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e Materials
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FITC-dextran
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KH>PO4
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FTIR spectroscopy
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e Quantities

wt%
G’
G”

n

[n]
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Pbulk
Pskeletal
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EN
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E€model drug

Atomic force microscopy
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surface area
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General introduction



The development of bio-based materials for biomedical applications attracts increasing
attention, due to the recent demands for a sustainable society. A biomaterial is usually a natural
or synthetic material, used in the medical area, that is intended to interact with living tissues.! So
far, several materials such as metals, ceramics and polymers have been used to meet the needs
of various biomedical areas. Bio-based polymers, which can be obtained from renewable natural
resources (plants or animals), are particularly attractive for biomedical applications as they
possess several interesting properties such as biodegradability, and they are often biocompatible
and non-toxic.? Moreover, they can undergo several chemical modifications that can be useful

for tissue regeneration.

Various biomedical applications require porous materials, such as scaffolds for wound
dressings. Porosity represents the fraction of pores volume to the total material volume.® Pores

are classified into two types:

- Open pores, which are interconnected and connect to the outside of the material

- Closed pores, which are isolated from the outside of the material

Porous materials can be of different morphology and based on different matters. Porous metals,
ceramics and glasses are used in many domains such as chemistry, mechanical engineering,
biotechnology and electronics. For most industrial applications, open pores are required. For
example, filters or carriers for catalysts and bioreactors need to have a high fraction of open
pores to be efficient. Materials with closed porosity are mainly used for acoustic and thermal
insulation or low-density structural components. The properties of a porous material depend on
the pore volume and geometry, the pore size and the pore distribution, which shows the
importance to control porosity. According to IUPAC definition, porous materials are classified

based on pore size*:

- Microporous (pore diameter < 2 nm)
- Mesoporous (2 nm < pore diameter < 50 nm)

- Macroporous (50 nm < pore diameter)

Aerogels constitute a special family of porous materials. Aerogels were first synthesized
by Kistler in 1931 from silica gels, prepared by a sol-gel method, and dried using supercritical
conditions to remove the solvent.®> According to the [IUPAC Goldbook, an aerogel is described
as “a gel comprised of a microporous solid in which the dispersed phase is a gas”.® This
description is rather restrictive as it focuses on materials with pore size below 2 nm, thus

excluding even classical silica aerogels which are mesoporous. According to the agreement
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between aerogel scientists, aerogels are materials with low density (< 0.2 g/cm?), high specific

).”® These nanostructured

surface areas (at least 100 m?/g) and high and open porosity (> 90%
materials generally contain meso- (2 nm < d < 50 nm) and small macropores (few hundreds of
nanometers). In the last twenty years, a novel generation of aerogels, based on biomass, was
developed.® Till now, the majority of bio-aerogels have been prepared from polysaccharides,
with few works on protein-based aerogels. Polysaccharides are often biocompatible,
biodegradable and possess anti-inflammatory and antibacterial effects, making them potentially
attractive for preparing materials for biomedical applications. The interest in bio-aerogels is also
due to the desire to use sustainable resources instead of fossil-based ones to reduce the
environmental impact of the polymer industry and to realize a bio-based and sustainable society.
The preparation of bio-aerogels includes several steps, starting with the dissolution of a
polysaccharide in a solvent (often water), followed by gelation or not (depending on the
polysaccharide and experimental conditions) and solvent exchange, necessary perform
supercritical drying (often, with CO»). Several polysaccharides have been used to prepare bio-
aerogels such as cellulose'?, starch'?, pectin'?, alginate!® and chitosan*. Bio-aerogels have many

applications such as in gas sorption, filtration, catalysts, energy and thermal insulation.

Recently, hyaluronic acid (HA), a natural polysaccharide, has proven to be a promising
bio-based material for biomedical applications, in particular as wound dressings.®® HA is a major
component of skin extracellular matrix (ECM), which plays crucial roles during wound healing.
Due to its intrinsic properties such as biocompatibility, biodegradability and high hydrophilicity,
this polymer has been used to produce different materials, namely hydrogels, cryogels, sponges

and films, with various stiffness and bioactivity.

Currently, some HA-based hydrogels promoting wound healing such as Hyalofill or
Hylase Wound Gel are available commercially, but they have poor mechanical properties and
bacteria can develop easily. No cryogels exist commercially, probably due to high energy
consumption during their manufacturing. Native HA gels usually have poor mechanical
properties and a fast degradation rate. In order to prolong the degradation rate and improve the
mechanical properties, different strategies such as chemical modification and crosslinking
through its hydroxyl and carboxyl groups, and mixing with other polymers to form a composite,
have been used.’®” Very few papers report on HA aerogels, with no examples for wound

dressings applications.

The objective of the thesis is thus to explore the development of HA-based aerogels for

potential biomedical applications, including wound dressings. This work was financed by the
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French National Research Agency (JCJC project ‘3D-AER-HYAL’), which is warmly
acknowledged. This project was realized in the frame of a thesis at the Center of Materials
Forming (CEMEF) of Mines Paris, PSL University, in Sophia-Antipolis.

This manuscript is divided into five chapters:

Chapter 1 presents the state of the art on aerogels, and on HA and its applications.
Aerogels are obtained from a gel in which the liquid phase has been replaced by air, without
destroying the solid network, usually under supercritical conditions. Silica, synthetic polymer
aerogels and bio-aerogels with their properties and applications are reviewed. The
physicochemical and biological properties of HA are presented, as well as chemical
modifications and crosslinking methods, followed by an overview of biomedical applications of
HA, thereby focusing on wound dressings. An overview of the wound healing process and HA-
based porous materials, already used as dressings, are described. This part is mainly focused on

HA hydrogels and cryogels because very few articles exist regarding aerogels made from HA.

Chapter 2 describes the materials used and protocols developed to prepare three novel

HA-based materials for potential biomedical applications:

- Physically crosslinked aerogels are prepared via freezing-thawing of HA solutions,
solvent exchange, and drying with supercritical CO2 (scCO3).

- Chemically crosslinked HA aerogels are developed using covalent crosslinking for
the formation of HA hydrogels, followed by solvent exchange and supercritical
drying.

- Mixing of nanochitin (nCh) fibers suspension with HA solution leads to the formation

of HA-nCh based capsules, due to strong polyelectrolyte complexation.
The methods to characterize these new materials are also detailed.

Chapter 3 focuses on physically crosslinked HA aerogels. First, the molecular weight of
HA is determined and the rheological properties of HA solutions are studied. Then, the
preparation of HA aerogels is described. The influence of processing conditions (HA
concentration, the solution pH, the number of freeze-thaw cycles and the type of non-solvent)
on the morphology and properties of physically crosslinked HA aerogels is investigated. The
mechanical properties of the aerogels upon compression are analyzed. The absorption of aerogels

in an aqueous medium and their behavior upon exposure to air are examined.

Chapter 4 concerns the development of HA aerogels using chemical crosslinking for the

formation of the HA network. Here, the reaction between the carboxylic acid groups of HA with
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the amino groups of cystamine is employed. The latter acts as reduction-responsive crosslinker,
which forms potentially cleavable links between HA chains. The influence of the HA
concentration and the molar ratio between the COOH groups of HA and NH» groups of cystamine
on the structure and several properties of HA aerogels is investigated. The behavior of chemically
crosslinked HA aerogels in an aqueous environment, under either standard or reductive

conditions, and upon exposure to air is also presented.

Chapter 5 focuses on the development of HA-nCh fiber capsules. Initially, we were
willing to reinforce HA aerogels with nCh fibers, but it turned out that upon mixing HA solutions
and nCh suspensions, strong polyelectrolyte complexation occurred leading to the formation of
a HA/nCh “membrane”. The electrostatic interactions occurring between HA and nCh are
confirmed by FTIR spectroscopy. The membrane robustness is tested in several aqueous media
such as acids or bases. It is demonstrated that capsules are formed when a droplet of one system
(e.g. HA solution) is placed in another one (e.g. nCh suspension), and vice versa. The
composition of HA-nCh capsules is determined using FTIR spectroscopy. The morphology of
the capsule membrane is examined by SEM. Finally, these capsules are explored for drug

delivery applications.

The last part concludes on the work presented in this manuscript and gives the

perspectives.

The work on HA-nCh capsules was performed in the frame of the project entitled “Nanochitin
and hyaluronic acid bio-aerogels for biomedical applications”, financed by the France-Canada
Research Fund, which we kindly acknowledge. We thank all persons from the Bioproducts
Institute of the University of British Columbia in Vancouver (Canada), who were involved in
this project. We also thank Pierre ILBIZIAN and Julien JAXEL ( PERSEE, Mines Paris, France)
for supercritical drying, Christophe PRADILLE (MatXper, Mines Paris, France) for his help in
mechanical testing and Suzanne JACOMET (CEMEF, Mines Paris, France) for her help in SEM

imaging.
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Introduction générale
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Le développement de matériaux biosourcés pour des applications biomédicales attire de
plus en plus Iattention, en raison des exigences récentes d’une société durable. Un biomatériau
est généralement un matériau naturel ou synthétique, utilisé dans le domaine médical, destiné a
interagir avec les tissus vivants.® Jusqu'a présent, plusieurs matériaux tels que les métaux, les
céramiques et les polyméres ont été utilisés pour répondre aux besoins de divers domaines
biomédicaux. Les polymeéres biosourcés, obtenus a partir de ressources naturelles renouvelables
(végétales ou animales), sont particulierement attractifs pour les applications biomédicales car
ils possedent plusieurs propriétés intéressantes pour les applications biomédicales telles que la
biodégradabilité, et ils sont souvent biocompatibles et non toxiques.? De plus, ils peuvent subir

plusieurs modifications chimiques qui peuvent étre utiles a la régénération des tissus.

De nombreuses applications biomédicales nécessitent des matériaux poreux, comme un
scaffold pour des applications de pansements. La porosité représente la fraction du volume des

pores par rapport au volume total du matériau.® Les pores sont classés en deux types :

- Pores ouverts, qui sont interconnectés et sont connectés a 1I’extérieur du matériau

- Pores fermés, isolés de I’extérieur du matériau

Les matériaux poreux peuvent étre de morphologie différente et sont basés sur des
maticres différentes. Les métaux poreux, les céramiques poreuses et les verres poreux sont
utilisés dans de nombreux domaines tels que la chimie, la construction mécanique, la
biotechnologie ou I'¢lectronique. Pour la plupart des applications industrielles, des pores ouverts
sont nécessaires. Par exemple, pour étre efficaces, les filtres ou supports pour catalyseurs et
bioréacteurs doivent avoir une fraction élevée de pores ouverts. Les matériaux a porosité fermée
sont principalement utilisés pour l'isolation acoustique et thermique ou pour des éléments
structurels de faible densité. Les propriétés d'un matériau poreux dépendent du volume et de la
géométrie des pores, de la taille des pores et de la répartition des pores, ce qui montre
I'importance de controler la porosité. Selon la définition de 'lUPAC, les matériaux poreux sont

classés en fonction de la taille des pores™:

- Micropores (pore diameter < 2 nm)
- Mesopores (2 nm < pore diameter < 50 nm)

- Macropores (50 nm < pore diameter)

Les aérogels constituent une famille singuliére de matériaux poreux. Les aérogels ont été
synthétisés pour la premicre fois par Kistler en 1931 a partir de gels de silice, préparés par une

méthode sol-gel et séchés dans des conditions supercritiques afin d’éliminer le solvant.® Selon le
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Goldbook de I'TUPAC, un aérogel est décrit comme « un gel composé d'un solide microporeux
dans lequel la phase dispersée est un gaz ».® Cette description est plutot restrictive car elle se
concentre sur des matériaux dont la taille des pores est inférieure a 2 nm, excluant ainsi méme
les aérogels de silice classiques qui sont mésoporeux. Selon un accord entre les scientifiques des
aérogels, les aérogels sont des matériaux a faible densité (< 0.2 g/cm?), a surfaces spécifiques
élevées (au moins 100 m?/g) et a porosité élevée et ouverte (> 90 %).”® Ces matériaux
nanostructurés contiennent généralement des méso- (2 nm <d < 50 nm) et des petits macropores
(quelques centaines de nanomeétres). Au cours des vingt derniéres années, une nouvelle
génération d'aérogels, basée sur la biomasse, a été développée.® Jusqu'a présent, la majorité des
bio-aérogels ont été préparés a partir de polysaccharides, avec peu de travaux sur les aérogels a
base de protéines. Les polysaccharides sont souvent biocompatibles, biodégradables et possédent
des effets anti-inflammatoires et antibactériens, ce qui les rend potentiellement intéressants pour
préparer des matériaux destinés a des applications biomédicales. L'intérét pour les bio-aérogels
est également di au désir d'utiliser des ressources durables plutdt que fossiles pour réduire
l'impact environnemental de l'industrie des polymeres et réaliser une société biosourcée et
durable. La préparation des bio-aérogels comprend plusieurs étapes, en commencant par la
dissolution d'un polysaccharide dans un solvant (souvent de 1'eau), suivie d'une gélification ou
non (selon le polysaccharide et les conditions expérimentales) et d'un échange de solvant,
nécessaire pour effectuer un séchage supercritique (souvent, avec du CO). Plusieurs

10
.

polysaccharides ont été utilisés pour préparer des bio-aérogels tels que la cellulose’®, I'amidon'?,

12
, 1

la pectine'?, l'alginate®® et le chitosane!®. Les bio-aérogels ont de nombreuses applications

comme dans la sorption des gaz, la filtration, les catalyseurs, I'énergie et I'isolation thermique.

Récemment, 1'acide hyaluronique (HA), un polysaccharide naturel, s'est révélé étre un
matériau biosourcé prometteur pour des applications biomédicales, notamment comme
pansements.'® L’acide hyaluronique est un composant majeur de la matrice extracellulaire
cutanée, qui joue un rdle crucial lors de la cicatrisation des plaies. En raison de ses propriétés
intrinséques telles que la biocompatibilité, la biodégradabilité et la haute hydrophilie, ce
polymere a été utilisé¢ pour fabriquer différents matériaux, a savoir des hydrogels, des cryogels,

des éponges et des films, avec diverses rigidités et de bioactivités.

Actuellement, certains hydrogels a base d’acide hyaluronique favorisant la cicatrisation
des plaies comme Hyalofill ou Hylase Wound Gel sont disponibles dans le commerce, mais ils
possedent de mauvaises propriétés mécaniques et des bactéries se développent a partir de ces

matériaux. Aucun cryogel n'existe commercialement, probablement en raison de la forte
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consommation d'énergie lors de leur fabrication. Les gels d’acide hyaluronique purs ont
généralement de mauvaises propriétés mécaniques et un taux de dégradation rapide. Afin de
réduire la vitesse de dégradation et d'améliorer ses propriétés et sa vitesse mécaniques,
différentes stratégies telles que la modification chimique et la réticulation via ses groupes
hydroxyle et carboxyle, ainsi que le mélange avec d'autres polymeéres pour former un composite,
ont été utilisées.’®” Trés peu d’articles font état d’aérogels d’acide hyaluronique, avec des
exemples pour les applications de pansements. A notre connaissance, aucun aérogel a base

d’acide hyaluronique pour pansements n’est aujourd’hui disponible dans le commerce.

L'objectif de la thése est donc d'explorer le développement d'aérogels a base d'acide

hyaluronique pour de potentielles applications de pansements. Ces travaux ont été financés par
I’ Agence Nationale de la Recherche (projet JCJC « 3D-AER-HYAL »), qui sont chaleureusement
salués. Ce projet a été réalisé dans le cadre d'une thése au Centre de Mise en Forme des Matériaux

(CEMEF) de Mines Paris, Université PSL, a Sophia-Antipolis.
Ce manuscrit est divisé en cinq chapitres :

Le chapitre 1 présente un état de l'art sur les aérogels, ainsi que sur ’acide hyaluronique
et ses applications. Les aérogels sont obtenus a partir d'un gel dont la phase liquide a été
remplacée par de l'air, sans détruire le réseau solide, généralement dans des conditions
supercritiques. La silice, les aérogels de polymeres synthétiques et les bio-aérogels avec leurs
propriétés et applications sont également passés en revue. Les propriétés physicochimiques et
biologiques de l'acide hyaluronique sont présentées, ainsi que les modifications chimiques et les
méthodes de réticulation pouvant étre effectuées, suivies d'un apercu des applications
biomédicales de l'acide hyaluronique, se concentrant ainsi sur les pansements. Un apergu du
processus de cicatrisation des plaies et des matériaux poreux a base d'acide hyaluronique, déja
utilisés comme pansements, est décrit. Cette partie est principalement axée sur les hydrogels et
cryogels d’acide hyaluronique car trés peu d’articles existent concernant les aérogels a base

d’acide hyaluronique.

Le chapitre 2 décrit les matériaux utilisés et les protocoles développés pour préparer trois

nouveaux matériaux a base d'acide hyaluronique pour de potentielles applications biomédicales :

- Les aérogels physiquement réticulés sont préparés par congélation-décongélation de

solutions d’acide hyaluronique, échange de solvant et séchage au CO; supercritique (scCO>).
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- Les aérogels d’acide hyaluronique chimiquement réticulés sont développés par
réticulation covalente pour la formation d'hydrogels, suivie d'un échange de solvant et d'un

séchage supercritique.

- Le mélange de la suspension de fibres de nanochitine (nCh) avec une solution d’acide
hyaluronique conduit & la formation de capsules a base de HA-nCh, en raison d'une forte

complexation polyélectrolytique.
Les méthodes permettant de caractériser ces nouveaux matériaux sont également détaillées.

Le chapitre 3 se concentre sur les aérogels d’acide hyaluronique physiquement réticulés.
Tout d’abord, le poids moléculaire de 1’acide hyaluronique est déterminé et les propriétés
rhéologiques des solutions d’HA sont étudiées. Ensuite, la préparation des aérogels HA est
décrite. L'influence des conditions de traitement (concentration en HA, pH initial de la solution,
nombre de cycles de gel-dégel et type de non-solvant) sur la morphologie et les propriétés des
ac¢rogels HA physiquement réticulés est étudiée. Les propriétés mécaniques des aérogels sous
compression sont analysées. L'absorption des aérogels en milieu aqueux et leur comportement

lors de I’exposition a I'air sont explorés.

Le chapitre 4 concerne le développement d'aérogels d’acide hyaluronique via I’utilisation
de la réticulation chimique pour la formation du réseau polymérique. Ici, la réaction entre les
groupes acide carboxylique de HA avec les groupes amino de la cystamine est utilisée. Ce dernier
agit comme un agent de réticulation sensible a la réduction, formant des liens potentiellement
clivables entre les chaines d’acide hyaluronique. L'influence de la concentration en HA et du
rapport molaire entre les groupes COOH de ’acide hyaluronique et les groupes NH» de la
cystamine sur la structure et plusieurs propriétés des aérogels HA est étudi¢e. Le comportement
des aérogels d’acide hyaluronique chimiquement réticulés en milieu aqueux, dans des conditions

standards ou réductrices, et lors de I’exposition a 1'air est également présenté.

Le chapitre 5 se concentre sur le développement de capsules de fibres HA-nCh.
Initialement, nous voulions renforcer les aérogels HA avec des fibres nCh, mais il s'est avéré
qu'en mélangeant des solutions HA et de suspensions nCh, une forte complexation
polyélectrolytique s’est produit, conduisant a la formation d’une « membrane » HA/nCh. Les
interactions ¢électrostatiques se produisant entre HA et nCh sont confirmées par spectroscopie
FTIR. La robustesse de la membrane est testée dans plusieurs milieux aqueux tels que des acides
ou des bases. Il est démontré que des capsules se forment lorsqu'une gouttelette d'un systéme

(par exemple, une solution d’acide hyaluronique) est placée dans un autre (par exemple, une
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suspension de nCh), et vice versa. La composition des capsules HA-nCh est déterminée par
spectroscopie FTIR. La morphologie de la membrane de la capsule est examinée par SEM. Enfin,

ces capsules sont étudiées pour des applications d'administration de médicaments.

La derniére partie conclut les travaux présentés dans ce manuscrit et donne les

perspectives.

Les travaux sur les capsules HA-nCh ont été réalisés dans le cadre du projet intitulé «Bio-
aérogels de nanochitine et d'acide hyaluronique pour des applications biomédicales», financé par
le Fonds France-Canada pour la Recherche. Nous les remercions. Nous remercions également
toutes les personnes du Bioproducts Institute de 1'Université de Colombie-Britannique a
Vancouver (Canada), qui ont participé a ce projet. Nous remercions ¢galement Pierre ILBIZIAN
et Julien JAXEL (PERSEE, Mines Paris, France) pour le séchage supercritique, Christophe
PRADILLE (MatXper, Mines Paris, France) pour son aide aux essais mécaniques et Suzanne

JACOMET (CEMEF, Mines Paris, France) pour son aide en imagerie SEM.
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1. Introduction

[English]

Bio-based polymers, originating from renewable natural resources, are particularly
attractive for biomedical applications, thanks to their biodegradability, biocompatibility and non-
toxicity.! The properties of these polymers can be modified chemically to meet the medical
requirements. Natural polymers commonly used medically include collagen, alginate and

gelatin.

Recently, hyaluronic acid (HA), a natural polysaccharide, has proved to be a promising
bio-based material for biomedical applications, in particular as wound dressings.? HA is a major
component of skin extracellular matrix (ECM), which is involved in wound healing and tissue
regeneration. Thanks to its biocompatibility, biodegradability and hydrophilicity, HA has been

used to produce hydrogels, sponges and films, with desired stiffness and bioactivity.

Several HA-based porous materials as hydrogels and cryogels (freeze-dried hydrogels)
have been developed as wounds dressings. Novel nanostructured materials, aerogels, attract
interest for wound dressing applications, in view of their low density (< 0.2 g/cm?), high porosity
(> 90%) and high specific surface area (at least 100 m?/g).® Due to their high surface area and
porosity, aerogels can potentially absorb high amount of wound exudate, have a good adherence
to the wound site with an easy removal, promote O2/CO2 exchange and act as drug carrier with
high loading capacity.* The first aerogels were developed by Kistler in 1931 from silica gels,
using supercritical conditions to replace the solvent by air.° In the last twenty years, a new
generation of aerogels, based on biomass, was developed.® Several polysaccharides as pectin,
cellulose, starch, alginate and chitosan have been used to prepare bio-aerogels. However, only

very few HA aerogels have been reported®’, despite their high potential.

In this chapter, the first part is dedicated to the state of the art on aerogels (definition,
history, preparation method via sol-gel approach, focusing on bio-based aerogels, their properties
and their biomedical applications). The second part covers HA, the polymer of interest in the
thesis. An overview of its source, structure, physico-chemical and biological properties and its
chemical modifications is made. Specific attention is paid to the use of HA for biomedical
applications, more specifically as wound dressing. The concept of wounds, the wound healing
process and the ideal wound dressing are also described. Finally, the state of the art on HA-based

porous materials, developed for wound dressing applications, is reviewed.
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[Francais]

Les polyméres biosourcés, issus de ressources naturelles renouvelables, sont
particuliérement attractifs pour des applications biomédicales, grace a leur biodégradabilité,
biocompatibilité et non-toxicité.! Les propriétés de ces polyméres peuvent étre modifiées
chimiquement pour répondre aux exigences médicales. Les polymeéres naturels utilisés dans le

domaine médical incluent, généralement, le collageéne, 1’alginate et la gelatine.

Récemment, I’acide hyaluronique, un polysaccharide naturel, s’est avéré étre un matériau
biosourcé prometteur pour les applications biomédicales, telles que les pansements.? L’acide
hyaluronique est un composant majeur de la matrice extracellulaire de la peau, qui intervient lors
du processus de guérison d’une blessure et de la régénération des tissus. Grace a sa
biocompatibilité, sa biodégradabilité et son hydrophilicité, 1’acide hyaluronique a été utilisé pour
fabriquer des hydrogels, des éponges et des films, avec une rigidité et une bioactivité bien

définies.

Plusieurs matériaux poreux a base d’acide hyaluronique, tels que les hydrogels et les
cryogels (hydrogels lyophilisés), ont ét¢ développés pour des applications de pansements.
Récemment, de nouveaux matériaux nanostructurés, aérogels, ont suscité de 1’intérét pour ce
type d’application, en raison de leur faible densité (< 0.2 g/cm?), leur grande porosité (> 90%) et
leur grande surface spécifique (au moins 100 m?/g).® Leur grande surface spécifique et leur
grande porosité leur permettent potentiellement d’absorber de grandes quantités d’exsudat d’une
blessure, d’avoir une bonne adhérence a la blessure avec un retrait facile, de favoriser les
échanges gazeux O2/CO> et de fonctionner comme vecteur de médicaments avec une grande
capacité de chargement.* Les premiers aérogels ont été développés par Kistler en 1931 a partir
de gels de silice, en utilisant des conditions supercritiques pour remplacer le solvant par de I’air.
Au cours des vingt derniéres années, une nouvelle génération d’aérogels, basée sur la biomasse,
a été mise au point.® Plusieurs polysaccharides comme la pectine, la cellulose, 1’amidon,
I’alginate et le chitosan ont été utilis€s pour préparer des bio-aérogels. Cependant, trés peu

d’aérogels a base d’acide hyaluronique ont été rapportés®’, malgré leur fort potentiel.

Dans ce chapitre, la premiére partie est consacrée a un état de 1’art sur les aérogels
(définition, histoire, méthode de préparation via 1’approche sol-gel, focus sur les aérogels
biosourcés, leur propriétés et leurs applications biomédicales). Une seconde partie concerne
I’acide hyaluronique, le polymere d’intérét dans cette these. Un apergu de sa provenance, de sa
structure, de ses propriétés physico-chimiques et biologiques, et de ses modifications chimiques

est donné. Une attention particuliere est accordée a I’utilisation de 1’acide hyaluronique pour les
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applications biomédicales, et plus spécifiquement pour les pansements. Le concept de blessure,
le processus de guérison et le pansement idéal sont également décrits. Pour finir, un état de I’art
sur les matériaux poreux a base d’acide hyaluronique, développés pour des applications de

pansements, est effectué.
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2. Aerogels

2.1. Definition

The word “aerogel” was introduced by Kistler in 1931 to describe gels in which the liquid
is replaced by gas (air), without collapsing the gel network, using supercritical conditions.?
Drying with supercritical fluid such as CO2 (scCO2) consists of exchanging the fluid in the gel

pores by CO», which is heated above the critical pressure P. and temperature T..

Aerogels are materials with low density (< 0.2 g/cm?), high specific surface areas (at least
100 m?/g) and high and open porosity (> 90%). These nanostructured materials generally contain
meso- (2 nm < d < 50 nm) and small macropores (d > 50 nm). In the IUPAC Gold Book, an
aerogel is described as “a gel comprised of a microporous solid in which the dispersed phase is
a gas”.® This description is rather restrictive as it focuses on materials with pore size below 2
nm, thus excluding even classical silica aerogels which are mesoporous. A European project
COST “AERoGELS” (18125) is now negotiating with [IUPAC to modify this definition. In 2022,

IUPAC named aerogels among “Ten Emerging Technologies in Chemistry”.°

2.2. History of aerogels

Aerogels were firstly made by Kistler in 1931 from silica gels, prepared by a sol-gel
method, using supercritical fluid extraction.!® One year after, Kistler developed aerogels based
on inorganic oxides such as alumina, tungsten oxide, ferric oxide, stannic oxide, and on biobased
polymers such as cellulose, gelatin, agar, egg albumin and rubber, but no data on the properties
exist.”> From 1941, silica aerogels were commercialized, under the name Santocel, by
Monsanto.* The industrial application was thermal insulation. Unfortunately, in the late 1970’s,
the production was stopped, because of high-cost manufacturing. Next, new generations of
aerogels based on oxides of metals (i.e. titanium, zirconium, aluminum) were developed. These
new aerogels attracted increasing attention, particularly, thanks to the high specific surface area
(up to 1000 m?/g), transparency and low thermal conductivity of silica aerogels (0.015

1.13 These aerogels

W/(m.K)).2 In the late 80’s, organic aerogels were synthesized by Pekala et a
are stiffer than silica aerogels.!®!* Aerogels based on synthetic polymers as polyurethane'®,
polyimide!® and polyamide!’ were also prepared. In the last twenty years, a new type of aerogel,

based on biomass, has emerged: bio-aerogels.
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2.3. Preparation of aerogels

2.3.1. Silica aerogels

Silica aerogels are by far the most known and commercially available class of aerogels.®
They are prepared using the sol-gel route, followed by supercritical drying; the latter can be
avoided using silica gel pore walls functionalisation.®*®2° The silica sol is a colloidal suspension
of silica alkoxide, dispersed in a solvent such as ethanol, methanol or acetone. The most used
silica alkoxides are tetraethyl orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS). In the
presence of an aqueous acid or base catalyst, the colloidal suspension undergoes a sol-gel

transition, forming a 3D network.

The gelation of silica is divided into two steps. The first one is the acid-catalyzed
hydrolysis step and forms reactive silanol monomers, with one hydroxyl function bound to a
silicon atom (Si-OH). This reaction is followed by an acid- or base-catalyzed polycondensation
reaction of two silanol groups, which forms silicon-oxygen-silicon linkages (Si-O-Si). This

results in a 3D network of silicon oxide filled with solvent, called silica gel.

Before drying, silica gels are often aged to reinforce the network formed during the sol-
gel process. Aging favors syneresis. Thus, a finer 3D structure can be obtained. After washing
steps with solvent, silica gels are supercritically dried to obtain aerogels or silica gels are
silylated, followed by ambient pressure drying. The resulting silica aerogels are highly porous,
with density around 0.1 g/cm® and specific surface area up to 1000 m?/g or even higher. The
properties of silica aerogels are influenced by several parameters such as the type and
concentration of silica, the type of catalyst, and the temperature and time for hydrolysis, gelation
and aging. One of the most famous applications of silica aerogels is thermal insulation, due to
their extremely low thermal conductivity (around 0.013 W/m.K), significantly lower than that of
ambient air (0.025 W/m.K).% They have also other potential applications in space (to collect dust

particles, to protect space mirrors), in acoustic insulation, in catalysis and in storage.?

2.3.2. Synthetic organic polymer aerogels

The first synthetic organic aerogels, described by Pekala et al.!2

in 1989, were based on
resorcinol-formaldehyde (RF) resin. RF aerogels are the best known synthetic organic aerogels.
Other organic aerogels were then developed based on other types of resins such as melamine-
formaldehyde, phenol-formaldehyde, phenol-furfural or on organic compounds such as
polyimides,  polyacrylamides,  polyacrylonitriles,  polyacrylates,  polystyrene  and

polyurethanes.>*°
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The principle of production of RF aerogels is quasi similar to the one of silica aerogels
(cf. Section 2.3.1. Silica aerogels of this Chapter). RF gels are synthesized by the
polycondensation of resorcinol with formaldehyde under alkaline or acidic conditions.® The
synthesis involves two steps. First, resorcinol (trifunctional monomer) reacts with formaldehyde
to form hydroxymethylated derivatives of resorcinol. Then, the hydroxymethyl groups condense
with each other to form nanoclusters that crosslink to form a gel, through methylene (-CH»-) or
methylene ether (-CH>OCH>-) bridges. In case of basic catalysis, the reaction is carried out in
aqueous alkaline solution with for example sodium carbonate as catalyst. Gelation occurs at high
temperatures (80-100°C) for prolonged periods. In the case of acid catalysis, gelation is much
faster: monomers are mixed with the acid catalyst either in aqueous or non-aqueous medium and
gelation can take place at room temperature. The size of the clusters and their crosslinking are
influenced by the pH of the solution, temperature, concentration and ratio of monomers and type
of catalyst. Gels are aged in organic solvent, for defined time, to increase the crosslinking density.

Solvent exchange and supercritical drying are then used to obtain RF aerogels.

RF aerogels are dark red in color and transparent. They have very low density (from 0.035
to 0.1 g/cm?®), high porosity (> 80%), high specific surface area (up to 900 m?/g), and ultrafine
pore size (< 50 nm). Lower thermal conductivity (W = 0.012 W/(m.K)) was found for RF
aerogels, as compared to silica aerogels, which offers the opportunity for the development of
better heat thermal insulators.?* Higher compressive moduli (up to E = 800 Kpa) were found for
organic aerogels with a density of 0.08-0.25 g/cm>, as compared to silica aerogels (up to E =380
Kpa for densities of 0.14-0.25 g/cm?).1® RF aerogels can be used as membrane for separation of
gases or liquids.® Moreover, RF aerogels can be pyrolyzed to form carbon aerogels, which can
be further used as materials for hydrogen storage, as anodes in batteries, as electrodes for

supercapacitors or as non-reflective panels.
2.3.3. New generation of aerogels: bio-aerogels

At the beginning of the 21 century, a new generation of aerogels was developed: they
are bio-based. The interest in bio-aerogels is in part due to the desire to use sustainable resources
instead of fossil-based ones to reduce the environmental impact of the polymer industry and to
realize a bio-based and sustainable society. In addition, bio-based polymers are often
biocompatible as well as biodegradable and many exhibit anti-inflammatory and antibacterial
effects. Bio-aerogels can be prepared from a solution of a natural polymer such as
polysaccharides, proteins, lignin, or from a suspension of natural particles such as nanochitin

and nanocellulose.?? The fundamental difference between bio-aerogels and (in)organic aerogels

32



is that in the case of synthetic organic polymer or inorganic aerogels, the process starts with

polymerization, while in the case of biopolymers, no polymerization, and often even no gelation
or crosslinking, is needed. Here, we will only focus on aerogels based on polysaccharides

solution, as it concerns the PhD topic.

The preparation of bio-aerogels starts with the dissolution of a polysaccharide in a solvent
(often, water). Then, depending on the polysaccharide and experimental conditions (pH, ionic

t.22 During gelation, network

strength, polymer concentration), the solution either gels or no
formation occurs via physical (i.e. hydrogen bonds) or chemical crosslinking. The network can
also be created by coagulation (also known as non-solvent induced phase separation®), with
direct addition of a non-solvent. To avoid pores collapse during drying, it is usually performed
under supercritical conditions, and, thus, the fluid in the network must be replaced by a fluid
miscible with COz, such as ethanol or acetone. Supercritical CO: is often used for drying, as
supercritical conditions of other fluids such as water (P =221 bar and T = 374°C) can degrade

biopolymers.?* After drying with scCO,, bio-aerogels are obtained. Figure 1.1 illustrates the

complete process.

Non solvent induced phase separation

Biobased “Wet” Drying with
polyn.ler network 41-»1 Bio-aerogel
solution supercritica
= P 4 CO,
\\\‘ /"/‘,/
Gelation\\‘ -~ Solvent
exchange

Figure 1.1. Preparation of bio-aerogels.

The properties of bio-aerogels can be tuned by varying the type of polysaccharide and the

preparation conditions.

33



2.3.4. Drying methods to get porous networks

Different methods can be used to obtain porous networks from a polysaccharide solution
or gel. We will describe below each method and try to find the one(s) that allows the formation

of a nanostructured material without pores collapse.

Evaporative drying is the simplest way to remove liquid from a polymer solution or a gel.
As liquid evaporates, liquid phase stretches to cover the network and goes into tension, forming
a concave meniscus. The tension is balanced by compressive stresses on the network.?®> Thus,
with evaporation, the meniscus curvature increases, inducing a stress applied to pore walls, called

capillary pressure. The developed pressure is expressed with the Young-Laplace equation:

2ycosO

: (1)

AP =

where 7y is the surface tension between liquid and gas (N.m™); 0 is the contact angle between the
two phases and r is the pore radius (m). An example of a concave meniscus formed when a pore

is in contact with liquid is presented in Figure 1.2.

T

I,

Pore ‘\_ ' Pore

wall wall

Liquid

Figure 1.2. lllustration of a pore in contact with a liquid.

High surface tension and small pore radius induce higher pressure, often leading to complete
pores collapse and dense materials, with practically no porosity; here, they will be called
“xerogels”. Only few exceptions are known where evaporative drying results in aerogel-like
materials: this is the case for silylated silica gels?, of cellulose when dissolved in 2M NaOH or

starch hydrogels, coagulated in ethanol and dried from ethanol.?"?

One option to keep pores open during drying is to use freeze-drying. The liquid phase is
frozen and then sublimated at reduced pressure.® This method bypasses the triple point of the
liquid phase. Usually, freeze-drying is applied on hydrogels. The formation and growth of ice
crystals may deform pore walls and the network structure. Freeze-dried materials (here they will
be called “cryogels”) possess large macropores (several um in diameter) and high porosity (>
90%). Usually, the specific surface area of cryogels is low. The exception is when the growth of

ice crystals is suppressed, which occurs in a mixture of water and tert-butanol.?
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Drying under supercritical conditions suppresses the liquid/vapor boundary line, by
placing the fluid above its supercritical point.® This type of drying avoids the formation of any
liquid-vapor meniscus in the gel pores. CO; is often used as supercritical fluid, thanks to its mild
conditions (P. = 72.8 bar and T. = 31°C). To perform drying with supercritical CO,, water in gel
pores must be replaced by a non-polar fluid miscible with CO>. Solvent exchange with ethanol
or acetone is usually performed. The progressive addition of a non-solvent to polysaccharide
solution or gel results in phase separation.®® The solubility of the polysaccharide decreases as the
non-solvent proportion increases, leading to polymer coagulation and contraction. Solvent
exchange is performed either in a gradual way, by slowly increasing the fraction of non-solvent,
or in a direct way (i.e. direct addition of a large quantity of non-solvent), depending on the
polysaccharide. During solvent exchange, polymer macromolecules do not totally collapse, even
if they are not gelled. Above the polymer overlap concentration, a 3D network is formed. Thanks
to a certain polymer chain rigidity, the coagulated polysaccharide forms a 3D network,
corresponding to the aerogel precursor. By drying with scCO, solid porous nanostructured
materials are formed. Aerogels, either obtained from a non-gelled or gelled solution, have
interesting properties such as a low density (< 0.2 g/cm?), high porosity (> 90%) and high specific

surface area (> 100 m?/g).%!

A phase diagram illustrates the three drying routes, as described above (Figure 1.3). In this thesis,
only scCO; drying was used to get a solid porous nanostructured material with a low density,
high porosity and high specific surface area, potentially suitable for biomedical applications such

as wound dressings.

Supercritical
Fluid region

Liquid
phase

""" S ) R
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|

Evaporative

Pressure

Solid phase
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Freeze- . o
drying
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Figure 1.3. Phase diagram demonstrating various drying methods.
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2.4. Examples of bio-aerogels

The most common polysaccharides used to make bio-aerogels are cellulose, starch,
pectin, alginate and chitosan.? Examples of bio-aerogels with their properties and morphologies
are discussed below. Hyaluronic acid (HA) emerges as a promising candidate, yet it will be more

detailed in the following part, due to its central role in the thesis.
2.4.1. Cellulose aerogels

Cellulose, mainly found in plant cell walls (cotton, flax, hemp), is the most abundant
natural polymer on earth.®® It is composed of D-glucopyranose units linked by B-1,4 glycosidic
bonds. Native cellulose is a highly crystalline polymer, organized into long and entangled fibrils.
It is insoluble in water but soluble in NaOH-water, in organic solvents such as N,N-
dimethylacetamide with lithium chloride (LiCI/DMAc) and N-methylmorpholine N-oxide
(NMMO), or in ionic liquids such as 1-ethyl-3-methylimidazolium acetate (EMIAc). After pulp
dissolution and coagulation or mercerization (treatment with NaOH), cellulose is transformed
from cellulose | to cellulose Il. After dissolving cellulose in NaOH/water at -6°C, physical
gelation occurs at room temperature, due to irreversible chain aggregation.® Chemical gels can
also be prepared by crosslinking cellulose with epichlorohydrin.® Then, depending on the
preparation method used, the solvent in cellulose gels or solutions is washed out with ethanol or
acetone, which are miscible with CO,.%® The time needed for cellulose solvent to diffuse out and
non-solvent to diffuse in depends on cellulose concentration and sample shape.*® Finally, the 3D

structure containing the non-solvent is supercritically dried to get cellulose aerogels.

When non-solvent is added, cellulose solution or gel is shrinking. The total volume
shrinkage of samples from cellulose solution or gel to aerogel is usually not higher than 50%.%
Cellulose aerogels exist in the form of fibers®®, monoliths®” and beads®. Different types of
cellulose were used to produce aerogels. For instance, Paiko et al.*® developed cellulose | based
aerogels with a high porosity (98%) and a very low density (0.02 g/cm?®). Ultra lightweight
cellulose aerogels (density of 0.008 g/cm®) were prepared from bacterial cellulose.** Cellulose
11 aerogels typically present a bulk density ranging from 0.05 to 0.2 g/cm?® and specific surface
areas up to 400 m?/g, depending on cellulose concentration and process route.*® Some cellulose
derivatives such as cellulose acetate*? or cellulose ester*® were also employed for the preparation
of highly porous aerogels. Thanks to their biocompatibility and biodegradability, cellulose
aerogels have a high potential in biomedical applications such as scaffolds for drug release.*4*°
Aerogels from cellulose | and 11 can be used as absorbents.*
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Recently, nanocellulose aerogels attract interest due to their low density (0.001-0.2
g/cm?), high specific surface areas (500-600 m?/g) and small and open pores (< 50 nm).*¢ They
are prepared from a suspension of nanofibers or nanocrystals, followed by solvent exchange and
supercritical drying.?? The properties of nanocellulose aerogels can be tuned. For example,
denser cellulose aerogels (i.e. increase from 0.08 to 0.15 g/cm?®) were obtained by increasing the
initial concentration of cellulose nanowhiskers (crystals) by a factor 2.4” Due to the use of
different processes of fabrication, nanocellulose aerogels have different properties from cellulose
Il aerogels. For example, better insulating properties were obtained for nanocellulose aerogels
(W = 0.018 w/m.K)*8, as compared to cellulose Il aerogels (W > 0.03 w/m.K).3¢ Cellulose Il
aerogels probably possess thick pores walls and many large macropores, limiting their use as

thermal insulators.
2.4.2. Starch aerogels

Starch is commonly present in corn, potatoes and wheat. Starch is composed of amylose
(linear a-1,4-D-glucose polymer) and amylopectin (branched a-1,4-D-glucose polymer). The
proportion of these components varies as a function of the source. The gelation of starch is
divided in 3 steps: hydration — gelatinization — retrogradation.*® First, starch granules are
dissolved in water under heating. Due to water absorption, starch granules swell. Then,
gelatinization occurs, leading to irreversible physical changes and destruction of the granule
structure. Finally, a retrogradation step occurs: the hydrogel structure is formed upon cooling
and aging, followed by a reorganization and partial recrystallization. Gelatinization temperature
and amylose content influence gel formation. For example, gelation is promoted with higher

amylose content.

To prepare starch aerogels, solvent exchange and scCO» were applied to starch gels and
non-gelled solutions.*® The total volume shrinkage from hydrogel to aerogel state decreases as
the amylose content increases. For example, lower volume shrinkage (40%) was observed for
aerogels prepared with 80 wt% of amylose (vs 55% for aerogels prepared with no amylose).>
Starch aerogels exist in the shape of monoliths®, microspheres® and beads®?. The properties of
starch aerogels depend on the starch source. Lower density (0.1 g/cm?) and higher specific
surface areas (170-250 m?/g) were observed for pea starch aerogels and higher density (0.3-0.6
g/cm?) and lower specific surface areas (7-90 m?/g) for waxy maize starch.*® Druel et al.
demonstrated that a longer retrogradation time increases thermal conductivity.® For example,
for an aerogel density of 0.14 g/cm’, the thermal conductivity increased from 0.023 to 0.027

W/m.K for a retrogradation time difference of 50 h. Starch aerogel morphology also depends on
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the amylose content. Higher amylose content leads to a finer and more ramified network.*°
Thanks to these properties, starch aerogels could be used as thermal insulating materials.>
Furthermore, starch aerogels can serve as potential matrix for the controlled release of various

drugs.® For example, ketoprofen® and ibuprofen® releases were studied.
2.4.3. Pectin acrogels

Pectin is a linear polymer, mainly present in vegetables and fruits. This polysaccharide is
made up of a-1,4 linked D-galacturonic acid units, with different degrees of methyl esterification
of the carboxyl group, depending on the source. Pectin solution can gel or not. Physical gelation
may occur in acidic conditions (pH < 3.5). At pH values close to the pKa of pectin, another
gelation mechanism occurs if a polyvalent metal salt is added, involving the formation of

intermolecular junction zones via ionic bonds, according to the egg-box model.*

For example,
strong pectin gels were prepared by calcium-induced gelation at pH 3 at 65°C by Groult et al.?®
Then, solvent exchange and scCO; drying led to the formation of pectin aerogels. The overall
volume shrinkage after drying for pectin aerogels is around 50-80%. Pectin aerogels can be of
any shape, from beads®® to monoliths and microspheres®’. The properties of pectin aerogels were
tuned by the pectin concentration and the type of non-solvent (ethanol or acetone). For example,
higher specific surface areas, around 630 m?/g, and lower density, 0.065 g/cm’, were observed
for pectin aerogels prepared with acetone as non-solvent.?> SEM pictures demonstrated that
pectin aerogels present some mesopores and small macropores. More homogeneous 3D networks
were formed using ionic gelation, because of more regular crosslink points. Pectin aerogels can
also have very low thermal conductivity (0.016-0.020 W/(m.K)) and strong mechanical
properties (4-18 MPa).>® Thanks to these interesting properties, pectin aerogels can be used as
thermal insulators. Moreover, pectin aerogels are promising for biomedical applications. They

can be used as scaffolds for nicotinic acid®®, curcumine® or theophylline® delivery.
2.4.4. Alginate aerogels

Alginate is a marine anionic polysaccharide, with 1,4-linked B-D-mannuronic (M) and o-
L-guluronic (G) acids.®? There are two conventional ways to gel alginate. It is usually crosslinked
ionically with Ca** (as for pectin). Another method consists of decreasing the pH of the solution
below the pKa values of alginate (3.4 and 3.6 for M and G units) to induce hydrogen bonds
between chains.%® The properties of alginate gels are mainly influenced by the G/M ratio and
sequence, and the divalent cation content.®* Solvent exchange and the subsequent scCO> drying

of alginate gels and non-gelled solutions led to the formation of alginate aerogels. The total
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volume shrinkage during aerogel preparation is around 60-90%.% Different shapes of alginate

aerogels are reported in literature: monoliths, beads and microspheres.*®

Varying the M/G ratio changes the aerogels properties. For example, aerogels with a
higher specific surface area of 507 m?/g were obtained upon increasing the percentage of G units
from 20 % to 76 % in 2 % (w/v) alginate solution.®® Alginate aerogels contain few macropores
and mesopores.®” The mesopores volume of alginate aerogels depends on the composition of the
alginate. For instance, with the guluronate fractions of alginate, respectively, 20, 45 and 74%,
the mesopore volumes were 0.25, 0.76 and 2.15 cm?/g. Thanks to these properties, alginate

aerogels can be used for many applications. Valentin et al.%

developed the first alginate aerogels
for catalysis. Alginate aerogels can also be used for drug release, for example, ibuprofen.>*
Alginate-hyaluronic acid aerogels were also developed for pulmonary drug delivery

applications.®

2.4.5. Chitosan aerogels

Chitin is the second most abundant polymer on earth. It consists of repeating units of N-
acetyl-D-glucosamine, linked by B-1,4 glycosidic bonds.’® This polymer is found in crustacean
shells (crabs, shrimps or lobsters) and also in fungi cell walls. The extraction of chitin from
crustacean shells involves three steps: demineralization, deproteinization and decolorization.

Chitin is biocompatible, non-toxic, biodegradable and antibacterial.

Chitosan can be obtained by deacetylation of chitin under alkaline treatment, at 80°C,
under a nitrogen stream.”* Deacetylation randomly removes acetyl groups of chitin and replaces
them with amino groups (NH2). The number of replaced acetyl groups is represented by the
degree of deacetylation (DDA). DDA depends on NaOH concentration, the reaction temperature
and time.”?> DDA is employed to differentiate chitin and chitosan: above 50%, the polymer is
considered chitosan. Like chitin, chitosan contains 3-1,4-linked D-glucosamine and N-acetyl-D-
glucosamine repeating units. It is soluble in acids. In acidic medium, chitosan becomes a cationic
polymer. Physical chitosan hydrogels were obtained by precipitation of acidic chitosan solutions
in alkaline solutions such as diluted NaOH.®” Washings with water were needed to remove NaOH
from chitosan gels. The gelling properties of chitosan depend on the DDA and the source of
chitin. Chitosan can also be crosslinked using formaldehyde’® or sodium tripolyphosphate.’
Gels undergo solvent exchange and scCO> drying to get chitosan aerogels. The overall volume
shrinkage from hydrogel to aerogel state was around 40%.” Chitosan aerogels can be shaped in

different forms as beads’®, microspheres’’ or monoliths’®.
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The properties of chitosan aerogels were tuned by varying the concentration of chitosan and the
NaOH coagulation bath.” An increase in NaOH concentration in the coagulation bath and in
chitosan concentration slightly increased the aerogel density (values between 0.07-0.26 g/cm?)
and slightly increased specific surface area (200-270 m?/g). A higher specific surface area, almost
500 m*/g, was obtained for chitosan aerogels prepared using formaldehyde as crosslinker.”
Chitosan aerogels showed a mesoporous structure.’® Thanks to these properties, aerogels have a
wide range of applications. Takeshita et al. demonstrated the super-insulating properties of
crosslinked chitosan aerogels (W = 0.022 W/(m.K)).”® A strong antibacterial effect of chitosan
aerogels was demonstrated by Batista et al.® The release kinetics of dexamethasone from
chitosan aerogels was also reported.®! Chitosan aerogels may also promote wound healing, due

to stimulation of collagen deposition.8%82

2.4.6. Hyaluronic acid aerogels

Only three articles report on the use of hyaluronic acid (HA) for the preparation of
aerogels. Two describe alginate-HA aerogels microspheres as potential carriers for pulmonary
drug delivery.®®8 Microspheres were prepared from HA and alginate using an emulsion-gelation
process, ionic crosslinking of alginate with calcium ions, and drying with scCO». HA-alginate
aerogels had a low density (0.035—0.063 g/cm?), a high porosity, and a microsphere diameter of

5 um, which gave them good in vitro aerodynamic properties.

Recently, our group reported on crosslinker-free neat HA aerogels, prepared using non-
solvent-induced phase separation, solvent exchange, and drying with scCO,.5 Various
preparation conditions (pH of HA solution, polymer concentration, type of non-solvent) were
tested, and only a few resulted in aerogels, i.e., materials with low density and high surface area.
Even if several obtained materials were porous, aerogels resulted only from HA solutions of low
pH, either 1.5 or 2.5. These aerogels had a high specific surface area (up to 510 m*/g) and low
density (as low as 0.057 g/cm?).

40



3. Hyaluronic acid

3.1. Sources

Hyaluronic acid (also known as hyaluronate®®) is a natural polysaccharide, occurring in
the extracellular matrix (ECM) of human connective tissues that plays an important role in
several biological processes such as wound healing and tissue regeneration.®® HA was discovered
by Meyer and Palmer, in 1934, in the vitreous humor of bovine eyes.®® Human synovial joint

fluids, cartilage and umbilical cord also contain HA, in high concentrations.®’

HA is present in all connective tissues of vertebrates.8” For example, rooster comb and
shark skin have been used as sources of isolation of high molecular weight HA 8" The extraction
of HA was performed by precipitation in organic solvents such as ethanol or chloroform.® The
fermentation of bacteria as Streptococcus zooepidemicus also produces HA, in higher quantities
than what could be achieved with the extraction method.®8 Thus, various sources are available to

produce HA with different molecular weights.
3.2. Hyaluronic acid structure

HA is a high molecular weight polymer, composed of a repeating disaccharide unit of -
1,3 D-glucuronic acid and B-1,4 N-acetyl-D-glucosamine, linked by glycosidic bonds (Figure
1.4).88 HA belongs to the group of linear anionic polysaccharides, called glycosaminoglycans,

found in the ECM.%

Figure 1.4. Chemical structure of HA.

HA can have up to 25 000 disaccharide unit repeats in length, with a molecular weight ranging
from 5 to 20 000 kDa.®” HA classification, according to its molecular weight, is presented in

Table 1.1.28

Table 1.1. Classification of HA.

Oligosaccharide HA (0-HA) <10 kDa
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Low molecular weight HA (LMW-HA) 10 — 250 kDa
Medium molecular weight HA (MMW-HA) 250 — 1000 kDa
High molecular weight (HMW-HA) > 1000 kDa
Very high molecular weight HA (vHMW-HA) > 6000 kDa

For example, HA is mainly present as vVHMW-HA in articular synovial joints and the vitreous
body, whereas blood, saliva, and urine contain LMW-HA. Tissues like cartilage and skin contain

HMW-HA.
3.3. Hyaluronic acid properties

3.3.1. Physico-chemical properties

HA 1is soluble in water and insoluble in organic solvents such as ethanol, isopropanol
alcohol (IPA) and acetone.®® In solution, HA forms a highly hydrated polymeric network,
stabilized by hydrogen bonds, depending on pH and if the concentration is sufficiently high.*
At physiological conditions, HA has a stiffened random coil conformation.*® The pK value of

HA was found around 2.9, while it is 3.23 for the D-glucuronic unit.

Different affinities between HA and non-solvents are observed.® The use of a less polar
non-solvent as acetone led to higher shrinkage of a HA network, as compared to ethanol. The
reason is the higher affinity of HA toward ethanol compared to acetone, as determined from the
Hansen solubility parameters (8) of HA, ethanol, and acetone: 35.8, 26.5, and 19.9 MPa'?,

respectively.

HA shows different conformations, depending on the non-solvent used. For example,
smaller spherical HA nanoparticles (120 £ 12.14 nm) with lower polydispersity (0.27) were
synthesized by precipitation, when acetone was used at 21°C in a glass reactor.®® The use of IPA
as non-solvent led to the formation of coils with larger sizes (421.98 + 15.34 nm) and higher

polydispersity (0.54).

Changes in pH or ionic strength (Na*, K™ or Ca?") in solution vary the HA degree of
ionization, which, in turn, influences the interactions between HA chains, their shape and the
rheological properties of HA solutions.® The influence of pH on HA solutions viscosity is shown

in Figure 1.5.
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Figure 1.5. Complex viscosity of HA solutions as function of pH under acid (left) and basic
(right) conditions. Reprinted with permission from®. Copyright (2005) American Chemical
Society.

In acid conditions, for pH values at 1.6 and in the range of 2.86 up to 6.05, the viscosity of HA
solutions remains unchanged.®! A slight change in ionic concentration may result in a decrease
of the net charge. At pH 2.5, the viscosity of HA solutions increases sharply. A gel-like structure
is formed, because of cooperative interchain interactions. This corresponds to a critical balance
of charges in the polymer. At this pH, the HA carboxylic groups are practically not dissociated
(i.e. in -COOH form), which favors H-bonds formation. The protonation of the acetamido group
(-NH-) giving a positive net charge able to complex with the negative charge of few -COOH may
also explain this phenomenon. This effect can be interpreted in terms of an isoelectric point,

located around pH 2.5.%

In basic conditions, with the addition of NaOH to the HA initial solution, viscosity decreases
slightly up to pH 11.58, followed by a transition around pH 12.%! This can be explained by a

decrease of the molar mass of the HA backbone.

HA solutions exhibit a shear thinning behavior.2% At high shear rates, HA chains align in the flow

direction, resulting in a decrease in viscosity.

Elastic and viscous properties of HA solutions depend on HA molecular weight and
concentration.®? For example, by decreasing the HA solution concentration from 10 to 2 mg/L,
for a constant HA molecular weight of 4.3 x 10° g/mol, the initial viscosity decreased from
400 000 to 30 mPas. The viscosity of 10 mg/mL HA solutions also decreased (from 400 000 to
400 mPas) with decreasing HA molecular weight (4.3 x 10% and 0.67 x 10° g/mol, respectively).

Concerning the viscoelastic properties, at 0.01 Hz, a solution prepared with HA of 6 x 10 g/mol
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behaves as an elastic body, while a solution prepared with HA of 0.75 x 10° g/mol remains

viscous, even at high frequencies (10 Hz).
3.3.2. Biological properties

HA is synthesized by three synthases (HAS1, HAS2, HAS3) located at the plasma
membrane and is extruded out of the cell into the ECM, where it interacts with constituents of
the ECM to provide mechanical support.®> HAS1 and HAS?2 synthesize HMW-HA chains, while
HAS3 produces shorter polymers (100-1000 kDa).

In the body, HA has a high turnover rate. For instance, the half-life of HA varies from
less than a day in skin to 2-3 weeks in cartilage. HA can be degraded by enzymes, called
hyaluronidases, such as Hyall or Hyal2.%® Hyal2 is located at the cell surface and cleaves HMW
HA into fragments of 20 kDa at pH 6—7, whereas Hyall is intracellular and cleaves, at low pH
values (3.5-3.8), high or low MW HA into tetramers.

In addition to enzymatic degradation, HA can be fragmented by reactive oxygen species
under stress conditions.®® UV irradiation also reduces HA solution viscosity.* The HA molecular
weight can be decreased by ultrasonication.® Hydrolytic degradation of HA in aqueous solution
depends on pH and is attributed to chain scission.’” HA is most stable at neutral pH and more
sensitive to acidic conditions than to basic conditions. At high pH values, cleavage of HA is
performed on the C; position of the N-acetylglucosamine unit, whereas acid hydrolysis occurs
on the Ci, C4 and carbonyl positions of the HA glucuronic acid. The degradation of HA increases

1.%6 demonstrated that a moderate HA

with higher temperature and time of heating. Mondek et a
molar mass decrease occurred at 60°C (3.7 % for a 1.6 MDa solution after 1 h), very similar to
the decrease at 37°C, but very different from the molar mass reduction at 90°C (12% for a 1.6
MDa solution after 1h). Moreover, higher mass loss was recorded over time (for 1.67 MDa: 3%
after 1 hvs 13.4% after 12 h). HA solutions are most stable at temperatures no higher than 25°C.%’
After 8 days, at room temperature, the HA molecular weight strongly decreased, because of the
development of microorganisms.® Long term storage at 0 - 5°C improved the stability of HA

solutions.

HA and its degraded fragments exhibit diverse biological functions that are manifested
through interactions with different protein receptors including CD44 (cluster of differentiation
44) or RHAMM (receptor for hyaluronan mediated motility).”> RHAMM is expressed on the cell
surface and initiates several processes such as inflammation, angiogenesis and tissue repair.*°

CD44 is a transmembrane protein that regulates cell—cell and cell-matrix interactions, such as
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cell proliferation and adhesion and lymphocyte activation. Both receptors simultaneously
activate signaling pathways, regulating cell functions, tumor progression and metastasis, and
especially wound healing.®® During wound healing, HA initiates an inflammatory response,
angiogenesis, and contributes to the recovery of the tissue from injury. Moreover, it facilitates
cell detachment, migration, and proliferation. Its ability to promote tissue repair and wound
healing depends on its molecular weight, tissue location and the specific cells with which it
interacts. For example, low HA molecular weight fragments are inflammatory,
3

immunostimulatory and pro-angiogenic, and they bind to HA receptors on cell surfaces.®

Contrarily, HMW HA species are anti-angiogenic and immunosuppressive.
3.4. Strategies to reinforce HA materials

It is known that neat HA hydrogels have poor mechanical properties and may dissolve
rapidly. Different strategies such as noncovalent crosslinking (H-bonding and hydrophobic
interactions), covalent crosslinking of unfunctionalized or functionalized HA and mixing with
other polymers, have been used to obtain a more stable material maintaining, at the same time,

its biocompatibility and biodegradability,%0-100-103

3.4.1. HA chemical modifications

The commonly used sites of chemical modifications are the carboxylic acid of the
glucuronic acid unit and the hydroxyl group of the N-acetylglucosamine unit.®® The hydroxyl
group on HA can be modified using ether formation, ester formation, hemiacetal formation, and
oxidation.!%2 For example, HA hydroxyl groups can be functionalized with glycidyl methacrylate
(GM), resulting in a GMHA conjugate with pendant methacrylate groups.'®® Many other
chemical modifications such as esterification!* or carbodiimide modification with hydrazides'®

can be performed on the HA carboxyl group.
3.4.2. Examples of covalent crosslinking

Before or after modifying HA, covalent crosslinking can occur. For example, the HA
carboxyl group can be condensed with amino groups of adipic dihydrazide to form amide bonds.
During crosslinking, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
activates the HA carboxyl group in the presence of N-hydroxysuccinimide (NHS). Thiol groups
can also be grafted onto HA carboxyl using hydrazides containing a disulfide bond.'®® The
addition of thiolated HA derivatives to (meth)acrylate derivatives of polyethylene glycol forms
crosslinked HA. Crosslinking using pyridyl disulfide derived HA and a,®-thiolated PEG can also

be carried out upon thiol-disulfide exchange reaction at pH 7.4.1% Dimaleimide PEG acts as
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crosslinker via Diels Alder reaction for furan-modified HA derivatives.’”” Enzymatic
crosslinking can also be performed by adding hydrogen peroxide and horseradish peroxidase.'%
These reactions involve the carboxyl groups of HA, but crosslinking can also occur on the HA

hydroxyl group. Kim et al.!%®

employed the epoxide butanediol diglycidyl ether for the
crosslinking of HA. Long HA chains can be crosslinked using divinylsulfone, using a simple and
very fast process, which avoids organic solvents.!'® Tomihata et al.!*! used glutaraldehyde as
crosslinker, under acidic conditions. Crosslinking of methacrylated HA can be performed upon

exposure to UV light.}*?

3.4.3. Examples of mixing with other polymers

Instead of using chemical crosslinkers, some bio-based polymers have been used to
reinforce the HA network, which may preserve the biocompatibility of the composites. In
literature, the combination of HA and chitosan has recently raised interest for biomedical

114 or tissue engineering!!®, thanks to

applications such as wound healing®®, vitreous substitute
the synergic effect in the properties of the final composite. The interesting properties of HA, (i.e.
high-water absorption, promotion of cell proliferation and tissue regeneration) were combined
with those of chitosan (i.e. good hemostatic and antibacterial properties). Interactions between
the carboxylate group of HA and the amino groups on chitosan help to strengthen the resulting
network. Hydrogels using modified chitosan or hyaluronic acid**!'® were prepared through
chemical crosslinking, or a third chemical was added with those two polymers.}?511” Several
chitosan-hyaluronic acid polyelectrolyte complexes were reported for biomedical applications,
when neat HA and chitosan were mixed.!*®12° The carboxylate groups of HA interact with the
free cationic NH3" amino groups of chitosan through strong electrostatic interactions to form

complexes. However, literature reports no hydrogel formation by simply mixing those two

oppositely charged polymers.

Recently, due to their excellent mechanical properties and biocompatibility, an emerging
class of materials from chitin attracts interest as reinforcing material: nanochitins (nanofibers
and nanocrystals).!?! We will particularly focus on nanofibers as it will be used in the thesis to

reinforce the HA network.

From deacetylated chitin, two types of nanochitin are produced: chitin nanofibers (nCh) and
chitin nanocrystals (ChNC). Strong acid hydrolysis at high temperatures produces ChNC. This
process selectively removes the disordered part of deacetylated chitin, leaving chitin crystallites

intact.?2124 The crystallites measure approximately 10-15 nm in width and 200-500 nm in
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length. nCh fibers are obtained from mechanical treatment of deacetylated chitin under acidic
conditions. The nanofibrillation process simultaneously keeps disordered (noncrystalline) and
ordered (crystalline) regions of chitin and exposes amine groups of deacetylated chitin to positive
charge.'?>1%6 The nCh fibers width ranges between few nm up to tens of nm and their length from
submicrometers to micrometers. nCh fibers have not been yet commercialized, because the
production process is still very long. nCh fibers differ from chitosan, due to the use of a
mechanical treatment of deacetylated chitin under acidic conditions.

nCh fibers have unique properties such as a high aspect ratio and superior mechanical

127 hCh fibers were prepared with aspect ratios larger than 60 and the Young’s modulus

properties.
of microfibers based on nCh fibers and alginate was around 4.5 GPa.!?® By increasing nCh fibers
content, the Young’s modulus of chitin macrofibers was increased to 12 GPa.'?® Films based on

nCh fibers had a tensile strength of approximately 90 MPa.!®

nCh fibers are also biocompatible,
biodegradable and non-toxic. They have very good antimicrobial properties, depending on the
DDA and on pH."*! Low pH and higher DDA improve the antibacterial properties. Concerning

their morphology, the nCh fibers length was significantly decreased by increasing DDA

Thanks to these interesting properties, nCh fibers have already been used to prepare
films®°, beads!® and hydrogels!®****. Emerging applications of nCh fibers include the
biomedical area, such as scaffolds for tissue engineering, antimicrobial materials, biosensors,
and drug carriers.313 Prolonged release and higher drug loading efficiency were obtained from
nCh fibers-based drug systems in comparison with cellulose fibers, because of the smaller length
of nCh fibers and the formation of a wider drug release channel (caused by electrostatic
repulsions between amino groups of nCh fibers in acidic environments).®’ nCh fibers were also
used to prepare hydrogels for wound dressing applications.?®13 These hydrogels had high
stability and good antibacterial properties. During wound healing, nCh fibers showed to initiate
cell proliferation, stimulated macrophages and synthesis of HA at the wound site and influenced

collagen deposition, thereby accelerating wound healing.
3.5. Biomedical applications of HA

3.5.1. Main applications

HA is biocompatible, biodegradable, non-immunogenic and bioactive.**® Thanks to these
properties as well as its physicochemical and biological properties, and due to the ease of
chemical functionalization, HA is already used in several biomedical applications.®? Clinically,

it is used in ophthalmologic surgery to protect delicate eye tissues from mechanical damage by
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surgical tools, to create space for surgical manipulation and as a substitute for the vitreous fluid
loss during cataract surgery. HA is also used for supplementation of impaired synovial fluid in
arthritic patients, in aesthetic medicine as dermal filler to fill facial wrinkles or as creams to
rehydrate tissues and in soft tissue surgery for tissue augmentation, as scaffold for drug delivery
and in tissue engineering. Finally, HA is employed as a diagnostic marker for many diseases
including cancer, rheumatoid arthritis, and liver pathologies and as an early marker for

impending rejection following organ transplantation. '

Currently, the use of HA for wound dressings is of interest, in view of its biocompatibility,
biodegradability, non-immunogenicity and its biological functions. First, we will provide an
overview of the characteristics of a wound, the wound healing process and the ideal wound
dressing. In a second part, we will review HA-based materials that have been already developed

as wound dressing.
3.5.2. Wounds and wound dressings

A wound is defined as a disruption of the skin resulting from physical, chemical or
thermal damage.'** According to the nature and the duration of healing, wounds are classified as
acute or chronic. An acute wound occurs suddenly, due to an accident or a surgical injury. It
usually heals within 8-12 weeks, depending on the size, the depth, and the extent of damage in
the skin. Chronic wounds fail to heal in an orderly and timely manner. These wounds include leg

ulcers, decubitus ulcers and burns.

Immediately after an injury, a cascade of physiological reactions is triggered to restore
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the integrity of the injured tissue.”™ Wound healing involves four overlapping phases:

hemostasis, inflammation, proliferation and remodeling (Figure 1.6).
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Figure 1.6. Different phases of wound healing. Reprinted with permission from#2,
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After bleeding has stopped, the inflammatory phase starts immediately. This phase clears
pathogens and foreign materials from the wound.!*® Vascular permeability increases with
vasodilation, allowing inflammatory cells, the neutrophils and monocytes, to move to the wound
site. Cytokines direct the monocyte conversion to macrophages, which further phagocytose and
digest tissue debris and secrete growth factors that promote tissue proliferation and cell

migration.

After about 2 days from the initial wound, the proliferative phase triggers granulation,
contraction and epithelialization.**> Meanwhile, epithelial cells proliferate and cover defects,
collagen fibers reorganize, and the formation of new blood vessels (angiogenesis) occurs within
the novel granulating tissue, creating a rich vascular network supplying this active area.

After about 3 weeks, the remodeling phase begins, where new collagen fibers are formed. The

wound tissue matures, resulting in a scar. The remodeling phase can last up to 2 years.

Wound healing depends on the nature of the wound (its location, size, depth, and type) and is
affected by several factors such as diabetes, blood pressure, obesity or medications.}*® Poor
nutrition and age can prolong healing times. Healing is also influenced by external factors such

temperature or moisture.

In 1962, Winter demonstrated that moist conditions promote wound healing.** Under
these conditions, the wound does not dry and healing is more efficient. Wound dressings have
been developed to protect wounds from infection and to promote healing by providing an optimal
environment for wound closure.** More than 3000 wounds dressings are available to treat
different types of wounds to treat all types of wounds from traumatic wounds to surgical wounds
and chronic wounds (e.g. pressure sores or diabetic ulcers).!*! These dressings have various
forms ranging from foams to hydrocolloids or hydrogels. The ideal wound dressing should offer

a therapeutic solution and provide comfort to the patient. Thus, the dressing should*:

- Promote wound healing (assure a moist environment for the wound, maintain an
appropriate tissue temperature, absorb wound exudate, stimulate tissue synthesis,
protection against bacterial infection, promotion of O./CO. exchange and serve as

drug carrier)
- Perfectly fit the wound morphology
- Have suitable mechanical properties (strong and flexible)

- Allow for proper and painless removal

49



- Be non-toxic and biocompatible

A wound dressing, including all the demands described above, does not exist yet. My project
(3D-AER-HYAL project) aims to develop innovative HA-based materials with potential use as

wound dressings.
3.5.3. HA for wound dressings

Thanks to its interesting properties, HA can be transformed into high value-added porous
materials such as hydrogels, cryogels and, potentially, aerogels, for wound dressings. Several
HA-based hydrogels promoting wound healing have been found in literature.? Hydrogels are 3D
polymer networks containing large quantities of water. The highly hydrated porous network
provides a moist environment promoting wound healing. However, hydrogels may have poor

mechanical properties and bacteria can develop easily in hydrogels.

A collagen I/HA hydrogel promoting spontaneous healing was formed through coupling
of phenol moieties of a collagen I-hydroxybenzoic acid derivative with a HA-tyramine derivative
through the use of HRP.1* It showed a porous surface suitable for gas, medium and nutrition

exchange and important proliferation of human endothelial cells and fibroblasts.

A dopamine-functionalized HA hydrogel loaded with arginine was fabricated for wound
healing application.’*® It showed a highly swelling 3D microporous structure with enhanced
antioxidant properties.

An injectable chitosan/HA based hydrogel with metal organic framework (MOF)-loaded
lipoic acid was developed for diabetic wound healing.**” This promising hydrogel exhibited
antibacterial activity and antioxidant performance, and promoted cell proliferation and
migration. Improvement of granulation, tissue formation and collagen deposition was

demonstrated with in vivo tests on diabetic rats.

Biocompatible carboxymethyl chitosan/HA hydrogels loaded with taurine were
developed using Schiff base reaction to accelerate wound healing.**® They had a short gelation
time, promoted cell migration, inhibited inflammatory cells, and had self-healing performance.
Anti-inflammatory activity and angiogenesis were provided by taurine. This hydrogel seems to
be a promising dressing for chronic wounds, due to good results of in vivo tests performed on

rats.

A 3D printed composite hydrogel based on collagen and hyaluronic acid loaded with

silver nanoparticles was developed for chronic diabetic wound repair.'® Crosslinking of
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methacrylated recombinant human collagen with methacrylated HA occurred under UV
irradiation. A 3D network with high porosity, good mechanical properties, good printability and
biocompatibility was obtained. In vivo studies showed that the hydrogel enhanced tissue

regeneration and collagen deposition.

Today, several HA-based wound dressings are commercially available such as Hyalofill,
Hylase Wound Gel and Bionect.? Hylasponge and Laserskin are used to treat acute and chronic

wounds, while Connettivina is recommended for the treatment of skin irritation.

Cryogels are freeze-dried hydrogels or solutions.'® Freeze-drying is the sublimation of
solvent crystals (ice in case of aqueous systems) from the pores of a precursor. Cryogels typically
possess interconnected large macropores. It was demonstrated that HA is gelling upon freezing,
thus HA can form “real” cryogels.'® Literature reports that HA cryogels can be used for wound
dressings thanks to their unique structure and their osmotic, chemical and mechanical stability.
However, these materials do not yet exist commercially, due to the high energy consumption of

the process.

For example, biocompatible and non-toxic poly(vinyl alcohol)/HA cryogels loaded with
methotrexate were produced by freezing at —20 °C for 20 h to treat affected skin in psoriasis

disease.'® Cryogels had pH-responsive swelling and suitable drug release properties.

HA cryogels with genipin as non-cytotoxic crosslinking agent were produced as wound
healing substrate by freezing at -20°C for 6 days.'>® Cryogels with a lamellar porous structure
with a homogeneous pore size of ~100 um showed a shear elasticity of ~2 kPa and a high

swelling capacity in water, due to strong intermolecular bonds.

Gelatine/HA/cellulose nanocrystals cryogels were prepared for skin wound repair using
EDC/NHS crosslinking and freeze-drying at -80°C.1>* These spongy cryogels, with a pore
diameter of 80 — 120 um, had a high swelling due to water-binding, which helped to provide
necessary channels for transporting nutrition and waste and to promote cell viability and

proliferation.

Shape recoverable and biocompatible cryogels based on HA and waterborne
polyurethane promoted quick hemostasis and wound healing.'® Cryogels were prepared at
—20°C for 48 h. They absorbed a high amount of water and recovered rapidly to their original
shape. The prominent hemostatic properties of the macroporous cryogels were found to promote

angiogenesis and suppression of inflammation.
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HA cryogels loaded with polydopamine for hemostasis and infectious wound repair were
prepared using EDC/NHS crosslinking and cryogelation at -12°C for 48 h.'®® Macroporous
cryogels had a high swelling ratio (> 4500%) and large macropores (50 to 140 um), promoting
wound healing. Cryogels had excellent mechanical strength and hemostatic, antioxidant and

antibacterial properties.

Recently, novel nanostructured materials, bio-aerogels, attracted interest for wound
dressing applications, due to their intrinsic properties such as low density (< 0.2 g/cm?), high and
open porosity (small macro- (d > 50 nm) and mesopores (2 nm < d < 50 nm)) and high specific
surface area.* These unique properties potentially allow them to absorb a large amount of wound
exudate, to promote gas exchange with the wound, to safely cover the wound without pain and

to serve as matrix for the sustained release of therapeutic agents, thus helping wound healing.’

Bio-aerogels are prepared from natural and renewable polysaccharides via polymer
dissolution, gelation and drying under supercritical CO», with no toxic compounds involved in
the entire process. Furthermore, in the dry state, acrogels are more stable with respect to
hydrogels, contamination during storage is avoided and their transport is facilitated, due to an
extremely low density. Surprisingly, only a limited number of publications exist on HA-aerogels
for biomedical applications (see Paragraph 2.4.6. Hyaluronic acid aerogels of this chapter),
despite their tremendous potential. Only one article reports on neat HA aerogels, which offers

the scientific challenge of further defining processing-structure-properties relationships.
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4. Conclusions

This chapter provides an overview of literature related to aerogels, hyaluronic acid and

its applications, as the goal of my work is to make hyaluronic acid aerogels.

First, the state of the art in polysaccharide-based aerogels was presented. Aerogels are
obtained from a gel in which the liquid phase is replaced by gas, without collapsing the gel solid
network, using supercritical conditions. Silica aerogels are the first generation of aerogels.
Recently, novel nanostructured materials, bio-aerogels, based on polysaccharides have attracted
attention, thanks to their biodegradability and non-toxicity; several of them showed
biocompatibility. The properties and applications of the most common bio-aerogels were

detailed.

Next, the main physico-chemical properties of hyaluronic acid were presented. HA is a
natural polysaccharide present in the ECM of the skin; it plays crucial roles, especially during
wound healing. For example, it initiates the inflammatory response, angiogenesis and contributes
to the recovery of the injured tissue. Moreover, HA possesses special viscoelastic properties,
which are tuned by HA concentration, molecular weight, the pH and the ionic strength of the
solution. HA is characterized by its high hydrophilicity, biocompatibility and ability to be
chemically modified through the hydroxyl and carboxyl groups. Thanks to all these properties,

HA is already used in several biomedical applications, in particular, as wound dressings.

Wound healing is a dynamic and complex process, which restores the integrity of an
injured tissue. Several wound dressings exist for different types of wounds to protect them from
infection and promote healing. So far, several HA-based porous materials such as hydrogels and
cryogels have been reported in literature as wound dressings. Novel nanostructured materials,
aerogels, are promising materials for wound dressings. According to literature, only two articles
reported on HA/alginate aerogels for biomedical applications, and only one article described the
preparation of neat HA aerogels via non-solvent induced phase separation. To advance in the
preparation of HA aerogels and to better understand processing-structure-properties relationships

remain scientific challenges.
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1. Introduction

[English]
This chapter presents the materials and chemicals used in the work, the preparation of

new materials and characterization methods of novel HA-based materials.

First, the starting raw materials, used during the PhD, are presented including HA,
nanochitin fibers (nCh), solvents and other chemicals. Then, the protocols to prepare physically
crosslinked HA aerogels via the freezing-thawing method, and chemically crosslinked HA
aerogels, using cystamine as a cleavable crosslinker, are described. The two processes of HA
hydrogels formation, solvent exchange and supercritical drying are explained. Thanks to their
excellent mechanical properties and biocompatibility, nCh fibers (emerging materials) are used
to reinforce neat HA.! The preparation method of capsules based on nCh fibers and HA are

introduced.

In a second part, we detail the methods used to characterize the HA-based materials. We
evaluate the physically and chemically crosslinked aerogel properties regarding volume
shrinkage during the preparation steps, the aerogels bulk density, and their specific surface area.
Then, the aerogel internal morphology is analyzed by SEM. We characterize the mechanical
properties of physically crosslinked HA aerogels by uniaxial compression measurements. The
stability of chemically and physically crosslinked HA aerogels upon exposure in PBS medium
at pH 7.4 and in air are studied. We also test the cleavage of the disulfide bonds in the chemically
crosslinked HA aerogel network by immersion in PBS containing a thiol reducing agent. nCh
fibers are characterized regarding their morphology, degree of deacetylation and surface charge.
We also analyze the HA-nCh capsule membrane morphology by optical microscopy and the
complexation between HA and nCh by FTIR spectroscopy. The membrane solubility is tested in
different media. Finally, we incorporate model drug (either methylene blue or fluorescein

isothiocyanate-dextran) in the capsule and the kinetics release is studied.

[Francais]
Ce chapitre présente les matériaux et les produits chimiques utilisés lors du doctorat, le
protocole de préparation des nouveaux matériaux a base d’acide hyaluronique et les méthodes

de caractérisation de ces matériaux.

Tout d’abord, les matieres premicres sont présentées incluant I’acide hyaluronique, les

fibres de nanochitin (nCh), les solvants et d’autres produits chimiques utilisés. Ensuite, les
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protocoles de préparation des aérogels réticulés physiquement via la méthode de « congélation-
décongélation » et des aérogels réticulés chimiquement, en utilisant la cystamine comme agent
réticulant clivable, sont décrits. Les deux procédés menant a la formation d’hydrogels d’acide
hyaluronique, suivi par un échange de solvant et un séchage supercritique sont détaillés. Grace
a leurs excellentes propriétés mécaniques et leur biocompatibilité, les fibres nCh (matériaux
émergeants) sont utilisées pour renforcer ’acide hyaluronique.! La méthode de préparation des

capsules a base des fibres nCh et d’acide hyaluronique est introduite.

Dans une seconde partie, nous détaillons les méthodes utilisées pour caractériser les
matériaux a base d’acide hyaluronique. Nous évaluons ensuite les propriétés des aérogels
réticulés physiquement et chimiquement en fonction du rétrécissement du volume lors des
différentes étapes de préparation, leur densité et leur surface spécifique. La morphologie interne
des aérogels est analysée par MEB. Nous caractérisons les propriétés mécaniques des aérogels
réticulés physiquement par des essais de compression uniaxiale. La stabilit¢ des aérogels
réticulés physiquement et chimiquement sont étudiées dans un milieu PBS a pH 7.4 et dans D’air.
Nous testons aussi le clivage de la liaison disulfide dans le réseau d’acide hyaluronique réticulé
chimiquement lors de I’immersion dans le PBS contenant un agent réducteur thiolé. Les fibres
de nanochitin (nCh) sont caractérisées selon leur morphologie, leur degré de déacétylation et leur
charge en surface. Nous analysons également la morphologie de la membrane de la capsule HA-
nCh par microscopie optique et la complexation entre HA et nCh par spectroscopie FTIR. La
solubilité de la membrane est testée dans différents milieux. Finalement, nous avons incorporé
une substance active (le bleu de méthylene ou le fluorescein isothiocyanate-dextrane) dans la

capsule et suivi la cinétique de libération de ces composés.
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2. Starting materials

2.1. Hyaluronic acid (HA)

Hyaluronic acid (purity 95%, My 1.5-2.2 x 10° Da, as stated by the manufacturer) was
purchased from Acros Organics. It was in the form of sodium salt and originated from bacterial
fermentation. Its molecular weight was determined using viscometry measurements, as detailed

in Section 4.1. Viscometry.
2.2. Nanochitin fibers (nCh)

nCh were prepared at the BioProducts Institute, University of British Columbia
(Vancouver, Canada) as described previously.? In brief, chitin extracted from crab shell was
partially deacetylated by alkaline treatment using 35 wt% NaOH at 90°C for 4 h. nCh fibers were
prepared from deacetylated chitin by mechanical treatment, using a high pressure homogenizer

at 500 bar for 4 cycles, under acidic conditions (i.e. in 1 wt% acetic acid).
2.3. Solvents and other chemicals

Absolute ethanol (purity > 99%) and acetone (> 99%) from Fisher Chemical were used

as non-solvents for solvent exchange during HA aerogels preparation.

Hydrochloric acid, from Fisher Chemical (32%, analytical grade) and from Sigma-
Aldrich (37%, ACS reagent) were used to prepare 0.05 and 1 M HCI solution.

Sodium hydroxide pellets (> 97%, analytical grade) from Fisher Chemical were used to

prepare 0.05 and 1 M NaOH solution.

Sodium chloride (NaCl, > 99%), potassium chloride (KCl, > 99%) and monopotassium
phosphate (KH2PO4, > 99%) were from Fisher Chemical. Disodium phosphate (Na;HPOs,
98+%) was from Alfa Aesar. These 4 salts were used to prepare phosphate buffered saline (PBS)
solution (1X or 0.01 M, pH 7.4).

Cystamine dihydrochloride (97+%), used as crosslinker during the preparation of

chemically crosslinked HA aerogels, was from Alfa Aesar.

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, 98+%), from
Acros Organics, was used to activate the carboxylic groups of HA with N-hydroxysuccinimide
(NHS, > 99%), purchased from ThermoScientific, during the preparation of chemically
crosslinked HA aerogels.
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1,4-dithioerythreitol (DTT, 98+%), a thiol reducing agent purchased from Alfa Aesar,
was used to reduce disulfide bonds in chemically crosslinked aerogel networks.

Methylene blue (MB, > 97%) hydrate and fluorescein isothiocyanate-dextran (FITC-
dextran 2000 kDa, purity was not stated by the manufacturer) from Sigma Aldrich were used as

model drugs in HA-nCh capsules.

Glacial acetic acid (> 99%) was from Fisher Scientific. Ammonium chloride (NH4Cl, >

99.5%) and urea (= 99%) were from Sigma Aldrich. Water was distilled.

All materials described above were used as received.
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3. Methods

3.1. Preparation of physically crosslinked hyaluronic acid dry materials

3.1.1. Preparation of HA hydrogels using freezing-thawing method

HA solutions were prepared by dissolving HA powder in distilled water at 1 or 1.6 wt%,
under mechanical stirring overnight at room temperature. After complete dissolution, the
solution pH, initially around 7, was adjusted to 1.5, 2.5 and 7.4 by drop-wise addition of 1M HCI
or IM NaOH. Then, HA solutions (13 g) were poured in cylindrical molds of 27.5 mm in

diameter and centrifuged for 40 min at 6000 rpm to eliminate bubbles.

Physical gels of HA were made via freezing-thawing (FT) cycles, as follows (Figure 2.1):
HA solutions were frozen at -18°C for 1 day and then thawed at room temperature for 2 h; FT
cycles were performed 1 or 3 times. The number of FT cycles was selected as a compromise
between checking the influence of FT cycles on the properties of dry HA materials and limiting
the experimental time and energy consumption that is associated with a higher number of FT
cycles. Of notice, no significant difference in gel characteristics obtained after 3 and 4 FT cycles

was reported.’

Ethanol or
& Acetone )
e ats
[. Solvent exchange
—_— —_—

[y
L
[HA] = 1 or 1.6 wt% ’ Freezer | =P - — -

pH1.5;2.5;7.4
HA hydrogel HA organogel Supercritical HA aerogels
HA solution Freezing-thawing P i and dry
CO,drying .
materials

Figure 2.1. Schematic representation of the preparation of HA hydrogels via the freeze-thaw

technique. Reprinted with permission from*. Copyright (2023) American Chemical Society.
3.1.2. Solvent exchange

To perform drying with supercritical CO», water must be replaced by a fluid miscible
with CO,. Ethanol or acetone was used. Ethanol and acetone are HA non-solvents and HA
coagulates, forming a 3D network. The coagulated sample was washed in pure ethanol or acetone
(100%), at least 6 times (twice a day), to ensure a complete replacement of water by ethanol or
acetone. Volumes of non-solvent added, to ensure a complete replacement of water, were 25 mL,

26 mL, 30 mL, 30 mL, 38 mL and 7 times 100 mL. Pure non-solvent was added on HA hydrogel
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because, when incremental non-solvent exchange was performed (i.e. subsequent use of
water/non-solvent mixtures with vol%/vol% ratio of 90/10, 70/30, 50/50, 30/70, 10/90 and
0/100), HA was dissolving at low non-solvent concentrations in the mixture non-solvent:water.
In contrast, upon the addition of pure non-solvent (i.e. 100% of acetone or ethanol), no HA was
dissolved, and cylindrical samples were obtained, as expected. After complete solvent exchange,
the samples obtained in ethanol and acetone, organogels, were precursors for scCO; drying

(Figure 2.1).
3.1.3. Drying with supercritical CO:

HA organogels were dried with scCO> to obtain HA dry materials, including aerogels, as
described previously.®® Drying was performed in the laboratory of PERSEE, MINES Paris. We
gratefully acknowledge their help. Briefly, organogels were placed in a 1 L autoclave with an
excess of non-solvent (acetone or ethanol). The system was pressurized under CO; at 50 bar and
37°C to purge progressively the non-solvent. Then, the pressure was increased to 80 bar to reach
scCOz conditions; at the same time scCO> solubilizes the residual solvent inside sample pores.
The system was kept at 80 bar and 37°C for 1 h with an output of 5 kg of COx/h to perform a
dynamic washing and remove the remaining non-solvent from the precursors. Afterwards, the
system was left in a static mode for 1-2 h at the same conditions and another dynamic washing
step for 2 h was launched to completely remove the non-solvent. The system was depressurized
at 4 bar/h at 37°C. After reaching room temperature and pressure, the autoclave was opened, the
HA dry materials were collected and kept in a desiccator to protect them against moisture, as HA

is highly hydrophilic, and characterization was performed quickly after scCO; drying.
3.1.4. Formulations tested

Four preparation conditions were varied to investigate their influence on the resulting HA
materials: the pH of the starting HA solution (1.5, 2.5 or 7.4), the HA concentration of the starting
solution (1.0 or 1.6 wt%), the number of FT cycles (1 or 3) and the fluid used during solvent
exchange (ethanol or acetone). Although this leads in theory to 24 potential formulations, in view
of efficiency, only 12 formulations were tested, which allows for the determination of the
influence of each individual preparation parameter. An overview of the tested formulations is

given in Table 3.4 — Chapter 3.
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3.2. Chemically crosslinked HA aerogels

3.2.1. Preparation of HA hydrogels

Chemically crosslinked HA hydrogels were prepared via reaction between the carboxylic
acid groups of HA with the amine groups of cystamine dihydrochloride, the latter acting as
crosslinker. This reaction was catalyzed by two coupling agents: N-hydroxysuccinimide (NHS)

and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC).

In total, 17 different hydrogel protocols were tested, inspired by what is known in
literature.” !> The parameters that were varied include the method to remove bubbles, the
conditions to induce gelation and the inclusion of an immersion step or not in a buffer solution
at pH 2.5. The reaction conditions for each protocol, together with the resulting formulation
properties, characterized visually and by tilting (a weak gel or a solution or a robust hydrogel,

presence of bubbles or not), are presented in Annex 1 of this manuscript.

A hydrogel, which is not moving from the bottom of the plastic vial when tilted, and with

practically no bubbles, was obtained with protocol n°17, which is detailed below.
3.2.2. Formulations tested

Using protocol n°17, three different HA concentrations (0.7, 1 or 1.6 wt%) and four molar
ratios between the carboxyl of HA and amino groups of cystamine (3:1, 2:1, 1.3:1 and 1:1) were
used. The COOH:EDC molar ratio (1:1.5) and the COOH:NHS molar ratio (1:1.5) were kept
constant. Although this leads in theory to 12 potential formulations, in view of efficiency, only 6
formulations were tested. An overview of the tested formulations is given in Table 4.1 — Chapter

4.

An example of a detailed synthesis procedure of 1.6 wt% HA hydrogel, prepared with 2:1 as
COOH:NH> molar ratio, 1:1.5 as COOH:EDC molar ratio and 1:1.5 as COOH:NHS molar ratio
(i.e. Formulation “1.6-COOH:NH; 2:1” — in Chapter 4), is as follows. First of all, HA solution
was prepared by dissolving 0.1 g of HA powder at 1.6 wt% in 5.65 mL of distilled water under
mechanical stirring overnight. After complete HA dissolution, EDC and NHS were added (61.5
mg and 45.5 mg, respectively, each in 0.3 mL of water). 1.6 wt% HA was calculated taking in
account water present in EDC and NHS addition. To this mixture, cystamine (14.8 mg) was
added in powder form. The mixture was stirred for 5 min at 220 rpm at room temperature and
centrifugated at 6000 rpm for 5 min to remove bubbles. The vial was incubated at 37°C for 24 h
to for gelation (Figure 2.2). The total volume of water in the hydrogel was 6.25 mL.
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Figure 2.2. Schematic representation of the preparation of HA hydrogels using cystamine as

crosslinker.

During the reaction of EDC and NHS activating the HA carboxyl group, CO> bubbles
were generated inside the hydrogel network. We used centrifugation to try to remove bubbles.
Several centrifugation times and speeds were tested (see Annex 1 of this manuscript for the
experimental procedures that were attempted to obtain HA materials without bubbles).
Centrifugation for 25 min at 6000 rpm and for 25 min at 9000 rpm was chosen to remove as
many bubbles as possible. However, some air bubbles remained entrapped in the gel network

and were impossible to remove.

The first screening of different formulations showed that when HA solution before
crosslinking was at pH 1.5 or 7.4, the materials obtained after supercritical drying were either

not self-standing or with low specific surface area. As it will be shown in Chapter 3, aerogels
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with the highest specific surface areas were obtained when the starting HA solution was at pH
2.5.% Thus, after centrifugation of the chemically crosslinked hydrogels, 20 mL of a buffer
solution at pH 2.5 was added on the top of the hydrogel (volume 6.25 mL) for one night (Figure
2.2). During this step, nothing happened to hydrogel (for example, no hydrogel dissolution or

swelling occurred).
3.2.3. Solvent exchange

To perform drying with scCO,, water present in the hydrogel was replaced by ethanol,
which is miscible with CO,. Ethanol was poured on the top of hydrogel, thereby inducing HA
coagulation. After 8 h, the non-solvent was removed and replaced by a fresh one. The procedure
was repeated four times to achieve a complete replacement of water with ethanol. Volumes of
non-solvent used were 30 mL, 30 mL, 35 mL and 35 mL. The solubility of EDC and NHS was,
previously, tested in ethanol. As EDC and NHS are soluble in ethanol, solvent exchange allowed
for removal of these products from the sample. The resulting samples, organogels, were used as

precursors for scCO: drying.

To summarize, before scCO- drying, we used two «washing» steps:
- Addition of a buffer solution at pH 2.5
- Solvent exchange with ethanol to get an organogel

3.2.4. Drying with scCO;

HA organogels were dried with scCO2 to obtain chemically crosslinked HA aerogels, as

described in Section 3.1.3 — Chapter 2.

3.3. HA-nCh capsules

3.3.1. Preparation of capsules

We prepared 0.5 wt% HA solution and 0.1 wt% nCh suspension. HA-nCh capsules were
formed by injection of one aqueous phase into the other with a plastic pipette (Figure 2.3). Either
0.5 wt% HA solution was injected in 0.1 wt% nCh suspension (Figure 2.3 (a)), or 0.1 wt% nCh

suspension was introduced to 0.5 wt% HA solution (Figure 2.3 (b)).
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Figure 2.3. Scheme representing the preparation of HA-nCh capsules using 0.5 wt% HA solution

and 0.1 wt% nCh suspension.

3.3.2. Preparation of model drug loaded HA-nCh capsules

Model drug, (i) 0.2 g/L of methylene blue (MB) or fluorescein isothiocyanate-dextran
(FITC-dextran) and (ii) 2 g/L of FITC-dextran, was dissolved in 0.5 wt% HA solution. Then, 0.5

mL of HA-model drug solution was injected in 10 mL of 0.1 wt% nCh suspension to form the

capsule. The model drug loaded capsule was transferred to 80 mL of PBS at pH 7.4 and the drug

release was studied via spectrophotometric measurements (see Section 4.15 Model drug release

from HA-nCh capsule).
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4. Characterization methods

4.1. Viscometry

The intrinsic viscosity [n] of HA was determined at 25°C in 0.1 M NaCl, according to
reference'®, using an Ubbelohde type capillary viscometer (LAUDA iVisc). The flow time of
solvent and diluted HA solutions (from 0.01 wt% to 0.25 wt%) was recorded between two
markers on the capillary. The reduced viscosity of each solution was calculated using the

following equation:

t .
solution _ 1)

_ _tsolvent 1
Nreduced = = Veg ( )

where tsolution and tsolvent are flow times and C is the concentration of the HA solution (g/dL).
The HA molecular weight was then calculated according to the Mark-Houwink equation:
[n] = KM 2

where M is the molecular weight and a and K are empirical constants. We used K =0.0336 mL/g

and o= 0.79.1

4.2. Rheology

Rheological experiments were performed on a Bohlin Gemini rheometer, at 25°C, using
plate-plate geometry. The viscosity 1 of HA solutions at pH 1.5, 2.5 and 7.4 as a function of shear
rate was recorded from 0.01 to 10 s™\. We also performed oscillatory tests by varying shear strains
from 1 to 100% at a fixed frequency o of 10 Hz. Some frequency sweeps were performed at 1%

strain.
4.3. Sample shrinkage

During the preparation of HA dry materials, we calculated volume shrinkage after solvent

exchange and overall volume shrinkage with the following equations:

Vi_vorg
Vshrinkage solvent exchange — v x 100 (3)

1

Vi—V¢
Vshrinkage overall = IV. x 100 (4)

where Vi, Vorg and Vrare the volumes of the initial HA solution, of the organogel and of the final

dry material, respectively.
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Volume was determined in two ways: 1) using a high-precision digital caliper, and ii) using a
Geopyc 1360 Envelope Density Analyzer (Micromeritics) with DryFlow powder, a chamber of
19.1 mm diameter and applied force of 25 N.

4.4. Bulk density, porosity, and pore specific volume

The bulk density (ppux) of HA dry materials was determined as the ratio of mass (m,
measured with a high-precision balance) to volume of the final dry sample (V¥):

.

pouik (g/em’) = - (5)

Porosity was calculated from the bulk and the skeletal densities (pskeletal):

Pskeletal

where pskeletal Of HA is 1.4 g/cm?.15

The specific pore volume was calculated using the following equation:

Vpores: : - - (7)

Pbulk Pskeletal

4.5. Specific surface area

The specific surface area (Sper) was evaluated by an ASAP 2020 instrument
(Micromeritics), using nitrogen adsorption and the Brunauer, Emmett and Teller (BET) method.
The Barrett, Joyner and Halenda approach was used to determine pore size distribution and pore
volume of samples. Prior to analysis, samples were degassed under high vacuum at 70 °C for 10

h.
4.6. Scanning electron microscopy (SEM)

The morphology of HA dry materials and the HA-nCh fibers capsule membrane was
analyzed using a MAIA 3 microscope (Tescan) equipped with a field emission gun at an
accelerating voltage of 3 kV. Prior to analysis, HA sample was sputter-coated with a layer of 14
nm of platinum using a Q150T Quarum metallizer. Before analyzing HA-nCh membrane, it was

dried at room temperature.
4.7. Absorption capacity

To investigate aerogel absorption capacity, it was immersed in phosphate-buffered saline
solution, PBS (1X, pH 7.4). The sample mass was determined several times after carefully

removing the excess of PBS. The normalized mass was calculated using the following equation:
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Normalized mass = & x 100 (8)
W.

1

where Wi is the initial sample weight and W¢ is the sample weight at time t.

A thiol reducing agent, DTT, was also dissolved in PBS to study its influence on the absorption

capacity of chemically crosslinked HA aerogels.'¢

Moisture adsorption by HA aerogels was assessed at room temperature. HA is generally highly
hydrophilic. At regular time intervals, the sample mass was weighed, and moisture adsorption

was calculated using equation 8.
4.8. Uniaxial compression testing

The mechanical properties of physically crosslinked HA aerogels were characterized by
uniaxial compression measurements on an Instron 5967 testing machine. Cylindrical aerogels,
with a ratio length/diameter around 0.4, were prepared. The upper and lower surfaces of
physically crosslinked HA aerogels were polished with sandpaper to be planar and parallel
(Figure 2.4).

Polishing
9 ‘ -
t b
lcm lcm
Physically crosslinked Aerogel cylinder

HA aerogel

Figure 2.4. Example of a HA aerogel cylinder used for compression testing.

To monitor the local deformation of the HA aerogel cylinder during the mechanical test, random
black points were added on the rounded side of the cylinder with a stamp, as demonstrated in

Figure 2.5.

Plates of the ~ .. HA cylinder with

. e e s o« «—— Dblack speckle
machine LI
patterns

Figure 2.5. Example of a HA aerogel cylinder having black speckled dots, placed in between the

two compression plates of the machine.
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A pre-loading of 1 N was applied to ensure the contact between the sample and machine.
Compression was performed at a displacement rate of 0.05 1/min. Four identical samples per

formulation were measured.

The mechanical properties of HA aerogel were investigated using two approaches. One is based
on data directly obtained from the Instron machine, and the other uses the digital image
correlation (DIC) technique, employing two cameras in stereo-correlation.!” The second
approach monitors local displacements of the sample, by tracking the positions of speckled dots
on a sample surface during the deformation of the sample. Images of the sample were recorded
during the compression test, continuously, by two fixed cameras with in-between fixed angle.
The displacement fields were built from images using VIC 3D software. On the image, a meshing
in the region of interest allowed to track speckle patterns during the compression test. A virtual
extensometer was placed on the region of interest to monitor the sample strain evolution along
the vertical axis. Figure 2.6 depicts the position of the virtual extensometer on the HA aerogel

(orange line).

Plates of the oo o HA aerogel

. e e 0 0 4+
Instron machine s . cylinder

Extensometer on the area of interest on the HA sample

Figure 2.6. Scheme showing the virtual extensometer used by VIC3D software to determine

local deformation.

Stress-strain graphs were built to characterize the mechanical properties of the HA
aerogels. The nominal strain en, and the nominal stress on applied to the sample, during the

compressive test were calculated according to the following equations:

Ah ho-h

SN:E:h—Oxloo (9)
cN=£ (10)

where Ah is the difference between the initial height of the cylinder, ho, and the height at a given
applied force, h; F is the force and Sy is the initial surface of the cylinder. Compression modulus

E was calculated in the linear region.
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4.9. Fourier Transform Infrared spectroscopy

FTIR spectra were acquired in attenuated total reflectance mode using a Bruker Tensor
27 spectrometer (PERSEE, MINES Paris) and an Invenio Bruker Spectrometer (BioProducts
Institute, Vancouver, Canada), by accumulation of 64 scans, with a resolution of 4 cm™ in the

4000-400 cm™! region. We thank Xuetong SHI for her help in FTIR spectroscopy in Vancouver.
4.10. Atomic force microscopy

The morphology of nCh fibers was characterized at the BioProducts Institute of the
University of British Columbia (Vancouver, Canada) using AFM in tapping mode (Jupiter XR
Asylum Research AFM instrument) with a silicon cantilever tip. Prior to analysis, 0.0005 wt%
nCh suspension was prepared, then sonicated for 15 min and deposited on a mica substrate. The
width and length of nCh fibers were determined using Gwyddion software by averaging the

dimensions of 100 fibers. We thank Yi LU for his help in AFM characterization of nCh fibers.
4.11. Conductimetric titration

The conductivity titration method was used at the BioProducts Institute of the University
of British Columbia (Vancouver, Canada) to quantify acidic groups on Ch fibers and deduce the
degree of deacetylation (DDA), as reported previously.'® The technique is based on the
substitution of ions by ions with different conductivity. Briefly, 0.1 g vacuum-dried sample was
dispersed in 60 g of water ([nCh suspension] = 0.16 wt%). 0.05 M HCIl was added to nCh
suspension to fully protonate amino groups, and the whole system was titrated with 0.05 M
NaOH at 100 uL/min under continuous stirring. The suspension conductivity was recorded using

an Orion Star A212 Conductivity meter (ThermoScientific).

The DDA of nCh fibers is given by the following equation:

Ma

— 11
(Ma— MD)"’W (

DDA (%) =

where Ma is the molar mass of the acetyl unit (203 g/mol), Mp is the molar mass of the deacetyl
unit (161 g/mol), m is the weight of nCh dispersed (0.1 g), Vi and V; are the NaOH volumes

corresponding to the two inflexion points and C is the concentration of the titrant (0.05 mol/L).

We thanked Xiaoya SU for her help in conductimetric titration of nCh fibers.
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4.12. Zeta potential

The surface charge of 0.1 wt% nCh dispersed in water was determined using
electrophoretic mobility (Zeta Sizer, Malvern Instruments) at the BioProducts Institute of the
University of British Columbia (Vancouver, Canada). The pH values of nCh suspensions were

varied from 3.5 to 12. All measurements were carried out in a dip cell at 25°C.
4.13. Optical microscopy

Optical microscopy images of the HA-nCh capsule membrane were made using a
LVIOON POL microscope (Nikon) at the BioProducts Institute of the University of British

Columbia (Vancouver, Canada).
4.14. Dissolution of the HA-nCh capsule membrane

The robustness of the HA-nCh capsule membrane against dissolution in different media
was analyzed visually. 0.1 M NaCl, 1 wt% acetic acid or 0.05 M NaOH solutions are examples

of media added on the membrane for 1 day.
4.15. Model drug release from HA-nCh capsule

The release of two model drugs from HA-nCh capsules was followed via periodical
spectrophotometric measurements in the UV-Vis range. The absorbance properties of each model

drug and the release method used are described below.

- Model drug absorbance properties
o Methylene blue (MB)

MB is a blue dye, soluble in water, with a molecular weight of 319.85 g/mol (Figure 2.7).

Figure 2.7. Chemical structure of MB.

In order to follow its release from the HA-nCh capsule with spectrophotometry, a
calibration curve of MB in the release medium was constructed. 1X PBS at pH 7.4 was used as
medium to mimic the physiological conditions.!® Figure 2.8 presents the MB absorption

properties in the UV-visible range.
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Figure 2.8. UV-Vis absorbance of 0.005 g/L MB solution.

The highest signal at 663 nm was selected to detect MB in solution, as reported in literature.?°

Figure 2.9 presents the calibration curve of MB in 1X PBS at pH 7.4. Solutions with
concentrations ranging from 0.001 g/L to 0.01 g/L were prepared.

Methylene blue in PBS pH 7.4 at 663 nm
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Figure 2.9. Calibration curve of MB at 663 nm.
The molar extinction coefficient & of MB in solution was calculated using Beer-Lambert law:
A=CixIxg (12)

where A is the measured absorbance at a given wavelength, C; is the concentration of the

absorbing species in solution and | is the path length of the light through the solution, here 1 cm.
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The molar extinction coefficient of MB in PBS at pH 7.4 was found around 5.7 x 10* L/mol/cm,

which is close to the value reported in literature (= 5 x 10* L/mol/cm).?

o Fluorescein isothiocyanate-dextran (FITC-dextran)

Another model drug was FITC-dextran. It is a dextran molecule functionalized with a
fluorescent group, fluorescein.?? This model drug is yellow, soluble in water, with a molecular

weight of 2 x 10° g/mol (Figure 2.10).

Figure 2.10. Chemical structure of FITC-dextran.

The absorbance properties of FITC-dextran were measured following the same procedure

as for MB. Figure 2.11 shows a maximum absorption at 493 nm, as reported in literature.??
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Figure 2.11. UV-Vis absorbance of 0.01 g/L FITC-dextran solution.
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The absorbance of FITC-dextran at 493 mm in PBS (pH 7.4) as a function of FITC-

dextran concentration is shown in Figure 2.12.

FITC-dextran in PBS pH 7.4 at 493 nm

y =1,57x107
R2 = 0,9996

0,0 1,0x10° 2,0x10° 3,0x10*° 4,0x10° 5,0x10°°
Concentration (mol/L)

Figure 2.12. Calibration curve of FITC-dextran.
The molar extinction coefficient of FITC-dextran in PBS at pH 7.4 is around 1.5 x 107 L/mol/cm.
- Model drug release experiments

Model drug (i.e. MB or FITC-dextran) release experiments were conducted at 25°C in 80
mL medium, with stirring at 100 rpm to ensure homogenization. The model drug-loaded HA-
nCh capsule (volume 0.5 mL) was immersed in 80 mL of PBS at pH 7.4. A grid was used to
separate the capsule from the magnetic stirrer. Figure 2.13 presents examples of HA-nCh

capsules loaded with MB and with FITC-dextran in PBS.

Figure 2.13. Examples of HA-nCh capsules loaded with MB (left) and with FITC-dextran (right)
in PBS.
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After introducing the capsule in the release bath, two plastic tubes connected to the
spectrophotometer were immersed in the PBS to study drug release kinetics. During release, the

beaker was protected with aluminum foil to avoid interactions with light.

Drug release kinetics was followed by periodical spectrophotometric measurements at 663 nm
for MB or 493 nm for FITC-dextran, using an automated set-up, consisting of a UV-1800
UV/Visible Scanning spectrophotometer coupled to a Peristaltic Sipper Pump and a 160C Sipper
Unit (all from Shimadzu, Figure 2.14).

= Spectrophotometer
' coupled with
Sipper unit

Model drug loaded‘
HA-nCh capsule in
PBS-pH 7.4

Peristaltic pump

Figure 2.14. Set-up used to perform model drug release experiments.

The concentration of model drug in solution overtime was determined using the absorbance

measured every 5 min by the spectrophotometer with the equation below:

NG

Cexperimental model drug at t (g/ L) = (1 3)

€model drug X Mmodel drug

with A(t) is the absorbance of the solution measured at time t, €model drug, the molar extinction

coefficient of the model drug (L/mol/cm) and M, the molar mass of the model drug (g/mol).

The cumulative release of model drug over time was calculated using the equation below:

. C imental model d tt
Cumulative release = Sxperimenta moce cried x 100

(14)

theoretical model drug in the capsule X Vrelease medium

Where Cexperimental model drug at t 1S the concentration of the model drug in the medium at time t,
Ciheoretical model drug in the capsule (0.2 g/L) is the initial concentration of model drug in the capsule and

Vielease medium 18 the volume of the release medium (80 mL).
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5. Conclusions

This chapter described the materials and protocols developed to prepare three novel HA-

based materials, and methods used to characterize these materials.

First, physically crosslinked HA aerogels were prepared via freeze-thaw gelation of HA
solution, solvent exchange and drying with supercritical CO,. Freezing-thawing is an efficient
and mild technique to induce hydrogen bonds between HA chains in solution, resulting in
hydrogel formation. These intermolecular interactions form physical crosslinks. Opposite to our
previous work'>, where the HA network was formed via direct non-solvent induced phase

separation, an alternative method for the formation of the HA network was presented.

Chemically crosslinked HA aerogels were prepared via chemical crosslinking of HA,
solvent exchange and scCO; drying. The reaction between the carboxylic acid groups of HA with
the amine groups of cystamine, acting as crosslinker, forms amide links between HA chains. This

creates covalent crosslinks, resulting in hydrogel formation.

Lastly, chitin nanofibers were used to make HA-nCh capsules. The model drugs MB and
FITC-dextran were introduced in the HA-nCh capsules and drug release kinetics was monitored

in PBS medium at pH 7.4.

The polymer of interest in this thesis, HA, the nCh fibers, as well as new materials based
on them, were characterized. The effect of processing conditions on the properties and the
structure of these materials was investigated using the characterization methods described in this

chapter.
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Chapter 3. Physically crosslinked
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thaw induced gelation
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1. Introduction
[English]

Thanks to its interesting properties, HA can be transformed into high value-added porous
materials for biomedical applications. Literature reports several HA-based hydrogels'™ and
cryogels®”’ promoting wound healing. However, very few publications concern HA aerogels,

despite their high potential.

Only three articles report on the use of HA for the preparation of aerogels. Two describe
alginate-HA aerogel microspheres as potential carriers for pulmonary drug delivery.®’
Microspheres were prepared from HA and alginate using an emulsion-gelation process, ionic
crosslinking with Ca®" ions, and drying with scCO>. HA-alginate aerogels had a low density
(0.035-0.063 g/cm?), a high porosity, and good in vitro aerodynamic properties. Recently, our
group reported on crosslinker-free neat HA aerogels, prepared using non-solvent induced phase

10 Various preparation conditions (HA

separation, solvent exchange, and scCO: drying.
concentration, solution pH, type of non-solvent) were tested, and only a few resulted in aerogels.
These aerogels were obtained from HA solutions of low pH (either 1.5 or 2.5) and had a high
specific surface area (up to 510 m%*/g) and low density (> 0.057 g/cm?). In view of the great
potential of HA aerogels, a need exists to further develop these materials and investigate, e.g.,

additional crosslinking methods, to tailor their properties.

Opposite to our previous work where the HA network was formed upon the addition of a
non-solvent directly to the polymer solution'®, in this work, we report an alternative method,
freeze—thawing, for the formation of the HA network. We prepare physically crosslinked HA dry
materials, including aerogels, via freeze thaw-induced gelation of HA solutions, followed by
solvent exchange and drying with scCO,. Freeze—thawing is an efficient and mild technique
inducing hydrogen bonds between HA chains in solution, resulting in hydrogel formation.!!:!2
Side-by-side chain associations, mainly consisting of H-bonds among ~COOH and -NHCOCHj;
groups of HA, form physical crosslinks. These interactions remain intact on thawing, acting as
the junction zones of the hydrogel. Before preparing HA aerogels, we characterize the molecular
weight of HA and the rheological properties of HA solutions. Then, we investigate the effects of
processing conditions (HA concentration, solution pH, number of FT cycles, and type of non-
solvent) on the properties and structure of the obtained HA dry materials. Finally, we examine
the mechanical properties of HA aerogels upon compression, their behavior in PBS medium and

upon exposure in air. Part of this chapter has already been published.'?
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[Francais]

Grace a ses propriétés intéressantes, I’acide hyaluronique peut étre transformé en
matériau poreux a haute valeur ajoutée pour des applications biomédicales. Les recherches
bibliographiques rapportent plusieurs hydrogels'™ et cryogels®”’ a base d’acide hyaluronique
favorisant la guérison d’une blessure. Cependant, trés peu de publications concernent les

aérogels d’acide hyaluronique, malgré leur fort potentiel.

Seulement trois articles traitent de 1’utilisation de 1’acide hyaluronique pour Ia
préparation d’aérogels. Deux décrivent des microspheres d’aérogels a base d’alginate et d’acide
hyaluronique comme systémes potentiels pour administration de médicaments par voie
pulmonaire.®® Les microsphéres ont été préparées a base d’acide hyaluronique et d’alginate en
utilisant un procédé d’émulsion-gélification, une réticulation ionique avec les ions Ca>*, et un
séchage avec le COz supercritique. Les aérogels a base d’alginate et d’acide hyaluronique ont
une faible densité (0.035—0.063 g/cm?®), une grande porosité, et de bonnes propriétés
a¢rodynamiques in vitro. Récemment, notre groupe a développé des aérogels a base d’acide
hyaluronique sans agent réticulant, en utilisant la méthode de séparation de phase induite par un
non-solvant, un échange de solvant, et un séchage supercritique avec du CO..!° Plusieurs
conditions de préparation (concentration en acide hyaluronique, pH de la solution, type du non-
solvant) ont été testées, et seulement quelques-unes ont permis de fabriquer des aérogels. Ces
aérogels ont été obtenus a partir de solutions d’acide hyaluronique a bas pH (1.5 ou 2.5). Ils
possédent une grande surface spécifique (jusqu’a 510 m?/g) et une faible densité (> 0.057 g/cm?).
En vue de I’énorme potentiel des aérogels d’acide hyaluronique, il est nécessaire d’investiguer
plus largement le développement de ces matériaux et d’explorer, par exemple, d’autres méthodes

de réticulation, pour adapter leurs propriétés.

Contrairement a notre travail précédent ou le réseau d’acide hyaluronique était formé par
I’addition directe d’un non-solvant sur la solution de polymeére!®, dans ce travail, nous décrivons
une méthode alternative, congélation-décongélation, afin de former le réseau d’acide
hyaluronique. Nous préparons des matériaux secs a base d’acide hyaluronique réticulés
physiquement, incluant des aérogels, via la gélification induite par congélation-decongélation
des solutions d’acide hyaluronique, suivie par un échange de solvant et un séchage avec du CO»
supercritique. Le processus de congélation-décongélation est une technique efficace et douce qui
provoque la formation de liaisons hydrogene entre les chaines d’acide hyaluronique en solution,
et résulte en la formation d’hydrogel.!'!> Les associations des chaines, constituées

principalement de liaisons hydrogene entre les groupes —COOH et -NHCOCH;3 de I’acide
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hyaluronique, forment des liaisons physiques. Ces interactions restent intactes apres
décongélation et agissent comme points de jonction de I’hydrogel. Avant de préparer les aérogels,
nous caractérisons la masse moléculaire de I’acide hyaluronique et les propriétés rhéologiques
des solutions d’acide hyaluronique. Ensuite, nous étudions les effets des conditions de
préparation (concentration en acide hyaluronique, pH de la solution d’acide hyaluronique,
nombre de cycles de congelation-décongélation, et type du non-solvant) sur les propriétés et la
structure des matériaux secs obtenus. Pour finir, nous examinons les propriétés mécaniques des
aérogels d’acide hyaluronique sous compression, leur comportement dans un milieu PBS et sous

exposition a I’air libre. Une partie de ce chapitre a déja été publiée."
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2. Characterization of hyaluronic acid

2.1. Determination of HA molecular weight

The intrinsic viscosity [n] of HA was determined as described in Section 4.1 — Chapter
2. Flow times of HA solutions and solvent allowed to calculate the reduced viscosity at various
concentrations. The dependence of reduced viscosity on HA concentration is shown in Figure

3.1. The intersection of the line with the Y axis gives the intrinsic viscosity of HA.
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Figure 3.1. Reduced viscosity of HA solutions versus HA concentration. Experiments were
performed at 25°C using 0.1M NaCl as solvent.

The HA intrinsic viscosity was found to be 21.27 dL/g and was used to calculate the
molecular weight of HA using the Mark-Houwink equation'* (See Chapter 2 — Section 4.1
Viscosimetry). The HA molecular weight was estimated to be around 1.2 x 10° g/mol, which is

slightly lower than the one given by the manufacturer.

The HA molecular weight depends on the pH value of the initial HA solution. HA dry
materials (described in Section 3 of this Chapter) prepared at different pH (1.5, 2.5, 7.4 and 12 -
only for the last pH, a sample was taken from a previous study'®) were dissolved in 0.1 M NaCl
and the intrinsic viscosity of each solution was measured. Figure 3.2 shows the reduced viscosity
versus HA concentration for the different pH values. pH 1.5 was investigated because it was used
previously to prepare HA aerogels via non-solvent induced phase separation.'® A gel-like
behavior for HA solution was found at pH 2.5, due to the HA isoelectric point.'> pH 7.4 was

investigated as it is the physiological pH of some human tissues (such as bone) and fluids (such
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as blood and synovial fluid).'® The HA molecular weight in basic conditions (pH 12) was studied

for completeness.
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Figure 3.2. Reduced viscosity of HA solutions in 0.1M NaCl at 25°C versus HA concentration.
Dry HA materials were prepared from solutions at pH 1.5, 2.5, 7.4 and dissolved in 0.1M NaCl;

for more details see the text above.

When dissolved at pH 1.5, the intrinsic viscosity of HA [n] was found to be 0.30 dL/g, giving a
molecular weight around 5.5 x 10° g/mol. Our finding is in line with previous research'’,
reporting severe HA degradation at pH < 2. When HA was dissolved at the isoelectric point, i.e.
pH 2.5, the molecular weight was found to be 1.1 x 10° g/mol. The HA molecular weight after
being dissolved at pH 7.4 (physiological pH) was 0.93 x 10° g/mol, slightly below that of neat
HA (i.e. 1.2 x 10° g/mol for pH 7.2 — Figure 3.1), due to some slight hydrolysis. When dissolved
at pH 12, only ~8% of the molecular weight of the starting HA (95.4 x 103g/mol) was measured,

likely because of backbone degradation (basic hydrolysis).!’

2.2. Rheological properties of HA solutions

It is known that the rheological properties of HA solutions depend on the HA
concentration, the pH of the solution and its ionic strength.’®!® HA solutions have a non-
Newtonian behavior.'® They have an extremely high shear rate dependency, called
pseudoplasticity (or shear-thinning), because at low shear rates, they behave as a soft gel, and by
increasing shear rate, the viscosity drops.?® For example, at low concentration (= 0.02%),
molecules form a network, which is very viscous at very low shear rates (< 0.01 s), and very

elastic at relatively high frequencies (> 1 Hz).%
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In this chapter, rheological measurements were performed only as a screening to help the
interpretation of the properties of HA aerogels, and not to deeply investigate their rheological

properties.
2.2.1. Steady state viscosity

First, to perform rheology, we removed air bubbles from HA solution with strong
centrifugation. We started by studying the potential influence of centrifugation on the viscosity
of HA solutions. 0.7 wt% HA solutions at pH 7.4 were centrifuged at 6000 and 9000 rpm before
measurements. Figure 3.3 shows the steady state viscosity of HA solutions as a function of shear
rate. The viscosity shows a Newtonian plateau at low shear rates and decreases upon increasing
shear rate. The viscosity of solutions, after using different centrifugation conditions, is found to

be similar. Thus, centrifugation does not impact the HA solution viscosity.

0.7 wt% HA at pH 7.4

100
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Figure 3.3. Steady state viscosity of 0.7 wt% HA solutions (pH 7.4) as a function of shear rate
at 25°C.

Next, we investigated the influence of HA concentration on the viscosity of solutions at

pH 7.4. Analysis was done on fresh solutions. Figure 3.4 presents the results.
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HA solutions at pH 7.4
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Figure 3.4. Steady state viscosity of 0.3, 0.7, 1 and 1.6, wt% HA solutions at pH 7.4 as a function
of shear rate at 25°C.

Higher HA concentration led to higher solution viscosity, as expected, confirming the results

found by Balazs et al.’®, and solutions are shear thinning. The same behavior was observed for

solutions at pH 1.5 and 2.5 (Figure 3.5). Again, in both cases, rheological analysis was performed

on fresh solutions.
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Figure 3.5. Steady state viscosity of HA solutions at pH 1.5 (left) and at pH 2.5 (right) as a

function of shear rate measured at 25°C.

We analyzed the zero-shear viscosity on the Newtonian plateau (or Newtonian viscosity)

of HA solutions presented above. Solutions pH 2.5 have a very high zero-shear viscosity

compared to solutions at pH 7.4 and 1.5: at pH 2.5 they behave more as gels than as solution (a
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deeper analysis will be shown below). At pH 2.5, at low shear rates, the substance is a gel and

by increasing the shear rate, the gel is broken.

Due to their lower zero-shear viscosity, solutions at pH 7.4 and 1.5 behave more as

solution. Their zero-shear viscosity was plotted as function of HA concentration (Figure 3.6).
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Figure 3.6. Zero-shear viscosity of solutions at pH 7.4 (left) and at pH 1.5 (right) as a function

of HA concentration.

In both cases, viscosity vs concentration dependence is described by power-law with exponent
around 3, which shows that the polymer is in the concentrated regime. At pH 7.4, the Newtonian
viscosity is higher than at pH 1.5, because of higher HA degradation at low pH as demonstrated
by intrinsic viscosity values, see Figure 3.2. This trend was already demonstrated by Maleki et

al.t’

We tested HA solution stability over time. The steady state viscosity of 0.7 wt% HA
solutions at pH 2.5 was monitored over time: at to (fresh solution), and at 3 days and 6 days after
the 1% measurement (Figure 3.7). Between each measurement, HA solutions were stored at room
temperature in a drawer. By increasing storage time, the viscosity of HA solution decreases, most

probably because of polymer degradation.
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Evolution of 0.7 wt% HA solution at pH 2.5 in time

50

FS
(=}
1

(<34
o
1

Viscosity n (Pa.s)
N
(=]

10

A 10

t = 3 days after t0
A t=6days aftert0

0,01

Figure 3.7. Steady state viscosity of 0.7 wt% HA solution at pH 2.5 as a function of shear rate

at 25°C for different storage times.

Finally, we investigated the influence of solution pH on zero-shear viscosity over time.
We followed the zero-shear viscosity of HA solutions at three different pH (1.5, 2.5 and 7.4) at
to (fresh solution), and at 3 days and 6 days after the 1% measurement. Table 3.1 summarizes the

zero-shear viscosity for all 0.7 wt% HA solutions and the reduction in viscosity in comparison

with the first measurement (to).

Table 3.1. Evolution of zero-shear viscosity of 0.7 wt% HA solutions at pH 1.5, 2.5 and 7.4 over

time.

0,1 1

Shear rate (s'1)

[HA] = 0.7 wt%

o Zero shear Reduction in
P viscosity (Pa.s) | viscosity / to (%)
1.5 3.1 -
At to 2.5 51.2 -
7.4 15.8 -
Att=3d f 1.5 0.55 82
> qaysatiet 25 44.5 13
1" measurement
7.4 15.2 4
Att=6d f 1.5 0.44 86
L D daysatier 2.5 36.1 29
1% measurement
7.4 15 5

At pH 2.5, the Newtonian viscosity after 3 days at room temperature decreases with time by

13%, and even by 30% after 6 days. At pH 1.5, a Newtonian viscosity decrease of around 80%
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was observed after 3 days and at pH 7.4, practically no viscosity reduction (around 4 %) was
recorded, suggesting that HA strongly degrades at low pH. These results confirm what Maleki et

al.}” found: a stronger HA molecular weight degradation occurs at pH 1, compared to pH 7.
2.2.2. Oscillatory tests

Dynamic oscillatory tests, such as Small Amplitude Oscillatory Shear (SAOS), are used
to characterize the viscoelastic behavior of materials.?! The upper plate is rotating and oscillating.
SAOS tests are dynamic oscillating analyses, describing the flow behavior of samples in the non-
destructive deformation range. The non-destructive deformation range is also called the linear
viscoelastic (LVE) range. To find the LVE range, first oscillatory tests are performed at variable

shear strain amplitudes or shear stresses, while an angular frequency o is fixed.

Figure 3.8 shows an example of the evolution of elastic and viscous moduli of 0.7 wt%
HA solution at pH 2.5 as function of shear strain at a fixed frequency ® of 10 Hz. This Figure
shows that, at low shear strains, G’ and G” exhibit a plateau value, corresponding to the linear
viscoelastic (LVE) range. The limit of this region is characterized by shear strain around 0.03.
At higher shear strains, G’ shows a noticeable drop showing that the system is not in the LVE

region anymore.

0.7 wt% HA solution at pH 2.5
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Figure 3.8. Storage G’ and loss G modulus of 0.7 wt% HA solution at pH 2.5 and at 25°C as a

function of shear strain. 1 corresponds to 100% strain.

The influence of centrifugation before rheological measurements on HA viscoelastic
properties was investigated. Figure 3.9 shows storage G’ and loss G’ moduli of HA solutions at

pH 7.4 as a function of frequency. The viscoelastic behavior of HA solutions remains identical,
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whether centrifugation occurs before rheological measurement or not, as discussed above (Figure

3.3).
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Figure 3.9. Storage G’ and loss G’” moduli of HA solutions, subjected to different centrifugation

conditions, as a function of frequency, recorded at 25°C.

Figure 3.10 shows an example of G’ and G” frequency sweep tests performed on solutions

at pH 2.5 for various HA concentrations at 1% strain. Frequencies were varied from 0.01 to 10

Hz. In the case of 1.6 wt% HA, G’ is higher than G in the entire frequency region, and G’

slightly decreases at lower frequencies, while G stays frequency independent. This solution has

a viscoelastic solid behavior. For 1 wt% HA solution, G’ is still higher than G”. In the case of 0.7

wt% HA, at low frequencies, G becomes slightly higher than G’, demonstrating that the

dissipated energy is higher than the elastically stored energy.
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Figure 3.10. Storage G’ and loss G”” moduli of HA solutions at pH 2.5 as a function of frequency

for different HA concentrations recorded at 25°C.

We fitted G” and G with power law dependence on frequency for HA solutions. For un-
entangled polymer solution, at low frequencies, the Maxwell model predicts power law
exponents in G’~ w*and G” ~ ®¥, where x =2 and y = 1, respectively. Terminal slopes of G’ and
G” in the low frequencies region were determined for 0.7, 1 and 1.6 wt% HA solutions at pH

1.5, 2.5 and 7.4 and are given in Tables 3.2 and 3.3.

Table 3.2. Slope of G’ for 0.7, 1 and 1.6 wt% HA solutions in the low frequencies region.

HA solutions at pH 1.5 | HA solutions at pH 7.4 | HA solutions at pH 2.5
[HA] Slope of [HA] Slope of [HA] Slope of
(Wt%) G' (Wt%) G' (Wt%) G'
1.6 0.90 1.6 0.80 1.6 0.20
1 1.02 1 0.99 1 0.41
0.7 1.10 0.7 1.06 0.7 0.52

Table 3.3. Slope of G*” for 0.7, 1 and 1.6 wt% HA solutions in the low frequencies region.

HA solutions at pH 1.5 | HA solutions at pH 7.4 | HA solutions at pH 2.5
[HA] Slope of [HA] Slope of [HA] Slope of
(Wt%) G” (Wt%) G” (Wt%) G”
1.6 0.58 1.6 0.47 1.6 0
1 0.64 1 0.59 1 0.25
0.7 0.68 0.7 0.65 0.7 0.34

At no concentration and solution pH investigated, we found G’~ w*and G” ~ ®. One reason may
be that at 1.6 wt%, HA is in the gel state; another is that much lower frequencies are needed to
apply the model for lower-concentrated HA solutions. Unfortunately, at frequencies below 0.01

Hz data scatter.

The pH of 1.6 wt% HA solutions was varied and the viscoelastic properties were
measured. Figure 3.11 illustrates the results for 1.6 wt% HA solutions at 25°C and three pH
values: 1.5, 2.5 and 7.4.
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Figure 3.11. Storage (G’) and loss (G”’) moduli of 1.6 wt% HA solutions at pH 1.5, 2.5 and 7.4

as a function of frequency, recorded at 25 °C.

The curves at pH 1.5 and 7.4 show that at low frequencies, G” is higher than G’: these solutions
are viscoelastic liquids. As also shown in Figure 3.10, the pH 2.5 solution has an entirely different
behavior: G’ is higher than G” at all frequencies studied. The energy dissipated as heat is lower
than the energy elastically stored. Thus, the solution at pH 2.5 appears as a viscoelastic body and
not as a viscoelastic liquid. These results correlate well with those obtained by Gibbs et al., who

showed that the viscoelastic behavior of HA solutions depends on the solution pH.8

We checked whether the Cox-Merz rule is applicable to HA solutions, postulating the
equality of steady state and complex viscosities.?? Figure 3.12 presents complex viscosity vs
frequency and viscosity vs shear rate for 0.7, 1 and 1.6 wt% HA solutions at pH 1.5, 2.5 and 7.4.
Figure 3.12 outlines a very good match of steady state viscosity 1 and complex viscosity n*, for
all solutions at pH 1.5 and pH 7.4; some deviations are observed for solutions at pH 2.5 as at this
pH, the solution is in the gel state. The Cox-Merz relation is well known to be applicable to

23,24

polymer solutions“>“* and is used to predict the viscosity at higher shear rates using oscillation

mode.
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Figure 3.12. Steady state and complex viscosities of HA solutions at pH 1.5, 2.5 and 7.4 as a

function of shear rate or frequency at 25°C.

Rheological measurements were also performed on HA solutions and gels after FT cycles

(Figures 3.17, 3.19 and 3.20) and will be discussed within the next section.
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3. Properties of physically crosslinked hyaluronic acid aerogels

3.1. Volume shrinkage, density and porosity

The preparation of HA dry materials, including aerogels, consisted of 3 steps: hydrogel
formation, solvent exchange from water to acetone or ethanol and, lastly, supercritical drying
with CO,. HA hydrogel formation occurred via freeze-thawing, which is a physical
cryostructuration process.' "2 The solvent exchange step consists of replacing water in hydrogels
by a liquid miscible with CO», such as ethanol or acetone. After the solvent exchange step, the
ethanol or acetone in the pores was removed by gaseous CO», the latter being then evacuated
under supercritical conditions. Since there is no meniscus at any interface above the critical point,
the capillary pressure is no longer acting. Consequently, the network morphology of the HA
organogels can theoretically be preserved. (See the process of preparation in Figure 2.1 — Chapter

2)

Table 3.4 gives an overview of the formulations studied for the preparation of HA dry
materials. Two HA concentrations were tested (1 and 1.6 wt%), three pH values of the initial HA
solution were used (pH = 1.5, 2.5 and 7.4), two FT cycles (# = 1 and 3) and the coagulation of
HA was performed using acetone (A) or ethanol (E) as non-solvent, resulting in 12 different

preparation conditions.

Table 3.4. Formulations tested to prepare HA dry materials. Sample name summarizes the
formulation parameters: the first number indicates solution pH, the second number the HA
concentration in solution, the third term is the number of freeze—thaw cycles, A, acetone and E,

ethanol. Reprinted with permission from*3. Copyright (2023) American Chemical Society.

Resulting material
HA concentration #of FT

Name pH Non-solvent can be
(Wt%) cycles
manipulated?
1.5-1.6-3FT-A 1.5 1.6 3 Acetone Yes
1.5-1.6-3FT-E 1.5 1.6 3 Ethanol Yes
2.5-1.0-1FT-A 2.5 1.0 1 Acetone Yes
2.5-1.0-1FT-E 2.5 1.0 1 Ethanol Yes
2.5-1.0-3FT-A 2.5 1.0 3 Acetone Yes
2.5-1.0-3FT-E 2.5 1.0 3 Ethanol Yes
2.5-1.6-1FT-A 2.5 1.6 1 Acetone Yes
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2.5-1.6-1FT-E 2.5 1.6 1 Ethanol Yes
2.5-1.6-3FT-A 2.5 1.6 3 Acetone Yes
2.5-1.6-3FT-E 2.5 1.6 3 Ethanol Yes
7.4-1.6-3FT-A 7.4 1.6 3 Acetone Yes
7.4-1.6-3FT-E 7.4 1.6 3 Ethanol No

Thus, it follows that 11 out of the 12 formulations could be handled after scCO. drying and
characterized. Only the 7.4-1.6-3FT-E sample was too friable for manipulation, and accordingly,
this sample was not considered and analyzed further. As it will be shown below, not all dry HA
materials resulted in aerogels, i.e. materials with low density (< 0.2 g/cm?) and high specific
surface area (> 100 m?/g).?® We will use the term “aerogel” when material properties meet these

requirements, and “HA dry material” as a general term.

Let us first consider the macroscopic transformation occurring during the preparation of
dry HA materials (Figures 3.13 and 3.14).

Solvent exchange scCO, drying
HA hydrogel HA organogel HA dry material

1 pHL_s | Q
1cm
pH2.5
= 1lcm
| pH7.4
. ;u,. lcm 1lcm

Figure 3.13. Photos of HA hydrogels, organogels, and dry materials for different pH values of

the starting HA solutions. The HA concentration was 1.6 wt %, 3 FT cycles were applied, and
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acetone was used as non-solvent in all cases. Reprinted with permission from*®. Copyright (2023)
American Chemical Society.

Solvent exchange scCO, drying

N

HA hydrogel HA organogel HA dry material

N s ™
i lom lcm

pH 2.5

pH7.4

lcm

1cm

Figure 3.14. Photos of HA hydrogels, organogels, and dry materials for different pH values of
the starting HA solutions. The HA concentration was 1.6 wt %, 3 FT cycles were applied, and
ethanol was used as non-solvent in all cases. Reprinted with permission from*3. Copyright (2023)

American Chemical Society.

Ethanol or acetone was added to cylindrical HA hydrogels, obtained after 1 or 3 freeze—thaw
cycles, to allow further drying with scCO,. Ethanol and acetone are HA non-solvents, and thus
hydrogels are shrinking during solvent exchange. Non-solvent induced phase transitions in
synthetic polymer gels are well-known and have been extensively studied experimentally and
theoretically (see, for example, refs?®28). Shrinkage of some polysaccharide solutions and gels
during the preparation of bio-aerogels has also been reported®?>% but nothing is known about
the behavior of HA hydrogels when placed in a non-solvent. The changes in sample shape and
volume due to solvent to non-solvent exchange and scCO> drying are illustrated in Figures 3.13

and 3.14. The volume shrinkage during solvent to non-solvent exchange and the total volume
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shrinkage are presented in Figures 3.15 and 3.16. Volume shrinkage was high in all cases with
values above 70% after solvent exchange and around 90% for overall shrinkage. While drying
under supercritical conditions is supposed to preserve network morphology, shrinkage of HA in
COz occurs due to the poor affinity between both, with Hansen solubility parameters being 35.8

MPa'? for HA!? versus around 5—8 MPa'!”? for scCO» in the conditions used.>!

Ethanol

Vshrinkage after solvent exchange (%) Acetone Vshrinkage after solvent exchange (%)
100 3 FT cycles Total Vshrinkage (%) 100 3 FT cycles Total Vshrinkage (%)
94
91 92 o 92

86 89 90
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pH 7.4
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Figure 3.15. Volume shrinkage during the preparation of HA dry materials using 3 FT cycles
and ethanol (left) or acetone (right) as non-solvent. Red bars correspond to the volume shrinkage
during solvent exchange and blue bars to the overall volume shrinkage. Data for the
7.4—1.6—3FT-E are not available, as the sample was highly friable. Data are expressed as means

+ standard deviation. Reprinted with permission from*. Copyright (2023) American Chemical
Society.
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Figure 3.16. Volume shrinkage during the preparation of HA dry materials using 1 FT cycle and
ethanol (left) or acetone (right) as non-solvent. Data are expressed as means + standard deviation.
Reprinted with permission from*®. Copyright (2023) American Chemical Society.

The pH of the HA solution turned out to be the main parameter influencing organogel
shape and volume shrinkage. Despite solution gelation during the FT cycle (Figure 3.17 with G’
becoming higher than G” for a 1.0 wt% HA solution), at the lowest pH, 1.5, and for both HA
concentrations and non-solvents used, a strong hydrogel shrinkage upon solvent exchange
occurred (Figure 3.15), and organogels of rather distorted shape were obtained (Figure 3.13). As
a consequence, dry materials were of the highest density among the obtained porous HA: 0.14
g/cm? (using ethanol) and 0.19 g/cm? (using acetone) for 3 FT cycles (Figure 3.18). The strong
collapse of HA hydrogels made from solutions at pH 1.5 and placed in a non-solvent is most
probably due to the more than 200 fold decrease of HA molecular weight (which was found to
be 5500 g/mol, see Section 2.1)'°, suggesting that HA degrades at such low pH, as also reported
in literature.r” Due to HA degradation at low pH, the network is very weak, therefore not
withstanding solvent exchange.

( N 2

G'G" (Pa)
> o

0,01 A 0,1 1 10

0,1
Frequency (Hz)

A G'-pH1.5-Solution @G"-pH 1.5 - Solution
AG' -pH1.5-After1FT ®G" - pH 1.5 - After 1 FT

Figure 3.17. Storage (G’) and loss (G’”) moduli as a function of frequency for 1 wt% HA at pH

1.5 before and after 1 FT cycle. Reprinted with permission from?3. Copyright (2023) American
Chemical Society.
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Figure 3.18. Bulk density of HA dry materials using 3 FT cycles and ethanol (left) or acetone
(right) as non-solvent. Data are expressed as means + SD. Reprinted with permission from?2,

Copyright (2023) American Chemical Society.

At the highest solution pH, 7.4, freezing did not lead to gelation (Figure 3.19). Organogels
and dry materials were thin disks (Figure 3.13), which crumbled in case of ethanol as non-solvent
(Figure 3.14). At pH > 2.5, most carboxylic groups of HA are ionized, so only few hydrogen
bonds can be formed.*> Moreover, Coulomb repulsion prevents hydrogen bond formation. As a
result, inter- and intramolecular hydrogel bonding is limited, and the solution viscosity remains
low. Hence, even after 3 FT cycles, HA samples collapsed during solvent exchange. In the
absence of a strong network, the material exhibited a high shrinkage (92%) and a density of 0.17

g/em? (Figure 3.15 and Figure 3.18, respectively).
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Figure 3.19. Storage (G’) and loss (G’”) moduli as a function of frequency for 1 wt% HA at pH
7.4 before and after 1 FT cycle. Reprinted with permission from®3, Copyright (2023) American

Chemical Society.

When solutions were at pH 2.5, solutions were gel-like, which is attributed to cooperative
interchain interactions.'?*® Freezing-thawing induced only around 10-15% increase of the elastic
modulus (Figure 3.20). When acetone was used as non-solvent for both 1 and 1.6 wt% HA
solutions, self-standing cylindrical organogels were obtained (Figure 3.13). A pH value of 2.5
corresponds to a critical balance of charges in the polymer resulting in a neutral net electrical
charge; furthermore, the reduction of carboxylic group dissociation at low pH favors hydrogen
bond formation. The abundant interactions between the HA chains lead to a strong network,
resulting in the lowest volume shrinkage in comparison with other pH values (Figure 3.15) and

hence the lowest density (Figure 3.18).
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Figure 3.20. Storage (G’) and loss (G’”) moduli as a function of frequency for 1 wt% HA at pH
2.5 before and after 1 FT cycle. Reprinted with permission from*3. Copyright (2023) American

Chemical Society.

Higher shrinkage was observed for samples prepared with acetone as non-solvent (case
of 3 FT cycles in Figure 3.15); the same trend was observed for materials made with 1 FT cycle
(Figure 3.16). This can be ascribed to the lower affinity of HA to acetone, compared to ethanol,
as indicated by the total solubility parameters of HA, ethanol and acetone (35.8, 26.5, and 19.9
MPa'?, respectively!?), leading to a ‘harsher’ coagulation in acetone. No particular influence of
the number of FT cycles on HA shrinkage and density was recorded (compare Figures 3.15 and
3.16, Figures 3.18 and 3.21). We suppose that the HA network remains weak, whatever HA
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solution pH and number of FT cycles, with strong shrinkage prevailing over the influence of the
number of FT cycles.
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Figure 3.21. Bulk density of HA aerogels using 1 FT cycle and ethanol (left) or acetone (right)
as non-solvent. Data are expressed as means + standard deviation. Reprinted with permission

from®3. Copyright (2023) American Chemical Society.

It follows from Figures 3.15 and 3.16 that a higher HA concentration in the initial solution
(1.6 vs 1.0 wt%) leads to reduced overall volume shrinkage, which can be ascribed to a more
robust network. However, a higher HA concentration leads to materials with a slightly higher
density (Figures 3.18 and 3.21), as reported for other biobased aerogels.'®?°33 The results suggest
that the effect of a higher polymer concentration outweighs the effect of increased resistance to

non-solvent.

As expected from the low density of all dry HA materials, the porosity (Eq.6 — Chapter
2) is high, above 80% (Table 3.5). It is the lowest for samples made from solutions at pH 1.5
(85—89%) and the highest for samples made from solutions at pH 2.5 (87-92%). The specific
pore volume of samples (Eq.7 — Chapter 2) follows the same trend as porosity: it is the lowest
for the materials made from HA dissolved at pH 1.5, 4.5-6.3 cm®/g, and the highest for the
materials made at pH 2.5, 5.2— 8.9 cm®/g (Table 3.5).

Table 3.5. Bulk density, porosity and pore volume of HA dry materials. Data are expressed as
means * standard deviation. Reprinted with permission from?3. Copyright (2023) American

Chemical Society.

Name Poulk (g/cm?) £ (%) Vpores (cm’/g)
1.5-1.6-3FT-A 0.19+0.03 85+2 4.54+0.8
1.5-1.6-3FT-E 0.14 £0.01 89+1 6.3+0.7
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2.5-1.0-1FT-A 0.11 £0.003 92 +1 85+0.3

2.5-1.0-1FT-E 0.13 +£0.002 90 +1 6.9+0.1
2.5-1.0-3FT-A 0.10 = 0.004 92+1 89+0.3
2.5-1.0-3FT-E 0.13+0.01 90 +1 6.9+0.7
2.5-1.6-1FT-A 0.17 +£0.002 87+1 52+0.1
2.5-1.6-1FT-E 0.13 +£0.003 89+1 6.5+04
2.5-1.6-3FT-A 0.11£0.01 92+1 8.8+1.1
2.5-1.6-3FT-E 0.14 £ 0.01 89+ 1 6.3+0.5
7.4-1.6-3FT-A 0.17+0.01 87+ 1 51+04
7.4-1.6-3FT-E / / /

3.2. Specific surface area and morphology

Figure 3.22 presents the specific surface area of various HA dry materials. A strong
influence of HA solution pH can be observed: materials that were prepared at pH 7.4 or pH 1.5
(using acetone as non-solvent) have a very low surface area (below 10 m?/g) and therefore these
materials cannot be considered as aerogels. At pH 7.4, no hydrogen bonds are formed, and the
solution is of low viscosity. Upon freezing, HA is not gelling (see Figure 3.19) but concentrating
around the growing ice crystals and forms pore walls. When HA is dissolved at pH 1.5, the
polymer is strongly degrading'®!’ and a weak network built of low-molecular weight HA is
formed. Freezing-thawing helps the formation of the network (Figure 3.17), however, upon the
addition of a strong non-solvent, acetone, HA is collapsing resulting in a material with thick pore
walls and pores that are replicas of ice crystals (Figure 3.23, top row); no signs of smaller pores
are visible. A material with such large macropores and non-porous pore walls cannot possess
high specific surface area (7 + 1 m?/g). When a “mild” non-solvent, ethanol, is used for HA
solution at pH 1.5 after 3 FT cycles, the network structure is partly maintained (Figure 3.23,

bottom row) resulting in a specific surface area of 275 + 6 m?/g.
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Figure 3.22. Specific surface area of HA dry materials using 3 FT cycles obtained by coagulating
in ethanol (left) and in acetone (right). Data are expressed as means £ SD. Reprinted with

permission from*3. Copyright (2023) American Chemical Society.

1.5-1.6-3FT-A
(non-solvent: acetone)

1.5-1.6-3FT-E
(non-solvent: ethanol)
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Figure 3.23. SEM images of HA dry material coagulated in acetone (top row) or in ethanol
(bottom row). Both materials were prepared at pH 1.5 using 1.6 wt% as concentration and 3 FT

cycles. Reprinted with permission from*3. Copyright (2023) American Chemical Society.

Finally, aerogels, i.e., materials of low density and high Sger (500 - 600 m?/g), were
obtained when HA was dissolved at pH 2.5 (Figures 3.22 and 3.24). The strong HA network
formed at this pH, as evidenced by G’ > G” (Figure 3.20), resists growing ice crystals and limits
shrinkage upon the addition of a non-solvent; a network of fine entangled HA fibrils forming
small pores is established (Figure 3.25). No larger pores are visible, suggesting that at pH 2.5,
the interactions between HA chains are sufficiently strong to prevent deformation of the network
and avoid the creation of large pores by growing ice crystals. In line with previous results®, the
use of ethanol as non-solvent resulted in the highest surface areas, thanks to the higher affinity
of HA with ethanol in comparison with acetone (Figure 3.22, left and right). An increase in HA
concentration results in a slight increase of the specific surface area (Figure 3.22). The number
of FT cycles does not have a clear influence on the specific surface area (Figures 3.22 and 3.24).

Ethanol - 1 FT cycle Acetone - 1 FT cycle

600

612
491
oy 550 500 476

1 wt% 1.6 Wt% ) 1 wt% 1.6 Wt%
pH 2.5 pH 2.5

Figure 3.24. Specific surface area of HA aerogels using 1 FT cycle obtained by coagulating in
ethanol (left) and in acetone (right). Data are expressed as means * standard deviation. Reprinted

with permission from*3. Copyright (2023) American Chemical Society.
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2.5-1.0-3FT-A
(non-solvent: acetone)

P

2.5-1.0-3FT-E
(non-solvent: ethanol)

Figure 3.25. SEM images of HA dry material coagulated in acetone (top row) or in ethanol
(bottom row). Both materials were prepared at pH 2.5 using 1 wt% as concentration and 3 FT

cycles. Reprinted with permission from*2. Copyright (2023) American Chemical Society.
3.3. Pore size distribution and pore volume

The pore size distribution and pore volume of the 2.5-1.6-3FT-A aerogel were
characterized using the BJH method. Figure 3.26 presents an example of a nitrogen
adsorption/desorption curve. The BJH method only considers the mesopores and small
macropores region. For several bio-aerogels, however, the pore size distribution was shown to
be much wider, and the pore volume obtained with the BJH approach considered only a small
fraction of whole pores (as low as 10-20% of the pore volume).®*
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Figure 3.26. Nitrogen adsorption/desorption curve for the 2.5-1.6-3FT-A aerogel. Reprinted with
permission from!®. Copyright (2023) American Chemical Society.

From this isotherm, the BJH approach yields 65 % (2.42 cm®/g) of the total pore volume (3.75
cm?®/g calculated from bulk and skeletal density (See Eq.7 — Chapter 2), indicating that many
small (< 200 nm) pores are present in the HA aerogel. The classical formula for calculating

average pore size D, using BJH method, is given by the following equation:

4 xV ,BJH
D=—2">=" 1
SBET (1)

The average pore diameter of this aerogel calculated from the specific surface area (here, Sget =
414 m?/g) is 23 nm, which is, however, an underestimation as only part of the pore volume is

considered.
3.4. Mechanical properties of HA aerogels

Uniaxial compression tests were performed to characterize the mechanical properties of
HA aerogels. Two methods were used to measure sample deformation, see details in Chapter 2.
The Instron machine directly measured the deformation of the sample when a force was applied
to it. The local deformation of the sample was also tracked over time using digital image
correlation (DIC) technique, employing two cameras in stereo correlation. In this case, images
were analyzed by VIC 3D software and an extensometer was used to track the positions of
speckled points on the sample during compression and to determine the sample strain evolution
along the vertical axis (see details in Section 4.8 — Chapter 2). Typical nominal stress-strain
curves obtained with the two methods are shown in Figure 3.27. Two types of aerogels were
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prepared using an initial solution pH of 2.5, 3 FT cycles and ethanol as non-solvent: only the HA
concentration was varied (1.6 and 1 wt%). For each formulation, four samples were tested. In
Figure 3.27, an example of each formulation is also shown. Similar results were obtained for all

the other investigated HA aerogels.

Stress (MPa)
T

0 T T
0,0 0,2 0,4 0,6

Strain (%)

Figure 3.27. Typical stress-strain curves obtained for the 1 wt% (black) and the 1.6 wt% (red)
HA aerogels by the Instron machine (continuous line) and by the extensometer (dashed line).

3536 the stress-strain curve

As already reported for mechanical properties of various bio-aerogels
contains three regions (obtained with both methods): 1) a linear elastic region at low strains, from
which the compressive (or Young’s or elastic) modulus E can be determined — in this zone, the
stress increase is proportional to the deformation; ii) a stress plateau, corresponding to
progressive pores’ walls elastic buckling followed by their collapse when the plastic yield is
reached and 1iii) a densification region at high stresses, when opposing pore walls touch each
other, broken fragments pack together and further deformation starts to compress the pore wall
material itself. After compression, the density of HA aerogels increased by a factor 4, becoming
around 1.2 — 1.3 g/cm®. After the test, the sample diameter remained practically unchanged,
which means that the Poisson ratio is zero. The linear elastic region ends when the material starts
to yield and reaches its yield strength o. The second region of the compression curve is
characterized by a low slope. This “plateau” enables porous materials to absorb a large amount
of energy, W (J/m?), without experiencing a large increase in stress. The absorption energy during
the plastic deformation is defined as the area under the stress-strain curve taken up to 40% strain.
The third region is characterized by a steep increase in stress-strain curve corresponding to

material densification.

121



The curves obtained with the extensometer (DIC technique, shown in Figure 3.27 with dashed
lines) gives more reliable information on the deformation of the sample as it does not consider
displacement induced by the stiffness of the tensile machine. The parameters deduced from

stress-strain data with both approaches are compared below.

Table 3.6 shows the HA sample density before and after compression and the mechanical
properties (i.e. compressive E modulus, yield stress o, energy absorbed during plastic

deformation and stress at 40% strain) of HA aerogels. Two formulations of HA aerogels were

tested: 2.5-1.6-3FT-E and 2.5-1-3FT-E.

Table 3.6. Density before and after compression and mechanical properties of HA aerogels.

Mechanical properties of HA aerogels
u i ) i ulk aff
Formulation | PP befqre Compressive Yield stress Absorption S:[)ress aF Pbulk & tejr
Name |compression modulus E o (MPa) energy W [ 40% strain [compression|
(g/em?) (MPa) (J/m?) (MPa) (g/em?)
Extenso-| 82410 |2.74+0.26(1.39+0.25[4.97+0.89
5-1.6-3FT- t
2.5-1 g 3FT103320.03 Iﬁz Zrn 133 +0.02
> 33+4 | 2.68+023(1.29+0.16|5.13+0.77
machine
Extenso- o0 g 11004018 |1.14 40244872142
meter
2.5-1-3FT-E [ 0.30 £ 0.01 1.24 +0.02
Instron | e 7 [ 1.9840.24 |1.01£0.16[3.87 + 0.54
machine

The initial density of the HA aerogels is above the density reported in Section 3.1, due to water

vapor adsorption by HA aerogels when kept in open air.

Concerning the mechanical properties, for both formulations, higher compressive moduli were
obtained with data from the extensometer, as expected. In both cases, the compressive modulus,
the yield strength, and the absorption energy increase with bulk density. For example, with a
density of 0.33 g/cm?, the 1.6 wt% HA sample had a higher compressive modulus (82 + 10 MPa),
a higher yield stress (2.74 = 0.26 MPa) and a higher absorbed energy (1.39 + 0.25 MPa). This
behavior was also observed for organic and inorganic aerogels.®*3"° The compressive moduli
of the obtained HA aerogels (around 80 MPa) are close to those of cellulose aerogels of similar

density (prepared from zinc chloride salt hydrate melt and using acetone as non-solvent??).

Here, only a screening of the mechanical properties of HA aerogels was performed. As

demonstrated in the previous Sections of this chapter, the aerogel properties, such as morphology
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and density, depend on several preparation parameters; in addition, samples were aging. More

work should be done to deduce the trends.

3.5. Absorption properties of HA aerogels

HA is a promising polymer for wound healing applications. The absorption of wound
exudate by the dressing material is important to guarantee a good healing process and limit
infections. An example of absorption of PBS by a physically crosslinked HA aerogel is shown
for the 2.5-1.6-3FT-A aerogel. Figure 3.28 presents the normalized sample mass evolution (Eq.8

— Chapter 2) as a function of time. The sample rapidly absorbs PBS and the maximum absorption

is reached after 15 minutes. Subsequently, the sample gradually dissolves.
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Figure 3.28. Normalized mass evolution over time of the 2.5-1.6-3FT-A aerogel upon

immersion in PBS at room temperature. Data was obtained from a single experiment.

3.6. Behavior of HA aerogels upon exposure to the air
The mass, density and specific surface area of HA aerogels exposed to air were monitored
over time in view of long-term storage of the materials.

We demonstrated the mass evolution of a physically crosslinked HA aerogel with the
2.5-1.6—3FT-A aerogel. The mass of the aerogel was recorded over time at room temperature
(27°C) and 51 % relative humidity. Figure 3.29 presents the normalized sample mass (Eq.8 —
Chapter 2) as function of time. The HA sample mass increases up to reaching a plateau after 225

min, which is likely due to adsorption of moisture from the air. This experiment was performed

only one time.
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Figure 3.29. Normalized mass of the 2.5-1.6-3FT-A aerogel upon exposure to the air at 27°C

and 51 % relative humidity. Data was obtained from a single experiment.

The volume of the 2.5—1.6—3FT-A aerogel was also measured over time at room temperature
(27°C) and 51 % relative humidity. Figure 3.30 presents the evolution of the sample volume and
density as function of time. The HA sample density significantly increases up to reaching a
plateau around 0.6 g/cm?® after about 300 min, while the HA sample volume strongly decreases
up to reaching a plateau around 0.35 cm? after the same time. Such an increase in density is due
to high sample shrinkage, which probably occurs because of water vapor condensation, polymer

swelling and pores closure.
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Figure 3.30. Normalized density and volume of the 2.5-1.6-3FT-A aerogel upon exposure to the
air at 27°C and 51 % relative humidity.
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The evolution of the specific surface area of two HA aerogels, prepared at pH 2.5 and
with ethanol as non-solvent, was studied over time. Between each measurement, samples were
let in a drawer at room temperature. Figure 3.31 presents the specific surface area of 2.5-1.0-

1FT-E and 2.5-1.6-3FT-E aerogels over 2 months.

Aerogels - pH 2.5 - Ethanol

= 1wt%-1FT cycle
650 - . e 1.6wt% -3 FT cycles
600 -
2 .
£ 550 o
T_' N
w n
& 500
450 -
L ]
400 T T T
to 1 month after 2 months after
Time

Figure 3.31. Evolution of 2.5-1.0-1FT-E and 2.5-1.6-3FT-E aerogels Sger over time. Data was
obtained from a single experiment for each formulation.

The specific surface area of 2.5-1.0-1FT-E and 2.5-1.6-3FT-E HA aerogels decreases over time.
This trend is likely due to adsorption of moisture from the air, resulting in pore collapse. More
work should be done to deduce trends. These results show the importance of storing the aerogels

under an inert atmosphere to minimize pore collapse and deterioration of aerogel properties.
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4. Conclusions

This chapter presented the preparation and the characterization of HA aerogels obtained
via physical crosslinking. The molecular weight of HA, given by the manufacturer, was 1.2 x
10® g/mol. First, the influence of pH and time on HA molecular weight was investigated: at
physiological pH (i.e. 7.4), HA degrades very slowly whereas at basic pH (pH 12) degradation
occurs very rapidly via basic hydrolysis. At pH 2.5, the HA molecular weight decreases due to
acid hydrolysis, and the degradation continues in solution for several days. At more acid pH (i.e.
1.5), severe HA degradation occurs, and its initial viscosity is reduced by around 80% after 6

days (see Rheological analysis for HA solutions at pH 1.5).

The rheological properties of HA solutions as a function of polymer concentration and
solution pH were studied. HA solutions have a shear-thinning behavior, as expected. Higher
viscosity was obtained for higher HA concentration. Changing the pH also influences the HA
solutions viscoelastic properties. HA solutions at pH 2.5 behave more as gel compared to
solutions at pH 7.4 and 1.5. The use of centrifugation did not impact the rheological properties

of HA solution. The Cox-Merz rule was shown to be applicable for solutions at pH 1.5 and 7.4.

HA aerogels were produced using the FT gelation technique, solvent exchange, and
drying with scCOz. The FT method allows for the formation of physically crosslinked hydrogels,
through hydrogen bonds, that serve as precursors for HA aerogels. Despite that all self-standing
materials were of low density (below 0.2 g/cm?), only some formulations resulted in aerogels,
i.e., materials with high specific surface area. The highest surface areas, 500-600 m?*/g, were
obtained for HA aerogels made from solutions at pH 2.5 (HA isoelectric point). The internal
morphology of aerogels is a network of fine entangled fibrils. At other pH values, 1.5 or 7.4, the
materials were either not self-standing or with negligible specific surface area due to large pores
and thick non-porous walls (in case of pH 7.4 with both coagulants, and in case of pH 1.5 with
acetone as coagulant), or with lower surface area as compared to pH 2.5, around 275 m%/g (3 FT
cycles, pH 1.5, ethanol as coagulant). The reasons are that at pH 7.4, HA is deprotonated and
does not form a network, whereas, at pH 1.5, HA is strongly degraded forming a weak network,

which collapses in a “harsh” non-solvent (acetone), but partly resists when coagulated in ethanol.

The mechanical properties of HA aerogels were characterized upon compression. The
deformation of HA aerogel was followed using 2 techniques: Instron machine and DIC method.
The DIC technique gave more reliable information on the deformation of the sample as it does

not consider the stiffness of the tensile machine which influences displacement. The compressive
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modulus of HA aerogels was around 80 MPa for samples with a density of around 0.3 g/cm?.
Higher compressive modulus, higher yield stress and higher absorbed energy were obtained for
HA aerogels prepared with 1.6 wt% HA. After compression tests, densification of HA aerogels
occurred, due to pores collapse. The values of compressive moduli of HA aerogels were found
to be close to the ones of some cellulose aerogels of similar density. The obtained results present
a preliminary screening of the mechanical properties of HA aerogels; more experiments and

better sample preservation against aging are needed to deduce trends.

Physically crosslinked HA aerogels are very sensitive to humidity. They dissolved rapidly
in PBS medium (= 90 minutes). Upon exposure to the air, the mass of HA aerogels increased by
8%, the volume decreased by 65% and the density increased by 215% after 6h in air. The specific
surface area of aerogels also decreases upon 2-month storage (by 32% for 1.6 wt% HA, pH 2.5
and 3 FT cycles and by 10% for 1 wt% HA, pH 2.5 and 1 FT cycle). Storing HA aerogels under

an inert atmosphere is essential to minimize pore collapse and deterioration of their properties.

The results confirm that HA is an appealing polymer for the preparation of aerogels
provided appropriate conditions are used. These novel HA aerogels have interesting, tunable

properties that make them promising biomaterials, for example, for wound dressing applications.
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1. Introduction
[English]

The biodegradability, biocompatibility and bioactivity of HA make this polymer
attractive for biomedical applications.! Previously, we developed HA aerogels via non-solvent
induced phase separation and via physical crosslinking.>® Unfortunately, those HA aerogels
show brittle behavior and dissolve rapidly in water.> We propose to overcome these issues by
covalently crosslinking the HA, which should potentially result in increased strength and

flexibility.

In order to control the dissolution rate and to improve the mechanical properties of a HA
network, different strategies including chemical crosslinking have been used.* For example, HA
hydrogels for regenerative medicine were reinforced using divinylsulfone.® Tomihata et al.® used
glutaraldehyde as crosslinker under acidic conditions. Crosslinking of methacrylated HA can be
performed upon exposure to UV light.” In addition, Kim et al.8 employed butanediol diglycildyl
ether for the crosslinking of HA. These reactions involve the hydroxyl groups of HA, but
crosslinking can be also performed on the HA carboxylic group.® The esterification or amidation
reaction usually is carried out with the help of carbodiimides such as N,N'-
dicyclohexylcarbodiimide (DCC) or the water-soluble 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC).

The use of a stimulus-responsive crosslinker for HA network formation such as cystamine
potentially offers the advantage of on-demand degradation of the crosslinks. In the case of
cystamine, which contains a disulfide linkage, the application of a reducing agent may result in
cleavage of the S-S bond and dissolution of the network. So far, the reaction of HA with
cystamine as crosslinker and EDC and NHS as catalysts has been mainly used for the production
of hydrogels.?® One article is found mentioning cystamine-crosslinked HA hydrogels, whose
morphology is examined using drying with supercritical CO2.1* SEM pictures show that HA
aerogels have a nanoporous structure, which is more evident for samples with higher crosslinking

degrees. However, no other information about dry material properties is given.

In the present work, we prepare chemically crosslinked HA aerogels via chemical
crosslinking of HA, solvent exchange and scCO; drying. The reaction between the carboxylic
acid groups of HA with the amine groups of cystamine, acting as crosslinker, forms amide links
between HA chains. This creates covalent crosslinks, resulting in hydrogel formation. In

comparison with our previous work, in which the HA network was formed upon physical
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interactions such as hydrogen bonds®, here we report an alternative method, covalent
crosslinking, for the formation of the HA network. Chemically crosslinked HA aerogels using
cystamine have never been reported, which offers the scientific challenge to understand the
processing—structure—properties relationships. The effects of processing conditions (e.g. HA
concentration and COOH:NH> molar ratio) on the properties and structure of HA aerogels are
investigated. Finally, we study the cleavability of the crosslinker upon application of a reducing

agent.

[Francais]

La biodegradabilité, la biocompatibilité et la bioactivité de I’acide hyaluronique rendent
ce polymére attractif pour des applications biomédicales.! Précédemment, nous avons développé
des aérogels d’acide hyaluronique par la méthode de séparation de phase induite par un non-
solvant et par la réticulation physique.?® Malheureusement, ces aérogels d’acide hyaluronique
sont fragiles et se dissolvent rapidement dans I’eau.®> Nous proposons de surmonter ces
problémes en réticulant de maniére covalente I’acide hyaluronique, qui doit potentiellement étre

plus résistant et flexible.

L’étude de la littérature montre qu’afin de pouvoir controler la vitesse de dissolution et
pour renforcer les propriétés mécaniques du réseau d’acide hyaluronique, différentes stratégies,
incluant la réticulation chimique, ont été utilisées.* Par exemple, des hydrogels d’acide
hyaluronique pour la médecine régénérative ont été renforcés en utilisant la divinylsulfone.®
Tomihata et al.® ont utilisé la glutaraldéhyde comme agent réticulant sous conditions acides. La
réticulation de I’acide hyaluronique méthacrylé a été réalisée sous exposition a la lumiére UV.’
De plus, Kim et al.® ont employé 1’éther diglycidique de 1,4-butanediol pour réticuler I’acide
hyaluronique. Ces réactions impliquent les groupes hydroxyl de I’acide hyaluronique, mais la
réticulation peut également étre réalisée sur le groupe carboxyle de I’acide hyaluronique.’
L’estérification et la réaction d’amidation sont généralement réalisées en présence de
carbodiimides comme le N,N'-dicyclohexylcarbodiimide (DCC) ou le 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) hydrosoluble.

L'utilisation d’un agent réticulant (comme la cystamine), capable de répondre a un
stimulus, pour la formation d’un réseau d’acide hyaluronique offre potentiellement 1’avantage
d’une dégradation sur-demande des liaisons. Dans le cas de la cystamine, qui contient une liaison
disulfide, I’application d’un agent réducteur pourrait donner lieu au clivage du lien S-S et de la

dissolution du réseau. Jusqu’a présent, la réaction de I’acide hyaluronique avec la cystamine
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comme agent réticulant et EDC et NHS comme catalyseurs, a principalement été utilisée pour la
production d’hydrogels.!® Un article sur des hydrogels d’acide hyaluronique réticulés avec la
cystamine, puis séchés avec le COa supercritique étudie leur morphologie.™* Les images SEM
montrent que les aérogels d’acide hyaluronique ont une structure nanoporeuse, qui est plus
évidente pour les échantillons ayant des degrés de réticulation plus €levés. Cependant, aucune

autre information sur les propriétés des matériaux secs n’est mentionnée.

Dans ce présent travail, nous préparons des acrogels réticulés chimiquement via la
réticulation chimique de 1’acide hyaluronique, un échange de solvant et un séchage supercritique
avec le CO,. La réaction entre le groupe acide carboxylique de I’acide hyaluronique avec les
groupes amine de la cystamine (agent réticulant) forme des liaisons amide entre les chaines
d’acide hyaluronique. Cela crée des liaisons covalentes, formant un hydrogel. Par rapport a notre
travail précédent, dans lequel le réseau d’acide hyaluronique a été formé par des interactions
physiques (i.e. liaisons hydrogéne®), ici, nous décrivons une méthode alternative, la réticulation
covalente, pour la formation du réseau d’acide hyaluronique. Des aérogels d’acide hyaluronique
réticulés chimiquement utilisant la cystamine n’ont encore jamais été étudiés, ce qui offre le
challenge scientifique de comprendre la relation de fabrication—structure—propriétés. Les effets
des conditions de préparation (i.e. concentration en acide hyaluronique et ratio molaire
COOH:NH>) sur les propriétés et la structure des aérogels d’acide hyaluronique sont explorés.

Enfin, nous étudions le clivage de I’agent réticulant aprés application d’un agent réducteur.
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2. Chemically crosslinked HA aerogels

2.1. Preparation and characterization of chemically crosslinked HA

hydrogels and organogels

Chemically crosslinked HA hydrogels were formed via reaction between the carboxylic
acid groups of HA with the amine groups of cystamine dihydrochloride, acting as crosslinker.!>*3
The reaction was catalyzed using two coupling agents: 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS). Figure 4.1 shows the mechanism of

reaction of HA with cystamine in the presence of EDC and NHS.
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Figure 4.1. Crosslinking of HA using cystamine as crosslinker and EDC and NHS as coupling
agents. Reprinted with permission from?3. Copyright (2014) Wiley.

The reaction starts with the attack of the negatively charged carboxylate group of HA on the
electron deficient carbon of EDC, leading to the formation of an intermediate.’® Because of its
high instability, the O-acylisourea is replaced by NHS, which activates the carboxyl group
towards nucleophilic reaction. Lastly, the carbon atom of the HA carboxylate group reacts with
one primary amine of cystamine, forming an amide-functionalized HA molecule. This reaction,
performed at 37°C and in aqueous solution, was used to covalently link HA chains and form

hydrogels.

Three HA concentrations were tested (0.7, 1 or 1.6 wt%) and four molar ratios between
the carboxyl groups of HA and amino groups of cystamine were used (3:1, 2:1, 1.3:1 and 1:1)
(Table 4.1). The COOH:EDC molar ratio (1:1.5) and the COOH:NHS molar ratio (1:1.5) were
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kept constant in most cases, and the solvent exchange was carried out using ethanol as non-
solvent. Although this leads in theory to 12 potential formulations, in view of efficiency, only 6
formulations were tested, which allows for the determination of the influence of the preparation
parameters. Table 4.1 provides an overview of the prepared HA formulations. For two
formulations, by mistake, 1:1 and 1:1.24 were used as COOH:EDC and COOH:NHS molar ratios
(Table 4.1). In the following, the samples will be named X-COOH:NH> A:B, where X is the HA
concentration in solution, A is the molar number of COOH groups of HA ; B is the molar number
of NH» groups of cystamine. More details on synthesis procedures are provided in Chapter 2 —

Section 3.2.2 Formulations tested.

Table 4.1. Formulations tested to prepare chemically crosslinked HA aerogels.

_ HA concentration COOH:NH, COOH:EDC COOH:NHS
Formulation name

(Wt%) molar ratio  molar ratio  molar ratio
1.6-COOH:NH; 2:1 1.6 2:1 1:1.5 1:1.5
1.6-COOH:NH: 1:1 1.6 1:1 1:1.5 1:1.5
1.0-COOH:NH: 3:1 1.0 3:1 1:1 1:1
1.0-COOH:NH> 1.3:1 1.0 1.3:1 1:2.4 1:2.4
1.0-COOH:NH; 1:1 1.0 1:1 1:1.5 1:1.5
0.7-COOH:NH; 2:1 0.7 2:1 1:1.5 1:1.5

Before gelation, HA solutions were centrifuged for 5 min to remove bubbles. After

centrifugation, none of the HA solutions contained any bubbles.

Then, gelation for 1 day at 37°C was performed and HA hydrogels were obtained. The
reaction of COOH groups of HA with NH> groups of cystamine led to the formation of new
bubbles (probably caused by released COz). To try to remove bubbles, each plastic vial
containing the hydrogel was centrifuged at 6000 min for 25 min and at 9000 rpm for 25 min.
However, in most cases, some bubbles in the hydrogel were impossible to remove. We decided
to continue the fabrication of HA aerogel using the hydrogel with bubbles (see Annex 1 of the

manuscript — Protocol n°17).

In Chapter 3, we reported that physically crosslinked HA aerogels were obtained when
the starting HA solution was at pH 2.5 (HA isoelectric point).® Thus, a buffer solution at pH 2.5
was added on the top of chemically crosslinked HA hydrogels. Nothing remarkable was noticed

(for example, no hydrogel dissolution occurred).
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To perform scCO> drying, water in the hydrogel needs to be replaced by a fluid miscible
with supercritical CO». In this study, ethanol was selected as it offers the advantage of being a
good solvent for both EDC and NHS, which must be removed from the HA materials in view of
their toxicity. The catalysts can be potentially removed from HA hydrogels with ethanol during
solvent exchange, which is required for scCO, drying. We tried to remove the catalysts using
washing with water, but this method was not practical as it was difficult to distinguish the gel

phase and water phase.

To confirm that EDC and NHS are washed out during solvent exchange, FTIR was used
to compare the spectra of neat EDC and NHS with that of crosslinked HA after solvent exchange.
Figure 4.2 shows the FTIR spectra of EDC and NHS.

——NHS
——EDC

Absorbance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm'1)

Figure 4.2. FTIR spectra of NHS and EDC.

In case of NHS, the peak around 3400 cm! is attributed to the OH stretching vibration.'*® The
intense peak at 1700 cm™! represents the C=0 band of the amide. The peaks at 1313 cm™ and
1213 cm™ are assigned to N-OH and C-N-C stretching vibrations, respectively. Three bands
characterize the FTIR spectrum of EDC. A small peak, corresponding to the N=C=N stretching
of carbodiimide, is found at 2150 cm™.*® Near 3176 cm™ corresponds to the NH stretching.!’

The C=N vibration is represented at 1690 cm™.
In each FTIR spectra, peaks at 2340 and 2360 cm™! correspond to CO, absorption from the air.*8

Figure 4.3 presents the FTIR spectra of the crosslinked HA networks after solvent
exchange together with the spectra of EDC and NHS. No peaks resulting from EDC & NHS
were found in the spectra of the HA networks, confirming that EDC and NHS were removed

after solvent exchange with ethanol.
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Figure 4.3. FTIR spectra of EDC, NHS and HA organogels.
Figure 4.4 shows pictures of HA organogels prepared using 0.7 wt% or 1.6 wt% as HA

concentration and 2:1 as COOH:NH, molar ratio.

Molar ratio COOH:NH, 2:1
0.7 wt% 1.6 wt%
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Figure 4.4. Examples of chemically crosslinked HA organogels at 0.7 and 1.6 wt% HA
concentration and 2:1 as COOH:NH: molar ratio.

After gelation, all HA hydrogels (0.7 and 1.6 wt%) contained bubbles, due to the reaction of HA
with cystamine. Before performing solvent exchange, we used centrifugation (i.e. 6000 min for
25 min and at 9000 rpm for 25 min. to try to remove bubbles - see Annex 1 at the end of the
manuscript for the experimental procedures that were attempted to obtain HA materials without
bubbles). For 0.7 wt% sample, it was possible to remove bubbles, however for samples with
higher HA concentration (1.6 wt%), it was impossible to remove them, even with centrifugation,
likely because of the higher viscosity of the HA hydrogel. Solvent exchange was therefore
necessarily done on some samples with bubbles. An example of an organogel (1.6 wt% HA) that
still contains bubbles that formed during gelation (indicated by orange arrows) is presented in

Figure 4.4.
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The crosslinking of selected HA organogels (obtained after complete solvent exchange;
before analysis, ethanol around the sample was absorbed with a tissue) was characterized by
FTIR spectroscopy. Figure 4.5 presents FTIR spectra of crosslinked HA organogels, neat HA and

cystamine.

Pure HA
—— Pure cystamine

—— [HA] = 1 wt% - Molar ratio 1:1
—— [HA] = 1.6 wt% - Molar ratio 1:1

Absorbance (a.u.)

4000 35IOO 30I00 25|00 2000 1500 1000 500
Wavelength (cm'1)

Figure 4.5. FTIR spectra of HA, cystamine and HA organogels.

The HA-cystamine networks (blue and green lines) are characterized by four main peaks. The
first one is the OH stretching, characteristic of HA, around 3400 cm™. At 1650 cm™ and 1560
cm’!, the C=O0 stretching and the N-H stretching bands of amide appear, formed by the reaction
of the carboxyl group of HA with the amino group of cystamine.'® Around 2900 cm™', the peak
intensity increased, due to additional CH> groups coming from the presence of cystamine. These
results suggest that HA and cystamine successfully reacted to form a chemically crosslinked

network.

Two main peaks characterize all FTIR spectra. The typical glycosidic bond of polysaccharide
was found around 1000-1100 cm™.?° The two peaks near 2340 and 2360 cm™ (most pronounced

for the organogel containing 1.6 wt% HA) correspond to CO, absorption.*8

HA organogels were subsequently dried with scCO; to obtain HA aerogels. Figure 4.6
shows pictures of the resulting chemically crosslinked HA aerogels. Both samples have the same
shape as their organogel analogs (Figure 4.4). Materials became dry and white. The 1.6 wt% HA

sample still contain bubbles (indicated by orange arrows).
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Figure 4.6. Examples of chemically crosslinked HA aerogels at 0.7 and 1.6 wt% HA

concentration and 2:1 as COOH:NH2 molar ratio.
2.2. Properties of chemically crosslinked HA aerogels

2.2.1. Volume shrinkage

As reported in literature, the solvent to non-solvent exchange and scCO; drying lead to
volume shrinkage of a sample.>®?* Volume shrinkage during solvent exchange and overall
volume shrinkage (Eg. 3 and Eq. 4 — Chapter 2) were evaluated as function of HA concentration
and the COOH:NH: molar ratio (Figure 4.7).
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Figure 4.7. Volume shrinkage during the preparation of chemically crosslinked HA aerogels.

Data are expressed as means + standard deviation.

The volume shrinkage was high in all cases with values above 71% after solvent exchange and
above 76% for overall shrinkage. A slightly lower overall volume shrinkage was obtained when
a higher HA concentration was used (Figure 4.7, top row), which may be ascribed to a stronger
network with increased resistance to shrinkage. No clear influence of the COOH:NH> molar ratio
can be deduced within the experimental errors (Figure 4.7, bottom row). Shrinkage mostly

occurred during solvent exchange, as with physically crosslinked HA aerogels (Chapter 3).
2.2.2. Density and porosity

The bulk density of chemically crosslinked HA aerogels was studied as a function of HA

concentration (Figure 4.8).
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Figure 4.8. Bulk density of chemically crosslinked HA aerogels prepared with 2:1 and 1:1

COOH:NH> molar ratio. Data are expressed as means + standard deviation.

We observe an important effect of the HA concentration on the bulk density. The density
increases with polymer concentration, regardless of the COOH:NH2 molar ratio. It follows from
Figure 4.7 that a higher HA concentration in the initial solution leads to reduced overall volume
shrinkage, which can be ascribed to a more robust network. However, a higher HA concentration
leads to materials with a higher density (Figure 4.8), which has also been reported for other
biobased aerogels.?*222 Thus, the effect of the higher polymer mass in the sample is more

important in determining the density than the effect of increased resistance to shrinkage.

Figure 4.9 presents the bulk density of 1 and 1.6 wt% HA aerogels as function of the
COOH:NH2 molar ratio.
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Figure 4.9. Bulk density of 1 and 1.6 wt% chemically crosslinked HA aerogels.

For 1.6 wt% HA aerogels, a 2:1 COOH:NH: molar ratio results in a higher density in comparison
with an equimolar COOH:NH2 ratio, which is in accordance with the higher shrinkage value for

the 2:1 molar ratio (Figure 4.7).

For 1.0 wt% HA aerogels, no clear influence of the crosslinking molar ratio on the density is
observed within the experimental errors. It is difficult to deduce trends, which may be caused by

the presence of bubbles.

Table 4.2 summarizes the HA aerogels porosity and pore volumes (Eq. 6 and Eq. 7 —
Chapter 2).

Table 4.2. Porosity and pore volume of chemically crosslinked HA aerogels.

Pore volume

Formulation Density (g/cm?) Porosity (%)

(cm®/g)
1.6-COOH:NH; 2:1 0.19+0.02 86+ 1 4.5+0.6
1.6-COOH:NH; 1:1 0.13+0.01 91+1 7.1+0.6

1-COOH:NH: 3:1 0.11 £0.01 92+1 84+04
1-COOH:NH: 1.3:1 0.14 +£0.02 90+ 1 6.7+1.0
1-COOH:NH: 1:1 0.10+0.01 93+1 9.3+0.5
0.7-COOH:NH; 2:1 0.11 £0.01 922 +1 85+1.0

Pore volume follows the same trend as porosity: it is the lowest for the 1.6-COOH:NH; 2:1
sample, 4.5 + 0.6 cm®/g, and the highest for the 1-COOH:NH; 1:1 material, 9.3 £ 0.5 cm®/g.
Porosity and pore volume were lower for the 1.6 wt% HA sample prepared with 2:1 COOH:NH>
molar ratio in comparison with the 1.6 wt% HA sample prepared at equimolar ratio, in
accordance with its higher density. No clear influence of molar ratio on porosity or pore volume
can be deduced for the 1.0 wt% HA samples. The porosity and pore volume of the 0.7 wt% HA

sample are in the range of the values observed for the 1.0 wt% HA samples.
2.2.3 Specific surface area and morphology

Figure 4.10 shows the specific surface area of HA aerogels as a function of concentration.
Regardless of the COOH:NH; molar ratio, higher specific surface areas were observed for
samples prepared with 1.6 wt% HA. An increase in HA concentration results in the formation of

a network with a higher density (Figure 4.8), lower porosity and lower pore volume (Table 4.2).
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The 1.6 wt% HA samples may contain a higher number of small pores in the network, resulting

in higher Sger values, in comparison with less concentrated samples.

HA aerogels with 2:1 COOH:NH, molar ratio HA aerogels with 1:1 COOH:NH, molar ratio
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SBET (m2/g)
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HA concentration (wt%) HA concentration (wt%)

Figure 4.10. Specific surface area of chemically crosslinked HA aerogels prepared with 2:1 and
1:1 COOH:NH2 molar ratio. Data are expressed as means + SD. For the 1.6-COOH:NH; 1:1

sample, only one Sget value was obtained.

The specific surface area of 1.6 and 1 wt% HA aerogels is presented as a function of the
COOH:NH2 molar ratio in Figure 4.11. In both cases, lower specific surface areas were observed
for samples prepared with a 1:1 molar ratio between reactive groups. We suppose that these
aerogels have larger pores, but to deduce trends, more data are needed. Moreover, the analyzed
HA aerogels contain bubbles. Thus, the measured specific surface area values do not necessarily

reflect the «real» material Sggr.
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Figure 4.11. Specific surface area of 1 and 1.6 wt% HA chemically crosslinked aerogels.
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We used SEM to characterize the aerogel morphology. SEM images at different
magnification present aerogels made from solutions of 0.7 and 1.6 wt% HA, both prepared with

2:1 COOH:NH2 molar ratio and ethanol as non-solvent (Figure 4.12).

0.7-COOH:NH, 2:1-E

Figure 4.12. SEM images of 0.7 and 1.6 wt% chemically crosslinked HA aerogels prepared with
a COOH:NH; 2:1 molar ratio.

For both aerogels, a network of fine entangled HA fibrils is observed. An increase in HA
concentration results in a HA network with smaller pores, which is in line with the higher Sger

value (Figure 4.10).

We also analyzed the aerogel morphology as a function of the COOH:NH> molar ratio.
Figure 4.13 shows the cross-section of aerogels prepared from 1 wt% HA with two different

COOH:NH; molar ratios.
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Figure 4.13. SEM images of 1 wt% chemically crosslinked HA aerogels prepared with a
COOH:NH: 3:1 and 1:1 molar ratios.

The 1 wt% HA aerogels present a network of entangled HA fibrils. More SEM data are needed

to confirm the morphology of the networks and deduce trends.

2.2.4. Overview of properties of chemically and physically crosslinked

HA aerogels

Table 4.3 summarizes the properties of 1.6 wt% chemically crosslinked aerogels prepared

with 2:1 and 1:1 COOH molar ratios and 1.6 wt% physically crosslinked aerogels, prepared with

the non-solvent induced phase separation (NIPS) method?.

Table 4.3. Properties of 1.6 wt% physically and chemically crosslinked HA aerogels.

Physically crosslinked HA

Chemically crosslinked HA aerogels

aerogels
[HA] (Wt%) 1.6
Solution pH 2.5
Preparation Non-solvent phase induced Chemical crosslinking — Method
method phase separation®® described in Chapter 2

Gel or solution?

Solution

Gel - after gelation at 37°C

Non-solvent used

Ethanol

scCO> drying applied to get acrogels

Aerogels properties

Molar ratio 1:0 (physically 1:1 71
COOH:NH: crosslinked) ) )
Vshrinkage after

solvent exchange 60+ 4 72£5 75+4
(%)
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Overall Vshrinkage

%) 82+ 2 81+ 3 8442
Bulk — density 0.15 0.13 = 0.01 0.19 = 0.02
(g/cm?)

Porosity (%) 88 91 +1 86+ 1
Vpores (cm>/g) 59 7.1+0.6 45+0.6
SeeT (M?%/g) 394 + 82 273 404 + 66

The properties of the physically crosslinked HA aerogel are of the same order of magnitude as
those of chemically crosslinked HA aerogels, except for the specific surface area of the sample,
with a 1:1 molar ratio between reactive groups. However, we have only one Sgrr value for the

1:1 sample. Moreover, the chemically crosslinked samples contain bubbles. More experiments

are needed to be able to establish trends.
2.2.5. Behavior of HA aerogels upon exposure to the air

HA is a highly hydrophilic polymer. To investigate the potential uptake of moisture from
the air, the mass of chemically crosslinked HA aerogels was monitored over 1 day. We studied
the influence of HA concentration on the mass of aerogels upon exposure to the air. Figure 4.14
shows the normalized mass (Eq.8 — Chapter 2) of HA aerogels, prepared with a 2:1 COOH:NH»

molar ratio, over time at 25°C and 45 % relative humidity. Each experiment was performed one

time.
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Figure 4.14. Normalized mass of HA aerogels upon exposure to the air of 0.7 and 1.6 wt%
chemically crosslinked HA aerogels prepared at 2:1 COOH:NH2 molar ratios as well as of a 1.6

wt% physically crosslinked HA aerogel (prepared via freezing-thawing).

148



The mass of all HA samples increases up to reaching a plateau after a certain time, which is likely
due to absorption of moisture from the air. For chemically crosslinked HA aerogels, increased
moisture adsorption is obtained for the sample prepared with a higher HA concentration (1.6
wt%), probably due to a higher Sger (Figure 4.10) and thus a larger number of hydrophilic groups

(e.g. -OH) accessible for water vapors.

We also compared the moisture adsorption of chemically crosslinked HA aerogels with that of a
physically crosslinked HA aerogel (see Chapter 3).3 The physically crosslinked HA aerogel
absorb more moisture than the chemically crosslinked HA aerogels, in accordance with its higher

specific surface area (Sper = 600 m?).
2.2.6. Behavior of HA aerogels in PBS

The absorption of wound exudate by a dressing is important to guarantee a good healing
process and limit infections. We studied the influence of the COOH:NH; molar ratio and the HA
concentration on the PBS absorption of chemically crosslinked HA aerogels over time. Figure
4.15 presents the normalized mass (Eq.8 — Chapter 2) of chemically crosslinked HA aerogels,

prepared with different molar ratios, as function of time. Each experiment was performed one

time.
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Figure 4.15. Normalized sample mass over time after immersion in PBS of 1 wt% HA (left) and
1.6 wt% HA (right) chemically crosslinked aerogels, prepared with different COOH:NH2 molar
ratios.

For both HA concentrations, the mass of aerogels increases up to reaching a maximum and the

samples subsequently dissolve.
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Lower swelling degrees were observed for samples prepared with an equimolar COOH:NHa ratio
(1:1). Possibly, the higher amount of cystamine, containing 2 hydrophobic -CH>-CHz- moieties,
reduces swelling in aqueous media. No clear influence of the COOH:NH> molar ratio on
dissolution time can be deduced. The dissolution is slower for more concentrated samples (1.6

wt% HA), which may be due to a denser network.

We also compared the PBS absorption of a 1.6 wt% chemically crosslinked HA aerogel
with that of a 1.6 wt% physically crosslinked HA aerogel, prepared previously with the freeze-
thaw technique.® Figure 4.16 presents the normalized mass of samples as a function of time. Each

experiment was performed one time.
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Figure 4.16. Normalized sample mass over time after immersion in PBS of a 1.6 wt% HA
chemically crosslinked aerogel prepared with a 2:1 COOH:NHz molar ratio and of a 1.6 wt%

HA physically crosslinked aerogel, prepared via freezing-thawing.

A lower maximum swelling (442 %) and a shorter dissolution time (within 90 min) are observed
for the physically crosslinked HA aerogel. The results show that chemical crosslinking with
cystamine leads to the formation of HA aerogels, which are more resistant to dissolution.
Possibly, the physical crosslinks (hydrogen bonds) of the HA aerogel break rapidly in PBS.
However, in case of chemical crosslinking, HA aerogels dissolved. Burdick et al.?® reported that
chemically crosslinked hydrogels based on thiolated HA undergo degradation over time in
solution and that the rate of degradation depends on several parameters such as the molecular

weight of the starting HA, the concentration of the thiolated HA and the crosslinking density.
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2.2.7. Behavior of HA aerogels under reducing conditions

The stimulus-responsiveness of the HA aerogels was assessed by immersing them in PBS
at pH 7.4 supplemented with 1,4-dithioerythritol (DTT), a thiol reducing agent that can
theoretically cleave the disulfide (S-S) linkage in the chemically crosslinked network of the HA
aerogels. Figure 4.17 presents the chemical formula of DTT.

OH

HS

OH

Figure 4.17. Chemical structure of DTT.

This reducing agent, highly soluble in water, has two pKa values: 9.2 and 10.1. DTT was selected
because it was previously shown that DTT specifically reduces the disulfide links of the network
without any undesired side-reaction.?* Figure 4.18 presents the mechanism of disulfide reduction

by DTT.

OH

1
~S. ., HS S
R \-S R2 + \/H/\S— —

OH

OH
RIS + HS\‘/J\A AS._, (1)
S77 R2
OH
HO ‘ HO
is_‘ﬁ = jC? + R-S- )
HO S HO S

Figure 4.18. Mechanism of disulfide reduction by DTT. Reprinted with permission from?,
Copyright (2001) Wiley.

The reduction of the disulfide bond is a reversible process, involving two sequential thiol—
disulfide exchange reactions.?*% During the first step, one of the thiol groups deprotonates and
performs a nucleophilic attack on one of the two sulfurs of the S-S bond, forming a mixed
disulfide intermediate. During the second step, the mixed disulfide bond is broken by the second

thiol of DTT, generating a new disulfide bond and a new structure.

The potential cleavage of the disulfide bond was monitored for 1 day in PBS at pH 7.4
containing SmM of DTT. Figure 4.19 presents the normalized mass of a 1 wt% chemically
crosslinked HA aerogel, prepared with a 1:1 COOH:NH: molar ratio. Each experiment was

performed one time.
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Figure 4.19. Normalized sample mass over time of chemically crosslinked HA aerogels upon
immersion in PBS and PBS + DTT.

Both curves present an increase in normalized sample mass up to a maximum (around 30 min
for the sample in PBS and around 60 min for the sample in PBS containing DTT) and then a
decrease. When DTT is used, a limited swelling is observed, but the maximum is reached at a
different time and the aerogel dissolution is very slow, similar to the experiment in the absence
of DTT, in contrast with expectations. In literature, it was found that at pH 7, DTT is a slow

reducing agent.?

It could be interesting to perform additional experiments using an increased amount of DTT or

an alternative, more powerful reducing agent, to be able to deduce trends.

152



3. Conclusions

This chapter presented a screening work on the preparation of chemically crosslinked HA
aerogels. Chemically crosslinked HA hydrogels were prepared via reaction between the
carboxylic acid groups of HA with the amine groups of cystamine dihydrochloride, acting as
crosslinker. Covalently crosslinked hydrogels were obtained, then solvent exchange was
performed and finally, drying with supercritical CO.. The influence of processing parameters
(HA concentration and molar ratio between COOH and NH3) was investigated.

All conditions allowed to obtain HA aerogels, i.e. materials with low density (< 0.2
g/cmd), high porosity (> 86 %) and high specific surface area (> 150 m?/g). A higher HA
concentration resulted in reduced volume shrinkage, a higher density and a higher specific
surface area. For 1.6 wt% HA aerogels, the use of a 2:1 COOH:NH> molar ratio instead of a 1:1
ratio resulted in a higher density. SEM demonstrated that the aerogels contain meso- and small
macropores. The absorption of PBS by aerogels depends on HA concentration and COOH:NH>
ratio. An equimolar COOH:NHz ratio 1:1 led to a lower maximum swelling and a higher HA
concentration resulted in a longer dissolution time. Despite being covalently crosslinked, the HA
aerogels slowly dissolved. The presence of DTT did not significantly change the dissolution rate
of the samples, which may be due to the low amount of reactive thiolate groups under the current
experimental conditions. The chemically crosslinked aerogels are more resistant to dissolution
than physically crosslinked HA aerogels prepared with the freezing-thawing method.

As this work presented the first results on chemically crosslinked HA aerogels, more

experimental work should be performed to optimize material properties and deduce trends.
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1. Introduction
[English]

Thanks to its excellent biocompatibility, biodegradability and hydrophilicity, HA is
already used in several biomedical applications.! For example, HA hydrogels have been used to
protect eye tissues, in viscosupplementation (HA injection in arthritic joints to improve mobility
and relieve pain) and as dermal filler. However, physically crosslinked HA hydrogels generally
have poor mechanical properties and degrade rapidly in water. The HA network can be reinforced

using another polymer, forming a composite or an interpenetrated network.

Recently, nanochitins (nanofibers and nanocrystals) have attracted interest, due to their
excellent mechanical properties and biocompatibility. However, these biobased materials were
used very rarely in combination with HA, most probably because they are new materials. Till
now, we found only two articles on the combination of HA with nanochitins. HA-chitin
nanowhiskers biofilms for tissue engineering were developed by Abdelrahman et al.? Higher
chitin nanocrystals content improved the mechanical properties of HA films. Another composite,
for drug release applications, was made by dissolving HA and nCh fibers in acidic medium and
freeze-drying.® No hydrogels based on HA with nanochitin were found in literature. Whereas
literature on HA-nCh fibers composites is thus very limited, several publications report on HA-

chitosan polyelectrolytes complexes, as detailed in Chapter 1.4¢

In our case, we were willing to reinforce HA aerogels with nCh fibers. However, it turned
out that upon mixing HA solutions and nCh suspensions, strong polyelectrolyte complexation
occurred leading to the formation of HA-nCh membrane. This raised several questions, leading
our research: what are the interactions between HA and nCh? what are the film properties? Can
the new material be useful for biomedical applications? These studies were carried out in

collaboration with the BioProducts Institute of the University of British Columbia in Canada.

In this chapter, we interest in the fabrication of capsules made via mixing a drop of HA
solution with nCh fibers suspension (and vice versa). Such capsules based on HA and nCh fibers

have never been reported. This present work aims:

- to characterize the nCh fibers properties
- to evaluate the conditions leading to the formation of HA-nCh films and capsules
- to characterize the films and capsules and investigate their application as drug

delivery systems
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In this chapter, we will use the terminology “chitin nanofibers” to designate nCh fibers as

described in ref 7.

[Francais]

Nous avons vu que les hydrogels d’acide hyaluronique réticulés physiquement ont
généralement de mauvaises propriétés mécaniques et se dégradent rapidement dans I’eau.
Toutefois, ils peuvent étre renforcés en utilisant un autre polymere, afin de former un composite

ou un réseau interpénétreé.

Récemment, les nanochitins (les nanofibres et nanocrystaux) ont suscité¢ de I’intérét en
raison de leurs excellentes propriétés mécaniques et leur biocompatibilité. Cependant, ces
matériaux biosourcés ont trés rarement €té utilisés en association avec I’acide hyaluronique, trés
probablement car il s’agit de nouveaux matériaux. Jusqu’a maintenant, nous avons seulement
trouvé deux articles sur la combinaison de 1’acide hyaluronique avec les nanochitins. Des
biofilms a base de HA-chitin nanowhiskers pour I’ingénierie tissulaire ont été développés par
Abdelrahman et al.? L'utilisation d’une concentration plus élevée en cristaux de nanochitin a
permis d’améliorer les propriétés mécaniques des films d’acide hyaluronique. Un autre
composite, pour des applications de libération de substances actives, a été fabriqué en dissolvant
I’acide hyaluronique et les fibres nCh fibers en milieu acide et en congélant-séchant.> Aucun
hydrogel a base d’acide hyaluronique avec les nanochitins n’a été trouvé dans la littérature. Bien
que la bibliographie sur les composites HA-fibres nCh soit tres limitée, plusieurs publications
font état de complexes polyélectrolytiques a base d’acide hyaluronique et de chitosan, comme

précisé dans le Chapitre 1.4°¢

Dans notre cas, nous voulions renforcer les aérogels d’acide hyaluronique avec des fibres
nCh. Cependant, il s’est avéré qu’en mélangeant les solutions d’acide hyaluronique et les
suspensions de nCh, une forte complexation polyélectrolytique est apparue, formant une
membrane HA-nCh. Cela a soulevé plusieurs questions qui ont guidé nos recherches : quelles
sont les types d’interactions entre I’acide hyaluronique et les fibres nCh? Quelles sont les
propriétés du film formé? Le nouveau matériau peut-il étre utilisé pour des applications
biomédicales? Ces études ont été réalisées en collaboration avec le BioProducts Institute de

I’Université de Colombie Britannique au Canada.

Dans ce chapitre, nous nous intéressons a la fabrication de capsules obtenues en

mélangeant une goutte de solution d’acide hyaluronique avec une suspension de fibres nCh (ou
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inversement). Ces capsules a base d’acide hyaluronique et de fibres nCh n’ont encore jamais été

rapportées. Ce présent travail a donc pour objectif :

- de caractériser les propriétés des fibres nCh
- d’évaluer les conditions menant a la formation des films HA-nCh et des capsules
- de caractériser les films et les capsules et examiner leur application comme systemes

de libération de substances actives

Nous utiliserons la terminologie “chitin nanofibers” pour désigner les fibres de nCh ainsi que

décrit dans la réf .
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2. Characterization of chitin nanofibers

2.1. Morphology

The diameter and the length of nCh fibers were determined using AFM. Topographical
images revealed the fiber morphology (Figure 5.1).

Figure 5.1. AFM images of nCh fibers. Scale bar of 1 um (left) and scale bar of 400 nm (right).

AFM images of nCh fibers indicate well-dispersed long fibers. nCh fibers were in the range of
130-300 nm in length and of 7-11 nm in width. Thus, the corresponding aspect ratio
(Iength/width) was in the range of 19 — 27. The aspect ratio depends on the chitin source. For
example, chitin nanofibers with aspect ratios of more than 500 were obtained from squid pen.®

The width and length of those nanofibers were 3-4 nm and a few microns, respectively.
2.2. Degree of deacetylation

The amount of positively charged amino groups in nCh fibers was determined by
conductimetric titration. Figure 5.2 presents the titration curve of an aqueous suspension of nCh

fibers.
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Figure 5.2. Conductimetric titration of 0.16 wt% nCh fiber suspension with NaOH.

The first rapidly descending part of the curve corresponds to the neutralization of the free H"
ions in the system. The second part is due to the neutralization of the protonated amino groups
of nCh, it corresponds to the minimum of the titration curve. The final slope shows an increase
in conductivity, due to an excess of OH™ ions. The volume of base needed to neutralize the amino
groups was given by the difference between the two inflexion points vi and v; (Figure 5.2).

The degree of deacetylation (DDA) of our nCh fibers was around 18% (Eq 11 — Chapter 2). This
value is in accordance with literature. A DDA of 16% was obtained by Xu et al.’ for chitin

nanofibers having a length from hundreds of nm to a few um and a width of 5-15 nm.
2.3. Zeta potential

The surface charge of 0.1 wt% nCh fiber suspensions was measured. Figure 5.3 presents

the zeta potential of the suspension as a function of pH.
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Figure 5.3. Zeta potential of nCh fiber suspensions between pH 3 and pH 12.

nCh fiber suspensions exhibit a high cationic charge, around 60 mV at pH 3, and the value
decreases with increasing pH, as reported in literature.!® We also observe a zero net charge

around pH 7-7.2, close to the pKa of the amino groups of chitin (pH = 6.3).
3. Formation and characterization of HA-chitin nanofibers capsules

3.1. Formation of HA-nCh capsules

The preparation of HA-nCh fiber capsules is described in Chapter 2 — Section 3.3.1. Two
types of HA-nCh capsules were formed, as shown in Figure 5.4: 1) when HA solution is added
to nCh suspension, or 2) when nCh suspension is added to HA solution. In the last case, the
capsule floats, due to its lower density in comparison with the medium. For example, the density
of 0.7 wt% nCh suspension was around 0.9734 g/cm?, while that of 0.7 wt% HA solution was
0.9908 g/cm?.

Capsule in Capsule in
nCh suspension HA solution

Figure 5.4. Scheme illustrating the two types of HA-nCh capsules formed.
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Figure 5.5 shows an example of a HA-nCh capsule. A drop of 0.5 wt% HA solution was

injected into 0.1 wt% nCh suspension.

Figure 5.5. Example of HA-nCh capsule.

The capsule is composed of a film, which encapsulates a liquid inside, and is sufficiently robust

to be manipulated with tweezers.
3.2. Membrane morphology

The capsule membrane was analyzed by optical microscopy. Figure 5.6 presents three

optical microscopy images of the membrane.

Figure 5.6. Optical microscopy images of the HA-nCh capsule membrane.
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The thickness of the capsule membrane could not be deduced from the images. A method to
determine the membrane thickness must be found. For example, confocal laser scanning
microscopy or computed tomography could potentially be used to establish a 3D image and

determine the thickness.
3.3. Membrane porosity

To see if the membrane was porous, we used SEM. SEM images are shown in Figure 5.7.

Figure 5.7. Examples of SEM image of the HA-nCh capsule membrane with 5 um scale bar
(left) and at 500 nm scale bar (right).

The left SEM image (5 um scale) shows a wavy surface of the membrane. A higher magnification
(500 nm scale) reveals that the membrane is composed of a network with small pores. The pore

size could not be determined using SEM; potentially cryo-TEM could be employed for this
purpose.

3.4. Analysis of capsule — membrane and liquid phase — composition

An important question is the composition of the membrane and of the liquid phase inside

the capsule formed after mixing HA solution and nCh suspension.

First, the starting compounds, HA and nCh fibers, were analyzed, in powder form, by

FTIR spectroscopy (Figure 5.8).
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Figure 5.8. FTIR spectra of HA and nCh.

One major peak of HA is around 3400 cm'; it was attributed to OH stretching.!! The NH
stretching band is near 3100 cm™!, appearing as a shoulder. At 2900 cm™!, the low intensity peak
corresponds to the CH> stretching vibration. The C=0O band of the HA carboxylate group was
found at 1612 cm™. At 1566 cm™ and 1650 cm™ were amide II (N-H stretching vibration) and
amide I (C=O stretching vibration) bands of HA, respectively. The FTIR spectrum of HA
obtained is similar to the one found by Gilli et al.!! Concerning the FTIR spectrum of nCh fibers,
the peak at 1550 cm ' was attributed to the amino II band of a-chitin, and the peaks at

1655 cm™! and 1630 cm™! were assigned to the amino I band of a-chitin.!

Two main peaks characterize both FTIR spectra. The typical glycosidic bond of polysaccharides
was found around 1000-1100 cm™. The two small peaks near 2340 and 2360 cm™ correspond to

CO; absorption.

Next, we characterized the liquid phase inside the capsule formed after introducing nCh
suspension in HA solution. The FTIR spectrum of the liquid inside this capsule is presented in

Figure 5.9.
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Figure 5.9. FTIR spectrum of substance inside the capsule; continuous phase: HA solution.

The blue arrow shows the characterized product. The FTIR spectrum of the liquid, the dotted
blue line, was compared with FTIR spectra of HA and nCh powders (red and black lines,
respectively). The spectrum of the liquid in the capsule is similar to the spectrum of neat nCh.
For example, in both spectra, the amide I band of a-chitin was found around 1550 cm™ and the
two amide II peaks at 1655 and 1624 cm™.!? This shows that the substance inside the capsule

formed when placing a droplet of nCh suspension in HA solution is nCh suspension.

Then, we inserted a droplet of HA solution in nCh suspension, forming another type of

capsule. The liquid inside this capsule was also characterized by FTIR spectroscopy (Figure
5.10).
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Figure 5.10. FTIR spectrum of the substance inside the capsule; continuous phase: nCh
suspension.

The green arrow shows the analyzed product. The FTIR spectrum of the substance inside the
capsule, the dotted green line, was compared with FTIR spectra of neat HA and nCh powders
(red and black lines, respectively). The spectrum of the liquid in the capsule is identical to the
spectrum of neat HA. Indeed, the wide band of the OH stretching was found around 3400 cm
IITAt 1560 cm™ and 1650 cm™ are the amide II and amide I bands of HA, respectively. Thus,

the substance inside the capsule formed by placing a droplet of HA solution in nCh suspension

is HA solution.

The analysis of the liquid phase inside both types of capsules (Figure 5.9 and 5.10) shows that
as soon as the film is formed due to the contact of the droplet with the continuous phase, the

capsule only contains the substance of the droplet, not mixed with the continuous phase.

Finally, we characterized the capsule membrane with FTIR spectroscopy (Figure 5.11).

This capsule was prepared by depositing a droplet of HA solution in nCh suspension.
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Figure 5.11. FTIR spectrum of the HA-nCh capsule membrane.

The FTIR spectrum of capsule membrane is in pink. The dotted line was compared with FTIR
spectra of pure HA and nCh. The HA-nCh membrane formation resulted in a reduced intensity
for the OH and NH vibration peaks (around 3100-3400 cm!, left arrow).? At 1550 cm™ (right
arrow) the peak intensity of free amino groups was weakened because of strong ionic interactions

between the amino and the carboxylic groups of nCh and HA, respectively.

We characterized the membrane of another capsule, prepared in HA solution, with FTIR
spectroscopy. A droplet of 0.5 mL of nCh suspension was added inside 10 mL of HA solution,
leading to the formation of a capsule. Figure 5.12 compares the FTIR spectrum of this capsule

membrane with the spectrum of the capsule prepared by depositing a droplet of 0.5 mL of HA

solution in 0.5 mL of nCh suspension.
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Figure 5.12. FTIR spectrum of different HA-nCh capsule membranes.

Even though the peak intensities are different, the membranes of the capsules prepared via both

methods present the same FTIR spectrum.

With FTIR spectroscopy, we tried to quantify how many groups of HA interacted with amino

groups of nCh fibers to form the capsule membrane. The experiment was performed one time.

More experiments are needed to confirm the proportion of HA and nCh fibers participating to

the complexation.

In view of the similar data obtained by FTIR related to the interactions of HA and nCh fibers?,

our FTIR study suggests that nCh fibers complexed with HA to form a membrane.

3.5. Membrane robustness

media. Table 5.1 summarizes the results obtained.

Table 5.1. Media used to test membrane dissolution.

To explore the properties of the capsule membrane, we tested its solubility in several

Salts Acids Base Other aqueous media
* 0.1Mand5M| =~ 1% acetici <+ 0.05 M| -+ Distilled water
NacCl solution acid solution NaOH «  Electri
) ectrically neutral
« IM NHqCI + 001 M PBS solution solution (HA solution at
solution atpH 2 pH 25 and nCh
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« 20 wt% dispersion at  (-zeta
NaOH/4 potential)

0
wt% urea * 4 wt% urea

=>» No membrane dissolution

Remarkably, the HA-nCh membrane was not dissolved in all media presented in Table 4.1, even
when using a strong base such as 20 wt% NaOH. Thus, the HA-nCh fibers complexation forms

a strong membrane.

3.6. Influence of salt concentration on complex formation between HA and

nCh fibers

To see whether the interactions between HA and nCh could be influenced by the presence
of a salt, we decided to add NaCl to 0.1 wt% nCh suspension and 0.5 wt% HA solution. Then, 2
mL of 0.1 wt% nCh suspension and 2 mL of 0.5 wt% HA solution, both containing 5M NacCl,

were mixed.

In the glass beaker, we observed a clear solution, without any traces of membrane formation.
Thus, the presence of NaCl prevents the complexation between HA and nCh fibers, leading to
the membrane formation. We also tried this experiment with a lower salt concentration (0.1 M
NaCl), but in this case the mixing of HA solution and nCh dispersion led to the formation of a

membrane. Hence, 0.1 M NaCl was not enough to prevent complexation.

As the membrane was not formed in the presence of a high concentration of NaCl, we
took the mixture and added some droplets to distilled water, while the mixture was stirred. Figure

5.13 presents what happened in solution.

Figure 5.13. Example of droplets formed.
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Following addition to water, the salt is diluted and we can see a few opaque droplets inside. The
most visible are indicated by the orange arrows. These droplets result from the complexation of
HA with nCh fibers forming capsules. Some of these droplets were extracted from water and
deposited on the bottom of a beaker (Figure 5.14). These droplets are very promising, due to the
simple and cost-effective method of fabrication. A further interesting experience that could be

done is to control the morphology of droplets.

Figure 5.14. Example of droplets formed.
3.7. Model drug release from the capsule

We tested the prepared capsules as drug delivery devices. Methylene blue (MB) was
selected as a model compound, whose concentration is easy to follow with a spectrophotometer.

Figure 5.15 depicts the preparation of a MB-loaded capsule.
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1) Preparation of HA-methylene blue (MB) solution and nCh suspension
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&
[MB] =0.2g/L
=y
—_—
N~
HA-MB solution nCh suspension

2) Formation of capsule containing MB dye

= e
—_—
e
HA-MB nCh suspension Capsule
solution containing MB in
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Figure 5.15. Scheme illustrating the preparation of a capsule loaded with MB.

First, MB was dissolved at 0.2 g/L in 0.5 wt% HA solution. A droplet of HA-MB solution was
injected in nCh fiber suspension using a pipette, and a blue capsule was formed. Because of its
higher density in comparison with the nCh fiber suspension, the capsule was found at the bottom
of the vial, similar to the case when a HA droplet was added to nCh suspension (Section 3.1
Formation of HA-nCh capsules of this Chapter). Figure 5.16 shows an example of the capsule
and the gradual release of MB in 0.1 wt% nCh suspension. After 1 day, MB was completely
released, the surrounding nCh fiber suspension had turned blue, and the “empty” capsule
remained at the bottom of the vial. This suggests that MB diffused through the porous membrane

of the capsule.

.l e . -

att=0 att =10 min att =30 min att=1h att=3h att=5h att=6h att=1day

Figure 5.16. Release of MB in 0.1 wt% nCh suspension.

The properties of the nCh fiber suspension, in which the capsule forms, were optimized by testing

different nCh fiber concentrations. 0.1 wt% nCh suspension was found suitable because it was
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not too viscous, which allowed facile transfer of the MB-loaded capsule to PBS medium in order
to quantify the MB release under physiological conditions. Due to its lower density, the capsule

floats in the PBS medium (Figure 5.17). A progressive release of MB can be seen.

LI
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att=0 att=5min att=10min att=30min att=1h att=3h att=4h att=5h att=6h att=1day

Figure 5.17. Release of MB in PBS as a function of time.

We followed the MB release from 2 types of capsules, which differ in the HA
concentration used during the preparation (0.5 or 0.7 wt%). UV-Vis spectrophotometric
measurements were performed to measure the absorbance of the medium at 663 nm every 5

minutes (Figure 5.18).

0 100 200 300 400 500
Time (min)

0 0.5wt% HA 0.7 wt% HA

Figure 5.18. Absorbance of MB in PBS release medium over time for two HA concentrations.
If not visible, the error bars are smaller than the size of the symbols. Data are expressed as means

+ SD and correspond to measurements in triplicate.

In both cases, the absorbance of the solution increases over time, however, it was not possible to

obtain the complete release as the process was too long.
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In order to have the complete release curves and the influence of the HA concentration on the
release kinetics, we need to repeat these experiments with both capsules, made with 0.5 and 0.7

wt% HA.

To test the influence of the releasing substance molecular weight on release kinetics, or,
said in another way, to test capsule membrane “permeability”, fluorescein isothiocyanate-dextran
(FITC-dextran) with a molecular weight of 2 x 10° g/mol was used. Capsule preparation was the
same as for the case of MB: FITC-dextran was dissolved in HA solution, a droplet of this solution
was placed in nCh suspension, the formed capsule was extracted and placed in PBS to follow
drug release, see example in Figure 5.19 As in the case of the capsule containing MB, the capsule

containing FITC-dextran was floating. Figure 5.19 illustrates the FITC-dextran release in PBS.

att=0 att=5min att =10 min att=30min att=1h att=3h att=4h att=5h att=6h att=1day

Figure 5.19. Example of FITC-dextran release into PBS from the capsule as a function of time.

The absorbance of the medium at 493 nm was measured using a UV-Vis
spectrophotometer. Figure 5.20 presents the comparison of release kinetics for two FITC-dextran

concentrations in the capsule, 0.2 g/L and 2 g/L.

0,08
0,07
5 0,06

0 500 1000 1500 2000 2500
Time (min)

e 2 g/L FITC-dextran 0.2 g/L FITC-dextran
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Figure 5.20. Absorbance as a function of time for capsules containing 2 g/L and 0.2 g/L of FITC-
dextran. For the model drug concentration of 2 g/L, data are expressed as means + SD and
correspond to measurements in duplicate. For the model drug concentration of 0.2 g/L, a single

release experiment was performed.

As said previously with MB, we need to repeat these experiments to deduce the cumulative

release for each release kinetics.
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4. Conclusions

In this chapter, new materials, HA-nanochitin fiber complexes were prepared,

characterized, and tested for drug release.

The nCh fibers characterized are long (130-300 nm) and thin (7-11 nm), with an aspect
ratio in the range of 19 — 27. nCh fibers have a degree of deacetylation of 18%. The surface

charge of nCh fibers suspensions decreases by increasing pH.

After characterizing the nCh fibers, we mixed HA solution with nCh fiber suspension.
New capsules were formed, due to the complexation between HA and nCh fibers. One of the
ways to make these capsules is injection of one aqueous phase into another. An alternative
method is to mix two phases in the presence of a salt, which suppresses complexation, and then
“remove” the salt by dilution and mixing leading to a “water-in-water emulsion” composed of
micro-capsules. Strong electrostatic interactions occurring between HA and nCh were confirmed
by FTIR spectroscopy. HA-nCh capsules consisted of liquid, whose composition depended on
the preparation method, and of a robust membrane, impossible to dissolve in various acids and

bases tested. The morphology of the capsule membrane was probed by SEM.

The release kinetics from HA/nCh capsules of low- and high-molecular weight
substances, methylene blue and FITC-dextran as model drugs, was investigated. The influence

of model drug molecular weight on release kinetics was evaluated.

These new capsules are promising biomaterials, with potential in drug delivery
applications, as aside from hyaluronic acid and nanochitin fibers, they do not contain any other

component, and both are known to be biocompatible.
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Conclusions

This PhD thesis presents the work done for developing hyaluronic acid-based aerogels

and capsules for potential biomedical applications.

The first Chapter is devoted to an overview of the state-of-the-art on aerogels with a focus

on bio-aerogels, hyaluronic acid (HA) properties and its current applications.

After giving the definition of aerogels (materials with low density < 0.2 g/cm?®, high porosity >
90% and high specific surface area > 100 m?/g), the state-of-the-art on silica aerogels (first
generation) and on organic synthetic aerogels was examined, and the new trends in aerogels
based on polysaccharides, bio-aerogels, were explored. Thanks to their biocompatibility, non-
toxicity and biodegradability, and their intrinsic properties (low density, high porosity and high
specific area), bio-aerogels have many applications in life science, in engineering (such as

catalysis, energy storage, supercapacitors, batteries) but also in thermal insulation.

The thesis being focused on the HA polymer, this polysaccharide and its properties (particularly
those interesting for biomedical applications) were presented. HA is a natural macromolecule
used in wound healing materials and regenerative medicine. HA is highly hydrophilic and can
be chemically modified through its hydroxyl and carboxyl groups to adjust polymer properties
to the targeted application. HA-based porous materials, such as hydrogels and cryogels, which

are already used for wound dressing applications, were also presented.

Finally, the state-of-the-art regarding HA based aerogels was explored. Thanks to the
combination of aerogel characteristics, HA properties, and requirements for wound dressings
(promotion of wound healing: absorption of excess exudate, protection against bacterial
infection, O2/CO» exchanges, release of therapeutic agents), HA-based aerogels appear to be
good candidates for developing efficient wound dressings. Currently, very few work has been
published on this subject. Only two articles report on HA/alginate aerogels for biomedical
applications, and only one article describes the preparation of neat HA aerogels via non-solvent
induced phase separation. Consequently, the advancement in the preparation of HA aerogels and
the better understanding of processing-structure-properties relationships remain interesting

scientific challenges that are addressed in this PhD project.
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The first two chapters related to the results obtained in this work are devoted to HA aerogels.

The following protocols were used to obtain:

- Physically crosslinked HA aerogels (prepared using freeze-thaw gelation of HA solution,
solvent exchange and drying with supercritical CO;). Freezing-thawing is an efficient
and mild technique to induce hydrogen bonds between HA chains in solution, resulting
in hydrogel formation. These intermolecular interactions form physical crosslinks.
Opposite to our previous work®, where the HA network was formed via direct non-solvent
induced phase separation, an alternative method for the formation of the HA network was
presented.

- Chemically crosslinked HA aerogels (obtained via chemical crosslinking of HA, solvent
exchange and scCO: drying). The reaction between the carboxylic acid groups of HA
with the amine groups of cystamine, acting as crosslinker, forms amide links between

HA chains, resulting in the formation of a HA network.

The first steps were to explore the fabrication conditions of physically crosslinked HA aerogels
by investigating different parameters involved such as HA concentration, initial solution pH,
number of FT cycles and non-solvent. This work demonstrated the conditions where aerogels
are formed. More specifically, at pH 2.5 (HA isoelectric point) using ethanol or acetone and at
pH 1.5 using ethanol, we produced HA-based aerogels with a density below 0.2 g/cm® and a
specific surface area around 500-600 m?/g. A manuscript describing these results was published

in the journal Biomacromolecules in 2023.

This study also demonstrated that physically crosslinked HA aerogels are very sensitive to
humidity, which degrades their structure. For example, the mass of HA aerogels increases by
8%, the volume decreases by 65% and the density increases by 215% after 6 h of exposure to
air, and the specific surface area of HA aerogels decreases after 2-month storage at room
temperature (by 32% for aerogels prepared using 1.6 wt% HA, pH 2.5 and 3 FT cycles and by
10% for aerogels prepared using 1 wt% HA, pH 2.5 and 1 FT cycle). HA aerogels should thus

be stored in an inert atmosphere.

Next, the conditions to prepare chemically crosslinked HA aerogels were investigated.
Chapter 4 presented an explorative study on the preparation of chemically crosslinked HA
aerogels using covalent crosslinking for the formation of HA hydrogels, followed by solvent
exchange and scCO; drying. One of the problems was the formation of CO; bubbles during the

chemical reaction between the carboxylic acid groups of HA with the amine groups of cystamine,
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with no way to avoid them. One hydrogel protocol was chosen to minimize bubbles. Briefly, an
example of a formulation protocol consists of: preparation of the 1.6 wt% HA solution, addition
of EDC and NHS (catalysts) and cystamine (crosslinker) with 2:1 as COOH:NH; molar ratio,
1:1.5 as COOH:EDC molar ratio and 1:1.5 as COOH:NHS molar ratio, centrifugation at 6000
rpm for 5 min to remove bubbles, gelation at 37°C for 24 h, centrifugation at 6000 rpm for 25
min and subsequently at 9000 rpm for 25 min to remove bubbles. Then, to get aerogels, solvent
exchange and scCO> drying were performed. Aerogels with varying HA concentration or
COOH:NH> molar ratio were prepared. The influence of these processing parameters on the
aerogels properties was investigated. We succeeded to obtain HA aerogels for all conditions
tested, i.e. materials with low density (< 0.2 g/cm?), high porosity (> 86 %) and high specific
surface area (> 150 m?/g). A higher HA concentration resulted in reduced overall volume
shrinkage (86% for aerogels prepared using 1.6 wt% HA at 2:1 molar ratio and 81% for aerogels
prepared using 1.6 wt% HA at 1:1 molar ratio), a higher density (0.19 + 0.02 g/cm? for aerogels
prepared using 1.6 wt% HA at 2:1 molar ratio and 0.13 = 0.01 g/cm® for aerogels prepared using
1.6 wt% HA at 1:1 molar ratio) and a higher specific surface area (394 + 82 m?*/g for aerogels
prepared using 1.6 wt% HA at 2:1 molar ratio and 273 m*/g for aerogels prepared using 1.6 wt%
HA at 1:1 molar ratio). Aerogel behavior in PBS medium was studied in the view of biomedical
applications. Dissolution time depends on HA concentration and COOH:NH> molar ratio.
Chemically crosslinked aerogels are more resistant to dissolution than physically crosslinked HA
aerogels prepared with the freezing-thawing method. It was anticipated that the presence of the
reduction-sensitive disulfide bridge in the cystamine crosslinks would allow for accelerated
degradation of the network in the presence of the reducing agent DTT in the PBS medium, but

no clear experimental evidence was found for this stimulus-responsiveness.

The final chapter describes the formation of capsules based on HA and nCh fibers. This
work was performed in the frame of a French-Canadian collaboration. Initially, we were willing
to reinforce neat HA aerogels with nCh fibers, due to their excellent mechanical properties and
biocompatibility, but upon mixing HA solutions and nCh suspensions, strong polyelectrolyte
complexation occurred leading to the formation of a HA-nCh “membrane”. The electrostatic
interactions occurring between HA and nCh were confirmed by FTIR spectroscopy. Opposite to
“neat” HA aerogels, these membranes were not soluble in all media tested, ranging from rather
strong acids to strong bases. When dropping HA solution in nCh suspension (or vice versa), HA-

nCh capsules were formed. HA-nCh capsules consisted of a liquid, of which the composition
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depends on the preparation method. As the membrane was porous, the feasibility of the capsule
for drug delivery was investigated, and hence a model drug was introduced inside. The release
kinetics of two model drugs, methylene blue and FITC-dextran, was investigated. A slower
release was observed for FITC-dextran, due to its higher molecular weight. These new capsules

are promising biomaterials, with potential in drug delivery applications.

Perspectives

This work focused on the development of novel HA-based materials (aerogels and
capsules) that could be interesting for biomedical applications. Hereafter, some perspectives are

suggested as this research could be continued:
- Improvement of the chemically crosslinked HA aerogel properties

As a first perspective, the work on chemically crosslinked HA aerogels could be
deepened. We have shown that the chemically crosslinked HA aerogels, prepared using
cystamine as crosslinker, have higher stability in PBS medium than in comparison with
physically crosslinked HA aerogels. The obtained properties of HA aerogels are compliant with
wound dressing applications. However, the presence of bubbles, due to the reaction of HA with
cystamine during gelation, may impact some results. Thus, we need to find a way to remove
bubbles during the preparation. HA gelation under reduced pressure can be tested to avoid
bubbles. A comparison of the material properties with and without bubbles should be performed
to detect potential impacts of bubbles. Also, an alternative synthesis crosslinking scheme,
avoiding the formation of CO2, could be investigated.

HA network reticulation could be improved by testing formulations with a higher amount
of cystamine (i.e. 1:4 or 1:8 COOH:NH2 molar ratios). A more crosslinked network could be

obtained, leading to a material with potentially higher density and higher specific surface area.

Further work regarding the cleavage of the S-S bonds in the chemically crosslinked HA
network with DTT, a thiol reducing agent, should be performed. We have demonstrated that
DTT reduces the swelling of chemically crosslinked HA aerogels in PBS at pH 7.4 and slows
down their dissolution rate, contrary to expectations. This could be explained by an insufficient
amount of DTT relative to S-S bonds in the HA network. It could be interesting to perform other

tests using an increased amount of DTT. Also, alternative reducing agents could be explored.
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To go deeper in the analysis of chemically crosslinked HA aerogels, we could
characterize the degree of crosslinking by NMR or by determining the amount of remaining

COOH groups in the hydrogel via e.g. titration.

- Better understanding of the mechanical properties of physically and chemically

crosslinked HA aerogels

To be efficient as wound dressing, HA aerogels should be strong. In this work, we started
to test the mechanical properties of HA aerogels; we used a few aged samples, which were
potentially impacted by vapor absorption. No clear trend was deduced. Thus, to advance the
understanding of the mechanical properties of HA aerogels, more experimental data should be
cumulated. New HA aerogel formulations could be prepared and characterized via compression
tests directly after scCOx drying. This could lead to increased knowledge about the influence of
preparation parameters (HA concentration, pH, number of FT cycles, non-solvent) on the HA
aerogel mechanical properties. Once the optimization is performed for physically crosslinked
HA aerogels, the mechanical properties of chemically crosslinked HA aerogels could be tested

using the same approach.
- To test the drug release kinetics from HA aerogels

In order to test the feasibility of HA aerogels for drug release, it could be interesting to
load a model drug during the preparation of the chemically crosslinked HA aerogel and follow
its release kinetics in PBS medium at pH 7.4 to mimic physiological conditions. FITC-dextran
could be such a model drug. FITC-dextran is insoluble in both acetone and ethanol non-solvents;
it would probably not be removed during solvent exchange. The preparation of FITC-dextran
loaded chemically crosslinked aerogels could be as follows: addition of the model drug with
EDC, NHS (catalysts) and cystamine (crosslinker) in HA solution, gelation at 37°C to form the
covalently crosslinked HA hydrogel, followed by solvent exchange and scCO: drying. The
resulting HA aerogels could be then placed in a permeable stainless-steel basket in PBS and the
release kinetics could be followed using periodical UV-Vis spectrophotometric measurements.
Several aerogel formulations could be prepared varying the preparation parameters (HA
concentration, COOH:NH> molar ratio) in order to study the influence of these parameters on
the release kinetics. This protocol could also be applied to physically crosslinked HA aerogels.
Following these model drug experiments, FITC-dextran could be replaced by a therapeutic agent

promoting wound healing such as curcumin or gentamicin.
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- To perform biomedical tests

Once the chemically crosslinked HA aerogel formulation is optimized, biomedical tests
could be performed to check whether aerogels can be used as wound dressings. In vitro studies
could be performed such as cytotoxicity and antibacterial tests. The performance of HA aerogels

in wound closure and in bio-adhesion could also be tested.
- To test 3D printing of HA aerogels

HA aerogels with shapes adapted to the wound could be prepared using 3D printing in a
support bath. This approach uses a 3D printer that deposits material not on a flat surface
(‘classical’ method), but in a support bath, thereby preventing the disadvantages of printing-in-
air such as collapse and needle clogging.? Once the ink is deposited, it should retain the deposited
shape because it is constrained by the surrounding support bath. HA inks have never been printed
using this technique. Thus, before any printing, a study towards the optimization of the solution
rheological properties for making stable HA gels should be performed. In literature, one article
has been found on the stabilization of HA bioinks with dual crosslinking (mixing of admantane-
methacrylated HA and B-cyclodextrin-methacrylated HA followed by photocrosslinking with
UV light).2 More recently, a review summarized methods such as photocrosslinking with UV-
Vis light to stabilize HA bioinks.* Once the stabilization method is established, HA hydrogels
can be 3D printed with the desired shape in the bath. Then, solvent exchange with ethanol or
acetone and supercritical drying to obtain HA aerogels with the desired shape should be

performed.
- To extend the study to composite HA based aerogels

A composite aerogel with HA and another polymer, insoluble in water, such as cellulose,
starch or chitosan, could be made to reinforce the neat HA network, on the basis of Ref®. The
mixture of these two compounds may form an interpenetrated network, exhibiting different

characteristics from the individual components and offering synergistic properties.
- To continue the work on HA-nCh fibers based capsules

As described in Chapter 5, new HA-nCh materials, qualified as capsules, were developed.
Capsules were isolated and drug release through the membrane was tested. This material could
be interesting for biomedical applications, and further investigations of the characteristics of this
material are needed. For example, analysis in FTIR spectroscopy can be continued to estimate

the weight fraction of HA and nCh fibers participating in the membrane formation. Also, the
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FITC-dextran release kinetics from capsules could be studied in-depth to deduce trends because

in this work only an explorative study was performed.
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Annex 1. Protocols tested for chemical HA hydrogel formulation. In order to prepare chemically
crosslinked HA aerogels, we needed to prepare a chemically crosslinked HA hydrogel as a
precursor. We tested several parameters to obtain a strong hydrogel with no bubbles inside. The

parameters varied between each formulation are in orange.

N° Protocol Protocol Observations Literature
1) Preparation of the HA solution e After stirring
([HA] = 1.6 wt%, distilled water) => Bubbles
2) Cystamine addition in powder * After gelation at 37°C
f => Bubbles still
orm
. . present
3) EDC & NHS addition in e After centrifugation
| powder form =>» Impossible to 1
4) Mixt tirred at 220 remove bubbles
) Mixture stirred a P =» Strong hydrogel
5) Gelation in the oven at 37°C for
30 min
6) Centrifugation to remove
bubbles at 2000 rpm for 20 min
1) Preparation of the HA solution e After centrifugation at
([HA] = 1.6 wt%, distilled water) 6000 rpm for 15 min
2) Cystamine addition in powder > No bubbles .
form e After centrifugation at
6000 and 9000 rpm
3) EDC & NHS addition in = Appearance  of
powder form bubbles,
. ) impossible to
2 4) Mixture stirred at 220 rpm remove them /
=>» Strong hydrogel
6) Gelation at 37°C for 30 min
1) Preparation of the HA solution e EDC & NHS addition
([HA] = 1.6 wt%, distilled water) => Easier mixing
2) Cystamine addition in powder wheq added " in
solution form
form .
3 e After crosslinking at /
RT
=> After waiting for 1
) . h, no flowing =>
4) Mixture stirred at 220 rpm completely
crosslinked?
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After centrifugation at

9000 rpm
= Some parts
remained on

spatula => Weak
gel or solution

=>» Impossible to
remove bubbles

1) Preparation of the HA solution
([HA] = 1.6 wt%, distilled water)

2) Cystamine addition in powder
form

3) EDC & NHS addition in
solution form

4) Mixture stirred at 220 rpm
5) Crosslinking at RT

After vacuum process

= Swelling of the
solution

= Appearance  of
many bubbles

= No removal of
bubbles

([HA] = 1.6 wt%,
)

2) Cystamine addition in powder
form

3) EDC & NHS addition in
solution form

4) Mixture stirred at 220 rpm
5) Crosslinking at RT

After  stirring  in

degassed water

=> Bubbles

After centrifugation

process

= Some parts
remained on
spatula => Weak
gel or solution

=> Impossible to
remove bubbles

1) Preparation of the HA solution
([HA] = 1.6 wt%, distilled water)

4) Cystamine addition in powder
form

5) EDC & NHS addition in
solution form

After 1 night in the

fridge

=> No bubbles

After centrifugation at

37°C at 6000 rpm

=> Preparation
flowing => Weak
gel or solution

=> Bubbles

After centrifugation at

9000 rpm
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=> Preparation
flowing => Weak
gel or solution

=> Few bubbles

1) Preparation of the HA solution
([HA] = 1.6 wt%, distilled water)

2) Cystamine addition in powder
form

3) EDC & NHS
solution form

addition in

4) Mixture stirred for 5 min at 220
rpm

=> After stirring

=> Bubbles

= EDC & NHS
addition

=>» Easier mixing

when added in

liquid form

After

centrifugation at

6000 rpm for 15

7

7
: : min
(1% protocol |5) Centrifugation to remove >
imi bubbles at 6000 rpm for 15 min No bubbles
optimized) P => After gelation
6) Gelation at 37°C => Increase of
7) Centrifugation to remove > (S:i?lslsélné{;?g tme
bubbles at 6000 rpm for 25 min Hbbles
) = After
and at 9000 rpm for 25 min . .
centrifugation at
6000 and 9000
rpm
=> Still some bubbles
=> Strong hydrogel
1) Preparation of the HA solution e After stirring at 4°C
([HA] = 1.6 wt%, distilled water) => System flowing
2) Cystamine addition e Weak gel or
solution
8 3) EDC & NHS addition => Practically no
bubbles
5) Centrifugation done directly
after for 30 min at 6000 rpm
1) Preparation of the HA solution e After stirring at RT
([HA] = 1.6 wt%, distilled water) => Bubbles
2) Cystamine addition > Strong hydrogel
9 3) EDC & NHS addition

5) Centrifugation to remove
bubbles at 6000 rpm for 5 min
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1) Preparation of the HA solution
([HA] = 1.6 wt%, distilled water)

2) Addition of EDC & NHS

4) Cystamine addition

After stirring 2h at RT
Few bubbles

After stirring 24h at
RT

Some bubbles
After centrifugation
=> Preparation

10 flowing => Weak
gel or solution
=> No bubbl
Storage of the sample during the © DUPDIES
cekend at RT After gelation
weekend a => System flowing
6) Centrifugation to remove
bubbles for 10 min at 6000 rpm
1) Preparation of the HA solution After stirring
([HA] = 1.6 wt%, distilled water) => Bubbles
) o After gelation at 4°C
2) Cystamine addition = Few bubbles
3) EDC & NHS addition After centrifugation
4) Mixture stirred for 30 min at RT > ?ystem flowing
11 => Weak gel or
at 210 rpm .
solution
=>» Impossible to
. _ remove bubbles
6) Centrifugation to remove
bubbles at 6000 rpm for 20 min
and at 9000 rpm for 10 min
1) Preparation of the HA solution After pH change and
([HA] = 1.6 wt%, distilled water) stirring
o > A lot of small
2) EDC & NHS addition bubbles
After reaction at RT
ight
12 4) é\gixture stirred for 30 min at RT gfeg;l;gn e bubbles
at 220 rpm => Weak gel or
5) Cystamine addition solution
1) Preparation of the HA solution After stirring
([HA] = 1.6 wt%, distilled water) =>» Presence of
bubbles
13 After gelation
=> Bubbles

3) EDC & NHS addition

4) Cystamine addition

After centrifugation
=> Still bubbles
present => No
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6) Stirring for 30 min at RT at 220
rpm

7) Centrifugation to remove
bubbles for 10 min at 6000 rpm

8) Gelation at 37°C for 20h to see
if bubbles appear

9) Centrifugation done for 44 min
at 6000 rpm and for 10 min at 9000

rpm

impact of
Ca(OH); solution

= System flowing
=> Weak gel or
solution

1) Preparation of the HA solution
([HA] = 1.6 wt%, distilled water)

3) EDC & NHS addition

4) Cystamine addition

After stirring

=> Bubbles

After gelation

=> Still bubbles
present => No
impact of acidic
Ca(OH): solution

14
6) Stirring for 5 min at RT at 220
rpm
7) Centrifugation to remove
bubbles for 5 min at 6000 rpm
8) Gelation at 37°C for 1 day
1) Preparation of the HA solution After stirring
([HA] = 1.6 wt%, distilled water) => Bubbles observed
After gelation
=> Still bubbles
present => No
3) EDC & NHS addition impact of basic
Ca(OH): soluti
4) Cystamine addition a(OH)z solution
15

6) Stirring for 5 min at RT at 220
rpm

7) Centrifugation to remove
bubbles for 5 min at 6000 rpm

8) Gelation at 37°C for 1 day
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1) Preparation of the HA solution
([HA] = 1.6 wt%, distilled water)

2) EDC & NHS addition
3) Cystamine addition

4) Stirring for 5 min at RT at 220
rpm

5) Centrifugation to remove
bubbles at 6000 rpm for 5 min

6) Gelation at 37°C for 1 day
7) Centrifugation at 6000 rpm for

After gelation &
immersion in buffer
solution at pH 2.5
=> Strong hydrogel
=> Bubbles
=> Loss of matter
o During
transfer
from vial
to beaker
o During
beaker to
vial

16 25 min and for 25 min at 9000 rpm
11) Solvent exchange with ethanol
1) Preparation of the HA solution e After immersion of
([HA] = 1.6 wt%, distilled water) the buffer solution at
. pH 2.5 in the vial
2) EDC & NHS addition > Strong hydrogel
3) Cystamine addition => Bubbles
o = No matter lost
4)‘ Stirring at RT at 220 rpm for 5 because all steps
17 min performed in the
Final 5) Centrifugation to remove same plastic vial
(Final bubbles at 6000 rpm for 5 min e EDC & NHS removal
optimized = Remove of
protocol and | 6) Gelation at 37°C for 1 day washings with
further used
7) Centrifugation at 6000 rpm for water as
to  prepare ) 8 P compared to

aerogels)

25 min and at 9000 rpm for 25 min

10) Solvent exchange with ethanol

formulation n°16

=> Washed out with
buffer at pH 2.5
and during solvent
exchange with
ethanol
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The protocol n°17 was chosen for the preparation of chemically crosslinked hydrogels because
we obtained a strong hydrogel (according to the vial tilting test). Bubbles could not be removed,
despite the variation of several parameters. Moreover, we found a way to efficiently remove EDC
and NHS. Thus, we decided to continue with this protocol to prepare chemically crosslinked

aerogels.
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RESUME

Le projet consiste a développer de nouveaux matériaux a base d'acide hyaluronique pour
des applications biomédicales. Ce polysaccharide biocompatible et hydrophile a été utilisé
pour préparer des aérogels, réseaux de polyméres solides, trés poreux et trés légers.
Plusieurs méthodes de réticulation (physique et chimique) ont été explorées et les relations
fabrication-structure-propriétés ont été étudiées. Les pansements sont un domaine
d'application potentiel pour ces nouveaux matériaux, en raison des propriétés uniques des
aeérogels qui leur permettent potentiellement d'absorber une grande quantité d'exsudat de
la blessure, de faciliter les échanges gazeux (O2 et COz2), de couvrir la blessure et d'étre
utilisés en tant que matrice pour des agents bioactifs. En plus du développement des
aeérogels, le mélange d'une solution d'acide hyaluronique avec une suspension de
nanofibres de chitin a permis de fabriquer des capsules solides via des interactions entre
les charges opposées des biopolymeres. Les cinétiques de libération de plusieurs
composés a partir de la capsule ont été étudiées et cela a permis de démontrer leur
potentiel pour des applications de libération de molécules actives.

MOTS CLES

Acide hyaluronique, Aérogels, Capsules, Pansements, Applications biomédicales

ABSTRACT

The project targets the development of new materials based on hyaluronic acid for
biomedical applications. This biocompatible and hydrophilic polysaccharide was used for
the preparation of aerogels, which are dry, highly porous and ultra-light polymer networks.
Several physical and chemical crosslinking methods were explored and processing-
structure-properties relations were developed. Wound dressings are a potential application
area for these novel materials, as the unique properties of aerogels potentially allow them
to absorb a large amount of wound exudate, to facilitate O2 and CO2 exchange, to cover
the wound and to act as a depot for active agents. In addition to the work on aerogels, it
was found that mixing a solution of HA and a suspension of chitin nanofibers led to the
formation of robust capsules via interactions between the oppositely charged biopolymers.
The release kinetics of different model compounds from the capsules were investigated,
which demonstrated their potential for drug delivery applications.
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