étude a permis de soulever certains enjeux dont la difficulté a atteindre des taux
de greffage élevés en chaines copolymére (DS > 10 %). Pour lever ces verrous, une étude
plus poussée des conditions réactionnelles a été effectuée et les outils de caractérisation

optimisés.

Les différents nanogels synthétisés ont ensuite été soigneusement caractérisés en
termes de taille, de morphologie et de comportement en solution. Le contrdle du procédé de
fabrication nous a permis d’obtenir de maniere reproductible des nanogels bien définis en
termes de taille et comportement en fonction de la température qui, in fine, répondent aux
attentes d’'un nanovecteur. Leurs tailles, inférieures a 200 nm, permettent d’envisager
l'acheminement préférentiel des nanogels vers la zone tumorale par effet EPR. Une
comparaison entre les nanogels non réticulés et réticulés a permis d'ajuster la densité de
réticulation par la variation du rapport molaire thiols/ alcénes. Nous montrons qu’un exces de

thiols permet d’améliorer la stabilité colloidale des nanogels.

Ces objets nécessiteront par la suite des caractérisations complémentaires afin de
connaitre précisément leur composition (nombre de nanodomaines hydrophobes, nombre
d’agrégation). Des analyses plus poussées par diffusion de neutrons permettraient de fournir
ces informations. Enfin, leur morphologie pourra étre précisée par des techniques d’imagerie

comme la cryoTEM ou encore en tomographie.

Enfin, nous nous sommes attachés a évaluer leurs propriétés biologiques en lien avec
I'application visée. Nous avons mené des études de biodistribution in vivo aprés administration
intraveineuse dans des souris porteuses d’'une tumeur provenant de cellules Ehrlich qui
expriment le récepteur CD44. Celles-ci ont permis de mettre en avant le potentiel de
I’héparosan comme alternative a I'acide hyaluronique. Bien que les nanogels d’héparosan ne
soit pas reconnu par le récepteur CD44, ils s’avérent capables d’atteindre la zone tumorale et
et de s’y accumuler de maniére significative. lls sont en outre a peine détectés dans le foie,
contrairement aux observations faites pour les nanogels a base d’HA. Notre étude apporte la
premiere analyse du comportement in vivo de nanoparticules auto-assemblées a base de Hep,
démontrant ainsi des différences significatives par rapport aux nanoparticules auto-

assemblées a base de HA.

Ces premiers essais pourront étre complétés par des études de biodistribution in vivo
menées en utilisant des modeles de tumeurs murines montrant différents degrés de ciblage
passif par effet EPR. L'étape suivante consisterait a étudier la capacité des nanogels a

transporter un agent anti-cancéreux jusqu'a la tumeur. Enfin, une étude du bénéfice
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thérapeutique par le suivi de la croissance tumorale chez les souris porteuses en présence de

nanogels pourra étre effectuée.

Au-dela de I'encapsulation de principes actifs hydrophobes, les nanovecteurs
peuvent également servir de matrice pour I'encapsulation de nanoparticules inorganiques.
C’est pourquoi, afin d'exploiter de maniére optimale la biocompatibilité et la distribution
bénéfique de ces nouveaux nanovecteurs, nous avons étudié l'incorporation de nanoparticules
d'oxyde de fer aux propriétés superparamagnétiques (SPIONs). Ces derniers sont
particulierement intéressants pour la thérapie anti-cancéreuse. En plus des excellentes
propriétés de contraste pour l'imagerie par résonance magnétique nucléaire (IRM), leur
réponse a un champ magnétique externe peut étre utilisée pour générer un échauffement local
des cellules cancéreuses, entrainant leur destruction. Ce phénoméne est connu sous le nom

d'hyperthermie et de thermoablation.

A cette fin, aprés I'obtention de SPIONs monodisperses par décomposition thermique,
deux stratégies différentes d'encapsulation de SPIONSs, ont été abordées : i) I'encapsulation in
situ au sein des nanogels et i) la concentration des SPIONs en clusters suivie par un enrobage
avec les dérivés de PS thermosensibles. Dans un premier temps, ces deux systémes modeles
ont été réalisés a partir des dérivés d’acide hyaluronique. Nous avons pu mettre en évidence
par microscopie électronique la bonne encapsulation des SPIONS au sein des différents

systémes, leur conférant des propriétés super-paramagnétiques.

Ainsi, sur la base de ces considérations, les nanogels synthétisés représentent une
plateforme attrayante pour étudier l'impact des paramétres de conception tels que la
réticulation de la coque hydrophile, I'introduction de fonctions supplémentaires en surface, les
propriétés biologiques de la matrice hydrophile, l'incorporation de plusieurs PA pour avoir un
effet synergique, ainsi que des nanoparticules inorganiques (nanoparticules magnétiques,

nanoparticules d'or).
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Liste des abréviations récurrentes

BMA
Cs

CAT
DEGMA
DLS

DS

DTT
FTIR
GAGs
HA

Hep

HP

HS
IONPs
LCST
MET (TEM)
MEB (SEM)
Mn

Mw

NPs

PA

PEG
RAFT
RMN
SPIONs
TCEP
Tcp
UV/Vis

Butyl méthacrylate

Chondroitine sulfate

Température d’agrégation critique / critical aggregation temperature
Di(éthyléne glycol) méthacrylate

Dynamic light scattering

Degré de substitution / substitution degree

Dithiothreitol

Spectroscopie infrarouge a transformée de Fourier /Fourier transform infraRed
Glycosaminoglycanes

Acide hyaluronique

Heparosan

Heparine

Heparane sulfate

Iron oxide nanopatrticles

Lower Critical Solution Temperature

Microscopie électronique en transmission / transmission electronic microscopy
Microscopie électronique a balayage / Scanning electron microscopy
Masse molaire moyenne en nombre / number average molecular mass
Masse molaire moyenne en masse / mass average molecular mass
Nanoparticles

Principe actif

Poly(éthyléne glycol)

Reversible-addition fragmentation chain tranfer

Résonnance magnétique nucléaire / Nuclear magnetic resonance (NMR)
Superparamagnetic iron oxyde nanoparticles
Tris(2-carboxyethyl)phosphine

Température de point de trouble / cloud point temperature

Ultra-Violet/Visible
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Liste des figures

Figure 1.1 A) Diagram of part of an aggrecan aggregate. G1, G2, and G3 are globular, folded
regions of the central core protein. Proteoglycan aggrecan showing the noncovalent binding
of proteoglycan to HA with the link proteins B) Proteoglycans act as coreceptors for growth
factor receptor (GFR) signaling, thus influencing cell signaling and cell behavior. GAGs present

as a part of proteoglycans on the cell surface and in ECM, bind to numerous proteins, and

modulate their function. Figure from Misra et al. [17] page 7

Figure 1.2 Chemical structures of repeating disaccharides of glycoaminoglycans and

Heparosan. ---------=-==-=-m-mmemmmemmemee page 8
Figure 1.3 Schematic representation of different GAGs-based nanocatrriers. ---------- page 11
Figure 1.4 Scheme of main HA conjugation mechanism at the reducing end.---------- page 13

Figure 1.5 A) Synthetic scheme of core crosslinked HA-b-poly(PDSMA) (CC-HAM) micelles
loaded with DOX. Al) Release profiles of DOX from CC-HAMs and HAM in the absence or the
presence of GSH. The error bars in the graph represent standard deviations (n=5). A2)
Fluorescence intensities of tumors and organs. Asterisks (*) denote statistically significant
differences (*p<0,05) calculated by one-way ANOVA test. B) Synthetic scheme of the
formation of DOX-loaded crosslinked micelles and their GSH responsive drug release
behaviour B1) In vitro release behaviour of DOX from DOX-HA-ss-NPs in the absence or the
presence of GSH. The error bars in the graph represent standard deviations (n=3). B2)
Quantification of the ex-vivo tumor-targeting characteristics of HA micelles in tumor bearing
mice. Error bars in the graph represent the standard deviation for five animals per group. [72-
73] ---mmmm e page 16

Figure 1.6 A) lllustration of disulfide-crosslinked HA X-NPs based on HA-Lys-LA conjugates
for active CD44-targeting DOX delivery. B) In vivo biodistribution of X-NP-DOX and free DOX
in MCF-7/ADR human breast bearing nude mice at 10h post intravenous injection
(fluorescence images and quantification of DOX accumulated in different organs and tumors)
C) TEM images of HA-Lys-LA X-NPs. D)Change of size distribution in response to 10 mM GSH
in PBS. [107] ---------mmmmmmmmmem oo page 24

Figure 1.7 HA derivatives modified by cholesteryl derivatives. page 26

Figure 1.8 Synthesis scheme HA-SA-CYS-CHOL (A), HA-SA-CYS-OA (B). Transmission
electron micrographs of DTX-loaded HA-SA-CYS-OA (C) and HA-SA-CYS-CHOL (D). In vivo
disposition of DIR solution and HA-SA-CYS-CHOL, HA-SA-CYS-OA nanogels at different
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study intervals (E). Ex vivo fluorescence images of tissue samples collected 24h post-injection
(F). Comparison table between HA-SA-CYS-OA and HA-SA-CYS-CHOL nanogels, the cross
indicates the higher result, red cross for disadvantageous result and green cross for

advantageous one (G). Adapted from Zhu et al 2017 [119] page 27

Figure 1.9 Strategies based on “Grafting from” and “grafting onto” approaches to prepare HA-

polymer conjugates. -----------=======m=mmmmmmmmmnan page 29

Figure 1.10 Schematic illustration of self-assembly HA-PHis nanogels and pH-responsive
intracellular drug delivery. (A) The DOX-encapsulated micelles based on HA-PHis copolymers
are formed in aqueous condition. (Al) (B) Particles of suitable size promote nanocarrier
accumulation in tumor tissue by the EPR effect. (C) The micelles are selectively taken up by
tumor cells via CD44 receptor-mediated endocytosis and delivered to the lysosomes, triggering
the release of DOX into the cytoplasm, improving intracellular drug release and increasing the
antitumor efficacy. ---------------=--m-mrmmmeo pages 31/32

Figure 1.11 A) Schematic representation of doxorubicin-loaded pH-responsive hyaluronic
acid nanonogels (DOX@PHANS). B) TEM photographs of DOX@PHANSs at pH 7.4 and 5.0.
Magnification is 6000x or 15000x. page 32

Figure 1.12 A) Synthesis of poly(DEGMA-co-OEGMA) by the RAFT polymerization method.
Temperature-responsive behavior of the HA-poly(DEGMA-co-OEGMA) Al) Transmittance
plots as a function of temperature with DS respectively 3, 4 and 6 % at a concentration Cp=5
g/L. A2) Fluorescence microscopy image at 40°C (DS: 3 %) loaded with Nile Red and A3)
scanning electron microscopy image (Cp = 2 g/L). B) Formation of hyaluronic acid-based
nanogels by temperature-induced self-assembly and their covalent crosslinking by hydrazone
bond formation within the hydrophobic domains of the grafted copolymer chains. Morphology
of HA-based nanogels crosslinked with an IDH:ketone molar ratio of 0.5 observed at 5 °C by
TEM (B1) and by cryo-TEM (B2). (B3) In vivo near-infrared fluorescence (NIRF) images of the
time dependent biodistribution of Cy5.5-labeled crosslinked nanogels in breast TS/A-pc and
HelLa tumor-bearing mice. The tumor was engrafted subcutaneously on the right flank of the
mouse. The fluorescence was measured before injection and at the following time elapse after
administration: 30 min, 1h, 2 h 30, 5 h, 24 h, and 48 h. The tumor locations are indicated by
the arrows. (B4) Fluorescence intensity ratio of the excised tumor to liver at 24 h (blue) and 48
h (orange) post-injection. The results are expressed as the mean + SD (n=3). C) Formation of
light and thermoresponsive HA-poly(DEGMA-co-CMA) nanogels by temperature increase and
disassembly upon light exposure, (C3) shift of the CAT. (C1l) Characterisation of HA-
poly(DEGMA-co-CMA) nanogels (5% CMA, 0.5 g/L in ultrapure water at 40°C) by Scanning
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and transmission electron microscopy. Cellular uptake of HA-poly(DEGMA-co-CMA) nanogels
by HelLa cells C2) confocal microscopy images of HelLa cells incubated for 16h with nanogels
loaded with a fluorescent dye (di-strybenzene derivative, DSB), cyanine5-labelled nanogels

and DSB-loaded cyanine5-labelled nanogels (from left to right). C3) ------------------ pages 35/36

Figure 1.13 A) and B) Schematic representation of doxorubicin stabilized amphiphilic HA and
CS polymers. Flow-cytometric analysis of the uptake of (C) HA NPs and (D) CS NPs by
HCT116 and MCF-7 cell lines in the presence and absence of 7.5 kg/mol HA (10 mg/mL).
Estimation of caspase 3/7 activities in (E) HCT116 and (F) MCF-7 cell lines, treated with drug-
or drug-loaded nanoparticles. The baseline caspase 3/7 levels in each cell line are considered
as 100%. E) Dose dependent cytotoxicity of DOX and DOX-loaded nanoparticles in (G)
HCT116 and (H) MCF-7 cell lines. page 38

Figure 1.14 A) The synthetic route for HP-PTX conjugate. B) The TEM observations (B1) HP-
PTX polymer carrier before DOX and CFA absorption, and (B2) drug carrier after DOX and
CFA absorption. C) The in vitro release profiles of PTX (C1) and DOX (C2) of HP-based drug
carrier. [180] ------------------m-mmm oo page 42

Figure 1.15 A) Chemical structure of Heparosan-DOX conjugate (HDC). B) TEM image of
HDC nanoparticles in PBS (pH 7.4). C) Size distribution and ¢-potential of HDC nanogels. The
cytotoxicity of HDC against D) HelLa and E) A549 cells, free DOX with the equivalent amount
was used as the control. In vitro cytotoxicity of F) HDC and G) free DOX against HelLa cells
within different co-incubation periods. page 45

Figure 1.16 A) Schematic illustration of the formation of self-assembled HD nanogels and
intracellular drug delivery. B) In vitro a) fluoreorescent images of HeLa cells and b) COS7-cells
co-cultured with DOX-loaded nanogels for 1h. (al, bl) Red fluorescent showed the DOX has
internalized into cells; (a2, b2) blue represented cell nuclei stained by DAPI; In vitro cytotoxicity
of DOX-loaded nanogels and DOX against c) HelLa cells and d) COS7 cells. Error bars
represent standard deviation of 3 replicates for the test. C) Chemical structure of Heparosan-
DOCA conjugate (HD). D) TEM images of al) HD nanogels b1) DOX-loaded nanogels in PBS
solution (1 mg/mL). E) Size distributions of al) HD nanogels and b1l) DOX-loaded nanogels.

- page 45

Figure 2.1 A) lllustration du diagramme de phase d’'un polymére thermosensible en solution
en fonction de la température et de la fraction molaire. B) Monoméres thermosensibles

présentés dans l'introduction. --page 66
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Figure 2.2 Synthése de la polymérisation de type RAFT du poly(DEGMA-co-BMA).
- page 67

Figure 2.3 Mécanisme de transfert de chaine par addition-fragmentation réversible lors de la
polymérisation de type RAFT. Rdle de I'agent de transfert de chaine (CTA) avec Pn et P, les

chaines de polymeres en croissance, Ky, la constante de transfert de chaine de 'agent RAFT

et Z, le groupement qui détermine le taux d’addition-fragmentation. page 67

Figure 2.4 A) Comparaison schématique de polyméres synthétisés par polymérisation
radicalaire classique et par la méthode RAFT. B) Représentation de la structure d’'un agent
RAFT, ou les groupements R et Z influencent la cinétique de polymérisation, la solubilité de
'agent RAFT et donc le degré de contrble de la longueur des chaines. Le choix de I'agent
RAFT est crucial pour obtenir des polymeéres de faible polydispersité et d’architecture
contrélée. Adapté de Moad et al. [18]. -------- page 68

Figure 2.5 Réaction de polymérisation RAFT du poly(DEGMA-co-BMA) suivie d’une étape

d’aminolyse. -- page 68

Figure 2.6 Suivi cinétique par analyse des spectres RMN *H (400 MHz, CDCls, 25°C) au cours
de la polymérisation du poly(DEGMA-co-BMA) a t= 0h,1h, 2h, 3h, 4h, 5h, 6h et 7h pour un
ratio en monomeres DEGMA/BMA de 95/5 soit r~19. page 69

Figure 2.7 Spectres RMN *H (400 MHz, CDCls, 25°C) des monomeéres DEGMA et BMA (aprés
purification) ainsi que du CTA. page 70

Figure 2.8 Evolution de Ln ([MQO]/[Mt]) en fonction du temps (min) et de la masse molaire (My
en g/mol) en fonction du taux de conversion pour la synthése du poly(DEGMA-co-BMA) avec
une masse molaire (M, théo) visée de A) 16 kg/mol (Tableau 2.2, Entrée 1) et (B) 4 kg/mol
(Tableau 2.2, Entrée 5). ----- page 72

Figure 2.9 Spectres RMN H (400 MHz, CDCls, 25 °C) de copolyméres poly(DEGMA-co-BMA)
possédant des masses molaires comprises entre 5 kg/mol et 16 kg/mol. Détermination de la
masse molaire du polymere final a partir des intégrales des pics Hg (poly(DEGMA)) et Hj

(poly(BMA)) par rapport au pic Ha (CTA), en utilisant I'équation ci-dessus. ------------ page 74

Figure 2.10 A) Tableau récapitulatif des T¢ en fonction du milieu aqueux et de la
concentration. Graphe récapitulatif de 'intensité lumineuse des solutions du poly(DEGMA-co-

BMA) (M, = 16 kg/mol) en fonction de la concentration B) dans le PBS et C) dans I'eau.

............................... page 76

195



Annexes

Figure 2.11 Influence de la température sur la transmission optique (Tcp) de la lumiére a 500
nm du poly(DEGMA-co-BMA) de masse molaire A) 4 kg/mol, B) 8 kg/mol et C) 12 kg/mol, dans
le PBS sur la gamme de concentration : 3 g/L, 0,5 g/L, 0,2 g/L et 0,1 g/L avec une rampe de

température de 0,1°C/min. page 77

Figure 2.12 Evolution de la température sur la transmission optique (T¢p) en fonction de la

concentration en solution des copolyméres de masse molaire 4, 8, 12, 16 kg/mol, d’aprés les

données extraites de la Figure 2.11. page 77

Figure 2.13 A) Influence de 'agent RAFT en bout de chaine sur la transition optique (Tcp) des
copolymeres de M, 4 kg/mol et 16 kg/mol. Comparaison des T, avant et apres aminolyse, a
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Résumé

Dans le domaine des systémes d’administration de principes actifs, les nanovecteurs formés
par auto-association en milieu aqueux de polymeéres biocompatibles amphiphiles sont apparus comme
'un des systémes transporteurs de principes actifs (PA) hydrophobes les plus prometteurs. Ces
systemes offrent plusieurs avantages tels qu'une meilleure solubilité du PA hydrophobe dans I'eau, une
diminution des effets secondaires et une amélioration de la libération dans les tissus tumoraux grace a
leffet de perméabilité et de rétention tissulaire (effet EPR). A cet égard, les nanogels sensibles aux
stimuli sont des plateformes attrayantes pour I'administration de médicaments en raison de leur capacité
a modifier leurs propriétés physiques et/ou chimiques en réponse a un stimulus externe tel que la
lumiére, I'application d’'un champ magnétique, une variation de pH ou de température. Les polymeéres
thermosensibles sont particulierement intéressants en raison de leur capacité a subir une transition de
phase réversible sans avoir besoin de réactifs supplémentaires. Dans ce contexte, nous avons
développé et étudié une nouvelle classe de nanogels thermosensibles, biocompatibles et
biodégradables a base de glycosaminoglycanes (GAGs) en modifiant le squelette polysaccharidique
avec un copolymére thermosensible de méthacrylate de di(éthyléne glycol) et de n-butylméthacrylate.
Celui-ci a été congu pour obtenir des nanogels stables a température ambiante. La voie de synthése
polyvalente a également permis la réticulation de la couronne afin de figer leur structure. Le choix des
GAGs, composant la couronne hydrophile peut étre exploité pour contréler leur comportement
biologique. Dans I'objectif d'utiliser ces systémes en tant que plate-forme polyvalente pour la délivrance
de principes actifs et d’autres molécules d'intérét, nous avons étudié la possibilité d'incorporer des
nanoparticules d'oxyde de fer pour des applications de guidage magnétique, d’'imagerie et de traitement
par hyperthermie. Les synthéses du composant magnétique ainsi que la conception du nanovecteur
sont des étapes clés pour réaliser un systéme de délivrance magnétique capable de réaliser un ciblage
efficace.

Abstract

In the field of drug delivery systems, polymeric nanogels obtained by the self-assembly of
biocompatible amphiphilic polymers in water have emerged as one of the most promising nanocarriers
for various hydrophobic drugs. These systems offer several advantages such as enhanced hydrophobic
drug solubility in water, decreased side effects, and improved drug delivery to tumor tissues via the
enhanced permeability and retention (EPR) effect. In this regard, stimuli-responsive polymeric nanogels
are attractive platforms for drug delivery due to their ability to change their physical and/or chemical
properties in response to an external stimulus such as light, magnetic field, pH or temperature.
Thermoresponsive polymers are particularly interesting due to their ability to undergo a reversible
thermally-induced phase transition without the need of additional reagents. In this context, our aim was
to engineer and to study a new class of thermoresponsive, biocompatible and biodegradable nanogels
based on glycosaminoglycans (GAGs) through the modification of the polysaccharide backbone with a
thermoresponsive copolymer of di(ethylene glycol) methacrylate (DEGMA) and n-butylmethacrylate
(BMA)). The latter was properly designed to obtain stable nanogels at room temperature. The versatile
synthetic route to nanogels also allowed their further shell-crosslinking to capture the nanogel structure
at low temperature. The choice of the GAGs forming the hydrophilic shell can be exploited to control
their biological behavior. In order to use these systems as a versatile platform for delivery of active
ingredients and other molecules of interest, we investigated the possibility of incorporating iron oxide
nanoparticles for magnetic guidance, imaging and hyperthermia treatment. The syntheses of the
magnetic component as well as the design of the nanocarrier are key steps to achieve a magnetically-
responsive nanodelivery system capable of efficient targeting.
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